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Under the “carbon peak and carbon neutrality” goal, the construction of an efficient, low-carbon, and economical energy supply
system is of great significance for advancing a dual carbon strategy. In allusion to the integrated energy systems (IES) with
hydrogen energy coupling, a hydrogen energy coupling IES low-carbon optimization operation strategy that took account of green
certificate and ladder-type carbon joint trading and dual-incentive demand response was proposed in this paper. First, a hydrogen
energy multiuse system composed of an electrolyzer, a hydrogen fuel cell, a methane reactor, and hydrogen energy storage was
constructed to make full use of the low-carbon cleaning characteristics of hydrogen energy. Besides, a combined model of
hydrogen mixed with natural gas was established to improve the utilization efficiency of hydrogen energy. Second, a dual-
incentive demand response model including price incentives and subsidy incentives was constructed to fully use the ability to
adjust demand-side resources. Next, in view of the carbon emission reduction mechanism of the green certificate, a green
certificate and ladder-type carbon joint trading mechanism was constructed. In addition, a green certificate trading mechanism
and a reward and punishment tiered carbon trading mechanism had been introduced separately in the IES optimization operation
model to reduce carbon emissions of the system. The calculation simulation sets up different scenarios for comparative analysis.
As shown by the results, the proposed model could effectively improve renewable energy consumption capacity and energy
utilization efficiency. The effectiveness of hydrogen energy utilization, demand respond, and green certification carbon trading
mechanism in improving system economy and low-carbon efficiency is verified.

1. Introduction

In order to achieve the goal of “carbon peaking and carbon
neutrality” and alleviate the contradiction between supply
and demand, vigorously developing a hydrogen energy-
centered energy supply system is one of the key ways to
improve environmental pollution and promote the green
and low-carbon transformation of the energy system [1, 2].
As a secondary green energy with zero pollution and zero
emissions, hydrogen energy is of great significance to im-
prove the operational flexibility and energy utilization

efficiency of IES by coupling and optimizing hydrogen
energy with other IES energy sources [3].

At present, most of the research on the application of
hydrogen energy in IES mainly focuses on hydrogen energy
storage, electricity-hydrogen production technology, hy-
drogen fuel cells, and related equipment involved in hy-
drogen production. The wind power-hydrogen production
technology can effectively solve the current large-scale wind
curtailment problem and is one of the important measures in
IES to improve the wind power consumption capacity.
Literature [4] described the characteristics of wind power-
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hydrogen production, which laid the foundation for the
exploration of electricity-hydrogen production technology.
Literature [5] considered the synergistic relationship be-
tween hydrogen energy, photovoltaic power, and wind
power and proposed an island IES autonomous system
containing hydrogen energy. Literature [6] focused on the
application of wind power-hydrogen production equipment
in IES and discussed the different control methods of wind
power-hydrogen production equipment. Through the mu-
tual transformation and coupling of multiple energy sources,
users’ demand for multiple loads of electricity, heat, and
hydrogen can be met at the same time. The above literature
mainly takes advantage of the surplus wind power at night to
produce hydrogen, but there is insufficient research on the
utilization of hydrogen energy. Literature [7] established
arefined model of P2G equipment, considered the operating
characteristics of methane reactor and electrolyzer, and
analyzed the two-stage operation mode of P2G equipment in
detail. Literature [8] refined the power-to-gas process into
three procedures: electricity-to-hydrogen, hydrogen-to-
methane, and hydrogen-to-hydroelectricity, and simulta-
neously ladder-type carbon trading costs and hydrogen
energy utilization were introduced into the IES optimization
model, further realizing the consumption of wind power.
However, most of the relevant research on the application of
hydrogen energy in IES focuses on analyzing the energy flow
characteristics of hydrogen energy coupling, and seldom
considers the influence of demand-side energy consumption
characteristics on the optimal operation of hydrogen energy
IES. In addition, most of the existing research focuses on one
or two hydrogen usage scenarios and does not involve the
full-process and diversified utilization of hydrogen energy
such as hydrogen production, hydrogen use, hydrogen-
mixed gas, and hydrogen storage. Therefore, it is impossi-
ble to further exert the effective and clean characteristics of
hydrogen energy.

With the strengthening of multiload coupling charac-
teristics such as electricity, heat, cold, and gas, the tradi-
tional demand response has gradually evolved into
integrated demand response (IDR). As an important
controllable resource in IES operation, IDR can promote
energy economic operation and smooth load curve [9].
Literature [10] proposed an electricity and gas energy hub
framework considering IDR, which effectively balances the
supply and demand relationship between natural gas and
electricity. Literature [11] introduced a transferable and
reducible load model and then proposed an IES economic
scheduling model based on flexible loads. Literature [12]
proposed an IES optimal scheduling model that takes into
account the electricity, gas, and heat IDR by combining the
coupling characteristics of electricity, heat, and gas loads.
Literature [13] established an electricity-heat IES economic
scheduling model considering incentive-type IDR and
conditional risk and verified the effectiveness of IDR re-
sources in improving energy utilization efficiency. Litera-
ture [14] established an electricity-heat IDR model
including transferable and reducible loads and proposed an
IES low-carbon optimization model that takes into account
the flexible loads of electricity and heat and hydrogen
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energy utilization using hydrogen as the energy conversion
medium. The above literature fully invokes the role of
demand-side resources in improving the economic and
energy utilization efficiency of IES and relieves the pressure
of system energy supply and improves the consumption of
renewable energy through flexible adjustment of loads,
which is very important for the realization of economic and
flexible operation of IES. However, the types of demand
response resources considered in existing studies are rel-
atively single, and there is lack of refined modeling of
different types of IDR resources. Therefore, the response of
demand-side resources has not been fully utilized.

In order to achieve the goal of “carbon peaking and
carbon neutrality,” two major trading policies, the carbon
emission trading (CET) mechanism and the green certificate
trading (GCT) mechanism, came into being. It plays an
important role in reducing carbon emissions and promoting
new energy consumption [15, 16]. The CET mechanism is
one of the important means to guide the operation of the IES
low-carbon economy [17]. Literature [18] introduced the
CET mechanism into the IES economic optimization model,
discussed the unit output before and after the introduction
of the CET mechanism, and verified the effectiveness of the
CET mechanism in reducing IES carbon emissions. Liter-
ature [19] improved the CET mechanism, segmented the
unit carbon trading price according to the range of carbon
emissions to propose a ladder-type carbon trading price, and
then carried out the optimization of IES scheduling to
achieve the minimum sum of the ladder-type carbon trading
cost and operating cost. Based on the ladder-type CET
mechanism, literature [20] proposed an IES low-carbon
optimal scheduling strategy from the perspective of
source-side centralized scheduling and analyzed the impact
of carbon emission range, unit carbon trading price, and
different scheduling models on IES optimization. As the
penetration rate of a high proportion of renewable energy
continues to increase, increasing the consumption of re-
newable energy is an important way to reduce carbon
emissions. The GCT mechanism provides favorable policy
support for improving the capacity of renewable energy
consumption [21-23]. Literature [24] established a bilateral
transaction model between power distributors and renew-
able energy generators based on Co-operative Game Theory
and GCT mechanism, which improves the capacity of re-
newable energy consumption. Literature [25] allocated the
green certificate quota according to the entropy weight
method and constructed the provincial day-ahead electricity
market clearing model and the international green certificate
trading market clearing model, respectively. Based on the
GCT mechanism, literature [26] proposed an IES operation
optimization model considering the weight of renewable
energy consumption responsibility, which improves the
proportion of green electricity and system economy. The
above literature only considers the influence of CET
mechanism or GCT mechanism on the optimal operation of
IES alone but does not study the influence of CET and GCT
on the optimal operation of IES at the same time. Therefore,
it cannot give full play to the low-carbon operation char-
acteristics of IES to a greater extent.
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In response to the above problems, this paper proposed
a hydrogen energy coupled IES optimal scheduling model
that takes into account green certificate-ladder joint carbon
trading and multitype demand response. Table 1 shows the
comparison between the framework proposed in this article
and in existing literature:

(1) In view of the problem that existing research focuses
on a relatively single hydrogen usage scenario, this
paper constructs a diversified hydrogen energy uti-
lization model that covers the entire process of
hydrogen production, hydrogen use, hydrogen-
mixed gas, and hydrogen storage. It establishes
electrolyzers, hydrogen fuel power plants, methane
reactor, and a model of hydrogen-mixed gas and
combined heat and cold, enriching hydrogen energy
utilization scenarios and further improving the en-
ergy utilization efficiency of IES.

(2) In order to give full play to the adjustment ability of
demand-side resources, alternative flexible loads are
introduced into the traditional demand response
model, and a multitype demand response model
including  price-type,  incentive-type,  and
substitution-type is constructed. Among them, real-
time price strategy is used instead of time-of-use
price strategy, and a price-type demand response
model based on real-time price is constructed. The
incentive-type demand response model uses ladder-
type subsidy incentives, which can further encourage
users to adjust their energy consumption strategies.

(3) A green certificate trading mechanism and a reward
and punishment ladder-type carbon trading mech-
anism are constructed, respectively. This paper
discusses the carbon emission reduction mechanism
of green certificates and proposes a green certificate
and ladder-type carbon joint trading mechanism. By
combining the green certificate trading mechanism
and the ladder-type carbon trading mechanism, it
increases the consumption level of renewable energy
and reduces carbon emissions.

2. Electricity-Heat-Cold-Gas-Hydrogen IES
Equipment Model

The structure diagram of the electricity-heat/cold-gas-
hydrogen IES system constructed in this paper is shown in
Figure 1, including three parts: energy supply, energy hub,
and energy demand. The equipment mainly includes
a electrolytic (EL), a hydrogen energy coupling system
consisting of methane reactor (MR) and hydrogen fuel cell
(HFC), a cold-heat electric power supply system consisting
of a gas boiler (GB), co-generation power (CHP) model,
an air conditioner (AC), and an absorption refrigerator
(AR), as well as a multisource energy storage system
consisting of battery (BT), cold storage tank (CST), heat
storage tank (HST), gas storage tank (GST), and hy-
drogen storage tank (HES). In addition, it also includes
two types of renewable energy units: wind turbine (WT)
and photovoltaic (PV).

2.1. Multiple Utilization of Hydrogen Energy. 1ES utilizes the
coupling and complementary between hydrogen energy
and electric, heat, cold, and gas energy to further enhance
the flexibility of IES. Utilizing the high-efficiency and low-
carbon characteristics of hydrogen energy can promote
the transformation of energy supply to high-efliciency,
clean and flexible, and realize the low-carbon economic
operation of IES. The multiple utilization of hydrogen
energy proposed in this paper is shown in Figure 2, in-
cluding five procedures of hydrogen to electricity, hy-
drogen to heat and electricity, hydrogen to methane,
hydrogen energy storage, and hydrogen-mixed combined
heat and power.

2.1.1. Hydrogen Production. EL can realize the electric-
hydrogen coupling by converting electric energy into hy-
drogen energy. A part of the hydrogen is directly converted
into electricity and heat by the hydrogen fuel cell, and the
other part is converted into natural gas through the methane
reactor. The input-output conversion model of EL is as
follows:

t t
P bLH, = MecPELe
Py < Ppy (£) < Py, (1)

d
Py <Py (t+1) = Py ()< Py,

where Py p; (t) is the hydrogen production power of EL; 77,
is the hydrogen production efficiency of EL; Py , (t) is the
electric power of EL; Pi?"" and Py} , are the minimum and
maximum value of EL electric power ramp rate; and Pg™
and P are the minimum and maximum value of EL
electric power.

2.1.2. Hydrogen to Heat and Electricity. HFC can realize the
coupling between hydrogen energy and heat and electric
energy and is an important coupling device in electricity-
heat-cold-gas-hydrogen IES. Literature [27] showed that the
electricity and heat conversion efficiency of HFC can be
approximately regarded as a constant, so the model of HFC
can be expressed as follows:

Pypce (1) = Hupc Prrc, (0

h
Hygen (0) = MupcPurca, (D),

min max

Phrcn, < Purca, () < Phgcn,»

(2)

down up
Pyrc,n, < Purcm, (t+1) = Pupcp, (1) < Pypc p,»

where PHFch, m, (t) is the hyfirogen power i.nput to the HEC;
Hiee and g are, respectively, the electric and heat power

. . . . pup down
conversion eﬂic1enc1e§ of HFC; PH.FC.’Hz and Pypcly  are,
respectively, the maximum and minimum value of HFC
input hydrogen power ramp rate; Pypc, (t) and Hygcy, (£)
are, respectively, the electricity and heat production power

. max min :
of. HFC, and Pic y, and PHFC’H2 are the maximum and
minimum values of HFC input hydrogen power,
respectively.
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FIGURE 2: Multiple utilization of hydrogen energy.

2.1.3. Hydrogen to Methane. MR can use the hydrogen
produced by the electrolyzer to realize hydrogen metha-
nation and inject it into the natural gas pipeline of IES to
provide gas energy. The input-output model of MR can be
expressed as follows:

Pyr g (8) = Tvr Py, (£),

min max
Pyr, < Pyra, () < Pypp»

down
Pyrp, <

(3)
Pyrp, (t+1) = Py, () < P;\I/fR,Hz’

where #yy is the methanation efficiency of MR; Py py, (£)
and P\ , (¢) are the hydrogen power input to MR and the
gas power output to MR; and PyRy /Pyry, and
PK,IPR,HZ /Pg,‘fl‘{f};z are the upper/lower limit of hydrogen power
input to MR and the upper/lower limit of ramp rate input to

MR, respectively.

2.1.4. Hydrogen Storage. How to store hydrogen safely and
efficiently has always been a major problem in the large-scale
application of hydrogen energy. As China increases its
support for the development of hydrogen energy, the
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development progress of hydrogen storage is also acceler-
ating. At present, high-pressure gaseous hydrogen storage
technology is the most mature storage and transportation
technology. It stores hydrogen in a gas tank in a high-density
gaseous form through a compressor and releases hydrogen
directly through a pressure reducing valve when used. With
the characteristics of low cost, low energy consumption, and
easy dehydrogenation, this device is widely used in various
fields. This article stores hydrogen with high-pressure gas-
eous hydrogen storage technology, and its mathematical
model is as follows:

¢ ot o1 ¢ ¢
STank - STank + (Vin,H - Vout,H) : At’
t t
Pygs chr = Vin,HVH2>

'3 3
Pygs dis = VourntVH,

t
Pt _ pHZSTankmmolTTank
Tank — >
) RHZVTank (4)
t
Sl‘ _ P Tank
HES — P >

min t max
Piigs chr < Prigs chr < PhEs chreo

[ Phigs.ais < Phiesis < PHes.dis

where P%, | and P, are the pressure in the HES tank and
its upper limit value, respectively; S}, is the hydrogen
storage capacity of HES; py; and Ry, are the density and
relative molecular mass of hydrogen, respectively; m,, is
the molar gas constant; T', is the gas temperatures in the
HES tank; v} ;; and v/ , ;; are the hydrogen charging speed
and hydrogen releasing speed of HES, respectively; Pj;pq .
and Pl g, are the hydrogen charging power and hy-
drogen releasing power, respectively; V., is the tank
volume of HES; Sk is the hydrogen storage status of HES;
and P and P, are the maximum values of hydrogen
charging power and hydrogen releasing power,
respectively.

2.2. Combined Cold, Heat, and Power

2.2.1. Hydrogen-Mixed Combined Heat and Power Model.
Based on literature [27], controlling the volume of hydrogen
mixed with natural gas within 20% can effectively reduce the
cost of gas energy purchase and carbon emissions. Therefore,
in order to further improve the utilization and efliciency of
hydrogen energy, a hydrogen-mixed CHP model is con-
structed. The total amount of natural gas mixed with hy-
drogen after introducing the hydrogen can be expressed as
follows:

Poyp (t) = amiX(PCHPer (t) . Penpgas (t))’ -

LHZ LGas
Omix = A(t)LHz + [1 - /\(t)]LCst (6)

where Pqyp (t) is the total amount of natural gas mixed with
hydrogen input to CHP; Pcyp py, () is the amount of hy-
drogen input to CHP; Ly, is the low calorific value of hy-
drogen; Pcyp g, () is the amount of natural gas input to
CHP; L, is the the low calorific value of natural gas; «,;, is
the low calorific value of natural gas mixed with hydrogen;
and A () is the ratio of gas mixed with hydrogen.

The gas-hydrogen mixing ratio A(¢) in period ¢ can be
expressed as follows:

P t)/L
A(t) = cup.H, (L, R,
PCHP,H2 (t)/LH2 + PCHP,Gas (t)/LGas
0<A(t) £20%. (8)

Therefore, the hydrogen-mixed CHP model can be
expressed as follows:

P = P s
{ cupe () = fcup . Ponp (1) )

Peupy (1) = enppPenp (1),

where #cyp, and fcypy, are the electric and heat power
conversion efficiencies of the hydrogen-mixed CHP, re-
spectively; Poyp, (t) and Peypy, (t) are the electric and heat
powers of the hydrogen-mixed CHP, respectively.

2.2.2. Gas Boiler. GB uses natural gas as fuel for heating. The
heat produced by GB is efficient and environmentally
friendly, and its heat production efficiency is also high. The
relationship between the output heat power and the input
gas power of GB is as follows:

{ Peg), (1) = NgpPa g (1), (10)

0<Pgp, (1)< ngf‘h,

where Pgg ), (t) is the heat power output by GB; Pgg , (f) is
the amount of natural gas consumed by GB; Pgp, is the
upper limit of heat power output by GB; and 75 is the heat
efficiency of GB.

2.2.3. Air Conditioning. AC meets the cooling needs of users
by converting electric energy into cold energy. The re-
lationship between AC input electric power and output cold
energy is as follows:

{ Pace (1) = nacPac, (1), ()

0< Puc, (1) SPRCes
where P, (t) is the cold energy output by AC; 7, is the

cooling coefficient of AC; P, (t) is the electric power input
to AC; and P&, is the upper limit of electric power of AC.



2.2.4. Absorption Refrigerator. AR can use the recovered
waste heat for refrigeration. It mainly uses high-temperature
liquid refrigerant to reduce the pressure and then re-
frigerates through low-temperature and low-pressure gasi-
fication. The model is as follows:

Pur () = 1arPar s (1),
AR, AR Irzlxalj{,h (12)
0< Pyry () < Pygy

where P,p (t) is the cold energy output by AR; 7,y is the
refrigeration coefficient of AR; P,y (t) is the heat consumed
by AR; and Q" is the upper limit of heat power of AR.

2.3. Multisource Energy Storage. Energy storage equipment
can realize the transfer of energy in the time dimension to
improve energy utilization and reduce energy costs. Com-
monly used energy storage devices in IES include batteries,
heat storage tanks, gas storage tanks, and cold storage tanks.
Their energy charging and discharging processes are similar,
and the limitations of charging and discharging power and
storage capacity must be considered. The difference is that
electric energy is fast and flexible, but its storage costs are
high, while heat/cold energy and natural gas are easy to store
and have a slower response time. Based on literature [28],
similar constraint models can be used for batteries, heat
storage tanks, gas storage tanks, and cold storage tanks,
which can be expressed as follows.

2.3.1. Energy Storage Capacity Constraints. Considering the
energy loss and efficiency of charging and discharging, the
energy storage capacity of energy storage device x and its
constraints shall satisfy the following formulas:

Px is (t)
Sx (t) = Ox (t - 1)(1 - Yx) +<Px,chr(t)’1x,chr - 1’]’d >At’
x,dis
ST <8, (£) < ST,
S, (24) =S,.(0),
(13)

where x € {BT,HST, GST,CST}, #, 4, and 7, 4 are the
charging and discharging efficiencies of the energy storage
device x, respectively; S™™ and ST are the minimum and
maximum value of the energy storage capacity S of the
energy storage device x; S, (24) and S, (0) are, respectively,
energy storage capacity at the beginning and end of a day
scheduling cycle; and v, is the energy self-loss rate of energy
storage device x.

2.3.2. Charge and Discharge State Constraints. The charging
and discharging states of energy storage device x need to
satisfy mutually exclusive constraints. In addition, in order
to prevent the aging of BT, BT also needs to meet the charge

and discharge frequency constraints:
() +U, 4 (D)1, (14)

x chr x,dis
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where U, . (t) and U, 4 (t) are, respectively, the charging
and discharging state flags of the energy storage device x,
0 means outage and 1 means running; Upgy g, (t) and
Ugpran (£) are, respectively, the charging and discharging
status mark bits of BT; and Ty is the total charging and
discharging frequency of BT.

2.3.3. Output Constraint and Ramp Rate Constraint.
Considering the life-span factor, the energy storage device must
meet the upper and lower limits of the charge and discharge
power and the upper and lower limits of the ramp rate:

x chr (t)megllqr x,chr (t) < Ux chr (t)Px chr>

xdls (t)mezll:s < Px dis (t) < Ux dis (t)pzlji}i(s’

down (15)
chhr —chhr(t) xchr(t 1)<chhr’

d
Px?g{sn < Px,dis (t) - Px,dis (t 1) s Px dis>

where P, 4. (t) and P, 4 (t) are the charging and dis-

charging powers of the electricity storage and heating de-

vices, respectively; P /PP and P /PU% are the upper

and lower limits of the charging/discharging power of the
. . up

energy storage device x, respectively; and P;") /P",. - and

Pﬂ"cﬁ‘r‘/Pif’g{;‘ are the upper and lower limits of the ramp rate

of the charging/discharging power of the energy storage
device x, respectively.

3. Green Certificate and Ladder-Type Carbon
Joint Trading Mechanisms

3.1. Green Certificate Trading Mechanism. The quantity of
green certificate is positively correlated with the amount of
electricity generated by the renewable energy. The green
certificate refers to the national certification of renewable
energy grid electricity, and it is also a certificate for the
consumption of green electricity on the demand side. Similar
to the carbon trading mechanism, the green certificate
trading mechanism also uses transactions to play the role of
the market in the optimal allocation of resources. When the
number of green certificates in the energy system exceeds the
free green certificate quota of the system, the surplus green
certificates can be sold in the green certificate trading market
to obtain certain income. On the contrary, it is necessary to
purchase green certificates from the market to meet the
green certificate quota indicators. The calculation formula of
green certificate trading cost can be expressed as follows:

T
Dp =08, ) L.(t),
t=1

< T (16)
Dg = ¢, Z(PWT (t) + Ppy (1)),

t=1

l Fger = caer (Ds - DP)’

where &, is the quota coeflicient of the number of green
certificates allocated in the IES; ¢, is the conversion co-
efficient of WT power generation into the number of green
certificates, and 1 green certificate corresponds to the WT
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settlement amount of 1 MWh; L! is the actual power demand
of the user; Py, (t) and Ppy () are, respectively, the output
electric power of WT and PV; D, is the quota for the number
of green certificates held by IES; Dy is the number of green
certificates obtained for IES new energy power generation;
cger 1s the green certificate transaction price; and F .y is the
green certificate transaction cost of IES.

In this paper, the Cournot transaction model based on
quantity competition represents the green certificate trading
price. According to the Cournot model formula, the green
certificate trading price model can be expressed as follows:

¢ger = (xé}CT - XéCTDc’ (17)

where agcr and yger are, respectively, two positive param-
eters of the inverse price function in the Cournot transaction
model and D_ is the number of green certificates sold by IES.

Among them, agcr and yGer are expressed as follows:

!
Acer = CGeT,o0

(18)
_ (1- 8(’}CT)CGCT,0

I AT

where cgerp is the basic transaction price of the green
certificate and gy is the GCT transaction price ratio cal-
culated based on historical data.

Since China’s green certificates are currently mainly
oriented to users with renewable energy, their application in
optimal scheduling of integrated energy systems is limited to
theoretical research. Therefore, the authors make the fol-
lowing assumptions:

(1) The policy encourages the integrated energy system
to participate in green certificate trading and allows
the integrated energy system to generate the elec-
tricity for trading

(2) The trust mechanism should be established by
government and both parties to the transaction to
ensure the fairness and equity of green certificate
trading

(3) Integrated energy system participating in green
certificate trading has sufficient capacity to reduce
carbon emissions and increase power output

(4) Rules and policies for green certificate trading are
stable to avoid market fluctuations from adversely
affecting the integrated energy system

It should be noted that these assumptions may require
further verification and refinement in actual operations. At
the same time, changes in policies and market environment
may also affect the effectiveness of the integrated energy
system participating in green certificate trading.

3.2. Carbon Trading Mechanism. The carbon trading
mechanism refers to the free trading of CO, emission rights
in order to control the carbon emissions of various energy
sectors. The main equipment that emits CO, in the IES
includes CHP units, GB, and outsourced electricity (here, it

is considered that the outsourced electricity in IES comes
from coal-fired power plants) [8], and their specific distri-
bution is as follows:

Epg = Egg + Ecup + Egria> (19)
T

Egp = Z 04 Pagu (1), (20)
t=1
T

Ecyp = Z 6h(/1e—hPCHP,e () + Pcypy (t))’ (21)

t=1

T
EGrid = Z 6ePGrid (t)’ (22)

t=1

where T represents the scheduling cycle; Eqp, Ecpp, and
Eq,iq are the free carbon emission quotas allocated by GB,
CHP, and external power purchases, respectively; A,_,, is the
electricity-heat conversion coefficient; Epp is the total
amount of IES carbon allowances; P4 (t) is the outsourced
electricity from external grid for IES; and J, and g, are
carbon emission quotas for unit electricity and unit heat,
respectively, which are 0.728t (MWh) and 0.102t (GJ) [29].

According to literature [29], the IES actual carbon
emission model can be expressed as follows:

T
Ega = Z (%1 (Paria () + 71 Pa (1) + ), (23)
t=1

Eact

total —

M~

: (XZ (Ptotal (t))z + yZPtotal (t) + ZZ)’ (24)

Pioat (8) = Aoy Pepp,e () + Pgpy (t) + Pepp (1),

Il
—

where x;, y,, and z, are the carbon emission calculation
coefficients of coal-fired units; EXy, is the actual carbon
emissions of IES outsourced electricity; x,, y,, and z, are the
carbon emission calculation coefficients of gas-fired units; E?gttal
is the actual carbon emission of all the gas-fired units of IES; and
P, (t) is the equivalent output power of GT, GB and WHB.
Considering that the methane reactor MR can absorb
a part of carbon dioxide in the process of hydrogen energy
conversion to natural gas, it is also necessary to consider the
amount of carbon dioxide absorbed by MR. The amount of
carbon dioxide absorbed by MR is expressed as follows:

T
Eyg = Z PvrPur,g (), (25)

t=1

where E, g is the amount of carbon dioxide absorbed by MR
and ¢, is the absorption efficiency of MR.

Therefore, Ef, the total actual carbon emissions of IES,
can be expressed as follows:

Efts = EGria + Bt ~ Enre (26)
The cost of traditional carbon trading is given by mul-

tiplying the difference between the actual carbon emissions
and the carbon quota allocated free of charge by the carbon



trading price in the market. However, the carbon trading
price is a fixed value, and its mathematical model is as
follows:

Fegr = C(E?Eg - EPE)’ (27)
where Fcpp is the carbon trading cost borne by IES and c is
the carbon trading price in the market.

3.3. Green Certificate-Carbon Trading Joint Mechanism.
Since the carbon emission reduction of new energy supply
can be obtained by calculation [22], the green certificate-
carbon joint trading can be realized through the combi-
nation of the green certificate,carbon trading mechanism
and the green certificate trading mechanism. Generally
speaking, after considering the green certificate trading
mechanism, when evaluating carbon emission rights, new
energy can promote the reduction of carbon emissions,
which affects the carbon trading mechanism. At this time,
the green certificate can participate in the carbon trading
mechanism and the green certificate trading mechanism at
the same time and realize the joint interaction between the
two parties through market guidance on factors such as
transaction price and demand. The specific steps of the green
certificate-carbon joint trading mechanism are as follows:

Step 1. Calculate the carbon emissions of the IES.
Calculate the CO, emissions of IES coal-fired units and
gas-fired units during use according to formulas (23)
and (24).

Step 2. Analyze the carbon emission reduction of the
green certificate. Due to the relatively high proportion
of coal-fired power generation in China, this paper
compares the CO, emission equivalents produced by
coal-fired power generation and new energy power
generation to obtain the carbon emission reduction
behind the green certificate. The calculation formula is
as follows [22]:

Fgreen = Ecoal - Egreen’ (28)
C(E?gs - EPE)’
t
o ch+c(1+p)(Efi - Ep - h),
CET —

c(3+3wh+c(1+3u)(Eifs -

where c is the carbon transaction price in the market; Fioz is
the reward and punishment ladder carbon transaction cost
borne by IES; A is the length of the carbon emission interval;
and ¢ and p are the reward coeflicient and punishment
coeflicient, respectively.

According to the above model, the relationship between
its carbon emissions and carbon trading price can be in-
tuitively represented by Figure 3.

c(2+wh +c(1+ 2u)(Ejfs — Epg - 2h),
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where Fy.., is the carbon emission reduction em-
bodied in new energy power generation and E,., and
E_,. are the CO, emission equivalents of new energy
power supply and coal-fired energy supply in the life

cycle of their industrial chains, respectively.

Step 3. Calculate the CET cost of new energy offsetting
carbon emissions. Based on formulas (19)-(27), since
the new energy supply offsets a part of the carbon
emissions, the actual carbon emissions of the IES can be
rewritten as follows:

act _ pact act
Eyps = Egra + E

total EMR - DPF (29)

green”

In order to further reduce the carbon emissions of IES,
the carbon trading price is segmented to construct a ladder-
type carbon trading price. In order to encourage the low-
carbon development of enterprises, reward and punishment
coefficients are introduced, and the carbon trading process is
divided into two parts: reward and punishment. In order to
further encourage enterprises to save energy and reduce
emissions, the government provides certain technical sub-
sidies to them, and the carbon transaction cost of this part
can be expressed as follows:

t
FCET:{

However, when the actual carbon emissions are greater
than the free carbon allowances, it means that the energy
sector needs to purchase excess carbon allowances in the
carbon trading market, and the carbon trading cost is
positive, which means that the IES needs to bear the carbon
trading costs. The greater the IES carbon emissions, the
greater the corresponding carbon trading price. The carbon
trading cost of this part can be expressed as follows:

act
Epg <
act
)s Epp — h<Ejf<Epp.

(30)

—c(1+2¢)(Epg - h - Ejgy ), Epg — h,

act

—c(1+28)h - c(1 +&)( Epg, — Ejf

act

Epg < Ejpg < Epg + b,

Epg + h< Eif < Epg, + 2h,
(31

Epg + 2h < Ejpg < Epg + 3h,

Epg - 3h), Epg +3h<Ejg,

4. Multitype Demand Response Model

Traditional demand response is to adjust electricity con-
sumption behavior based on electricity price signals or in-
centive policies to achieve the peak shaving and valley filling
effect of electricity load. With the development of IES, the
loads in users show a diversified trend. The IDR strategy can
break the boundaries between different energy sources and
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FIGURE 3: Relationship between carbon emissions and ladder-type
carbon trading prices.

achieve time transfer and coupling complementation of
multiple loads. In order to give full play to the response of
IDR resources, this paper comprehensively considers three
types of IDR models: price-type, incentive-type, and
substitution-type, and constructs a multitype IDR model for
electricity, heat, cold, and gas loads.

4.1. Price-Type IDR Model. Price-type IDR strategies are
mainly divided into two categories, namely, time-of-use
price strategy and real-time price strategy. Time-of-use
electricity price is currently the most widely used price-type
IDR pricing mechanism. However, the peak and valley
periods of time-of-use electricity price are relatively fixed,
and the energy price information is relatively single, which
cannot reflect the changing needs of user loads in real time.
As a derivative and improvement of time-of-use electricity
price IDR, the price information update step of the real-time
price IDR strategy is usually one hour, which can more
accurately reflect the real-time relationship between supply
and demand and dynamically guide users to participate in
IDR. The time scale of real-time price strategy update is
short, and it has high requirements on communication
systems, infrastructure, and other conditions, but the ac-
curacy of real-time prices is higher and more realistic. Based
on the above, this chapter adopts the IDR model based on
real-time price strategy.

The price demand elasticity matrix is used to describe the
characteristics of transferable electricity and gas loads. First,
assume that the element ¢; (t, j) in the row ¢ and column j of
the demand elasticity matrix E;(t, j) be the elasticity co-
efficient of type i load at time ¢ to the price at time j, which
can be expressed as follows:

AL;; (8)/Ligo(t)

Ac;(Dleig ()’
where i € {e, g}; AL; () is the change amount of type i load
after IDR; L;, (¢) is the initial load amount of type &; Ac; () is

the price change of type i energy after IDR in period j; ¢; , ()
is the initial price of type i energy in period j. Therefore, the

e (t,j) = (32)

transferable electric and gas load changes after IDR can be
expressed as follows:

7) —cin(f)

T C'(
AL (t) = L, E;(t, )= ’
i (t) =Ly () ; i (6 ) cio(j) 2

where T represents the scheduling period and ¢; () is the
energy price of type i.

Assume that the price update step is 1 hour and since the
real-time price cannot fluctuate significantly, the real-time
price needs to satisfy upper and lower constraints and

fluctuation constraints, which can be expressed as follows:

| Liy (1)
ip () =4 (B)eig (0,4, (1) = 77— ——
' (X Lio (/T)

J Ci,min (t) SCi(t) SCi,ma‘x (t)’ (34)

AC; min (8) <€ (£) = €53 () SAC; ax ()

i, max

L 0< lALi,L (t)| < Li,L, max (1),

where c!, is the energy price benchmark value; A! is the real-
. > . . . . t t

time benchmark price floating coefficient; ¢; ;. and ¢ ..
are the minimum and maximum values of the real-time
energy price respectively; Act . and Act  are the mini-
mum and maximum values of the real-time energy price

. . o ¢ .
fluctuation constraints, respectively; and L;; . is the upper

limit of change in the i type of transferable load.

4.2. Incentive-Type IDR Model

4.2.1. Incentive-Type Electric and Gas Load. Since the user’s
electric and gas loads are relatively fixed in a day, the peak
period of electricity and gas consumption is usually the peak
period of the user’s life and production. At this time, if the
electric load and gas load are reduced, the users’ sense of
satisfaction will be impacted. In addition, the purchase price
of the electric load and gas load at the peak period is rel-
atively high. Therefore, in order to minimize the impact on
users’ lives, an incentive subsidy mechanism based on time-
of-use prices of electricity and gas is adopted for reducing
the loads of electricity and gas [30].

Epre (1) = €6, ()L, e (1),

(35)
Eipree (£) = €,¢, (£) Ly (),

where ¢, and ¢, are, respectively, the reduction subsidy
coefficients of electric load and gas load; L, (t) and
Ly cu (£) are, respectively, the amount of electricity load and
gas load cut by users; and Ejpg, (f) and Ejpg 4 (2) are, re-
spectively, the incentive subsidy costs for users to cut
electricity load and gas load.

For the reduced electric load and gas load, the adjust-
ments of electric load and gas load at time ¢ should be within
a certain range, and the total load change within 1 day should
also meet the constraint, realizing the user’s sense of comfort
in energy consumption:
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( Le,cut (t) < ¢e,cutLe,O (t)’
T

T
Z Le,cut (t) < gofotal Z Le,O (t)’

=1 t=1

~

(36)
Lg,cut (t) < q’g,cutLy,O (t)’

T T
z Lg,cut (t) < (Pgotal Z Lg,O (t)’
= t=1

1

~

where L, (t) and Lgo (t) are the initial electric load and
initial gas load, respectively; ¢, o, and ¢, are the upper
limit of the reduction rate of the electric load and the gas
load, respectively; ¢f, ., and ¢f  are the upper limit of the
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total reduction rate of the electric load and gas load,
respectively.

4.2.2. Incentive-Type Heat and Cold Loads Response Model.
Considering the perceptual ambiguity and time delay of heat
and cold loads, it is not appropriate to use price signals to
motivate users to participate in load adjustment. As the main
adjustment index of heat and cold loads, literature [31]
expressed the quantitative relationship between the demand
of heat and cold loads, and the temperature of indoor and
outdoor is shown in formulas (3)-(15):

Ly () = f(Thin () = 3-6[88(73,,1“ (1) = Thoue () + i—f (Thin (6) = Ty (£ = 1)) ]

L.(t) = f(Tn(®) = 3.6[35(Tm(t) -T

where ¢ is the indoor heat loss under the temperature dif-
ference of the unit building area; S is the building indoor
area; C is the specific heat capacity per unit building area;
Thin (t) and T}, (t) are the indoor and outdoor temper-
atures of the heating system; and T (t) and T, (t) are,

(37)

CS
c,out (t)) + E (Tc,in (t) - Tc,in (t - 1)) ] >

respectively, the indoor and outdoor temperatures of the
cooling system.

The mathematical model of heat and cold loads response
can be expressed as follows:

AL, (8) = f(Tyin ®) = f(Thin (8) = AT)1 (1)), 0L AL, (£) S AL, oo

T™ < T (8) = ATy (£) <T™,

(38)

AL (8) = f(Toin () = f(Tein(8) = AT 3 (D), 0S AL, (£) S AL s

T < T, (£) = AT, (£) < T™,

c,in

where AT ;, (t) and AT, ;, (t) are, respectively, the outdoor
temperature variation of the heat system and the cold
system; AL, () and AL, (t) are, respectively, the variation of
heat load and cold load of the user at time # AL, .. and
AL_ .. are, respectively, the upper limit of the user’s heat
load and cold load variation; and T™* and T™® are, re-
spectively, the upper and lower limits of the user’s
comfort range.

Due to the ambiguity of the user’s comfort requirements
for room temperature, the smaller the change in the heat/
cold load, the smaller the impact on the user’s comfort; on
the contrary, the greater the change in the heat/cold load, the
greater the impact. It can be seen that the change in heat/cold
load is not linearly related to the impact on users’ satis-
faction. Therefore, IES adopts a ladder-type compensation

method to provide incentive subsidies to users for changes in
heat/cold loads. The heat/cold load compensation fee for
users at time ¢ is as follows:

Ej, iR (1) = € iprRALy (1),

(39)
E ipr (t) = e, iprAL, (1),

where Ej, ipg () and E_ g (¢) are, respectively, the incentive
IDR subsidy costs for the heat load and cold load and ¢, ;p
and &, py are, respectively, the subsidy coefficients for the
heat load and cold load changes.

Taking the heat load as an example, this paper adopts
a ladder-type subsidy coeflicient as considering that the
greater the degree of heat load deviation, the greater the
energy experience of users. It represents that the subsidy
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coefficient changes in steps according to the actual load
deviation degree, and the deviation degree is positively
correlated with the subsidy coefficient. It can be expressed as
follows:

€h,IDR’ 0 <lALh (t)| <&,

€LIDR = (1 + Ah,IDR)Eh,IDR’ a <|AL, ()| <&y, (40)

(1 + 2Ah,IDR)'Sh,IDR |AL, (1) > a,

where A, ;pp is the penalty factor of the heat load change
subsidy coefficient; &, and «, are the boundaries of the heat
load change, respectively.

Similarly, the subsidy coefficient when the cold load
changes can also be expressed as follows:

0<|AL. (8)] < By»
€ IDR = (1 + AC,IDR)SC,IDR’ i < IALC (t)l <B (41
(1+2A1pr)ecrprs  [AL (O] > B,

where A_jpg is the penalty factor of the cold load change
subsidy coefficient and 3, and j3, are the dividing boundaries
of the cold load change respectively.

€.IDR>

4.3. Substitution-Type IDR Model. Since heat and cold loads
are slower dynamic than electric and gas loads, this article
only considers the substitution between heat and cold loads
and the substitution between electric and gas loads and
establishes the heat and cold substitution IDR and the
electric substitution IDR model, respectively.

4.3.1. Heat and Cold Substitution IDR Model. Since there are
a variety of energy conversion devices inside the IES, the
same energy needs of users can be met through mutual
conversion of heat and cold energy. The heat and cold re-
placement IDR model can be expressed as follows:

t
ALZ,AL = =&, ALy 5p»

(42)
P Wit
W,

where AL] ,; and AL, are the response quantity of heat
and cold load replacement; W, and W, are the unit calorific
values of heat and cold load; ¢,_, is the heat cold conversion
absorption; and #, and 7, are the utilization efficiency of heat
and cold energy.

4.3.2. Electric Substitution IDR Model. Based on the real-
time price difference between electricity and gas, users can
choose an energy with lower cost to replace another energy.
For example, during peak electricity price periods, users can
increase gas energy input to replace electricity consumption
if gas prices are relatively low. The electric substitution IDR
model can be expressed as follows:

11

t e
ALe,AL - se—g Ct

I (43)
ALg AL = /1 ALe AL>

where AL, ;, AL ,; are the amounts of electric and gas
loads replacement response; ¢,_,, is the elastic coefficient of
electricity and gas affected by price; L, ,; , is the amount of
electric load that can be replaced before response; and A, is
the electricity-gas conversion efficiency.

5. IES Optimization Model

5.1. Objective Function. The model proposed in this paper
comprehensively considers energy purchase cost Fy,,, re-
ward and punishment ladder-type carbon transaction cost
Fepr> green certificate transaction mechanism Fgep, and
operation and maintenance cost Fn); and IDR subsidy cost
Fipr to optimize the IES model with the goal of minimizing
the total cost where Fpr and Fgop are shown in formulas
(30) and (31) and formula (16), respectively. The objective
function of IES can be expressed as follows:

min Figg = Fp,y + Fou + Fepr + Fipr + Foer (44)

5.1.1. Energy Purchase Cost. 'The energy purchase cost of IES
includes electricity purchase cost and gas purchase cost,
which can be expressed as follows:

Fyuy = Friap + Fasps

T
Fariap = 2, e (DPgra ()
Gridb ; Grid (45)

T
Foasp = ch(t)(w>’
=1

ng

where Fg4, and F, are the electricity purchase cost and
gas purchase cost of IES, respectively; c, (¢) is the outsourced
electricity price purchased by IES from the external power
grid; c, (¢) is the gas purchase price of IES; H,, is the lower
calorific value of natural gas; and Pcyp, g (t) and Pgp. g (t) are
the amount of natural gas consumed by CHP and GB,
respectively.

5.1.2. Operation and Maintenance Cost.

T
FOM:<ZZ€nPn(t)+Z

t=1 n m

Km( mchr(t) + Pmd1s( ))>)

(46)

where 1 represents the type of energy conversion equipment;
m represents the type of energy storage equipment; ¢, and «,,,
are the operation and maintenance coeflicients of energy
conversion equipment #n and energy storage equipment 1,
respectively; P, (t) is the output power of energy conversion
equipment #; and P (t) and P (t) are the charging

m,chr m,dis
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and discharging power of the energy storage device m,
respectively.

5.1.3. Incentive-Type IDR Subsidy Costs.

T

Fipr = z (Ee,IDR () + Epipr () + Ecpg () + Eg1pr (t))~
t=1

(47)

5.2. Constraints. In addition to meeting the upper and lower
limit constraints and ramp rate constraints of each device,
IES also needs to meet the power balance constraints.

5.2.1. Power Balance Constraint. Power balance constraint is
as follows:

Pyyr (8) + Ppy () + Pepp,e (£) + Pgria () + Pprgis () + Pupc,e (1) =

L, (t) + Ppron (t) + Pp (£) + Pac (8).
(48)

5.2.2. Heat Energy Balance Constraint. Heat energy balance
constraint is as follows:

Py () + Peypy, (£) + Prgrgis (£) + Pypcy (£)

(49)
= Ly, (£) + Pygr e (t) + Ppg ().

5.2.3. Cold Energy Balance Constraint. Cold energy balance
constraint is as follows:

Pace(t) + Pppe (8) + Pegrgis () = Lo (£) + Pegr gy (£)-
(50)

5.2.4. Natural Gas Energy Balance Constraint. Natural gas
energy balance constraint is as follows:

Pgas (1) + Pggrais (1) = Ly () + Peyp 4 () + Pgg 4 (1)

51)
= Pyrog (1) + Pegrene (£,

where P, (t) is the amount of natural gas purchased.

5.2.5. Hydrogen Energy Balance Constraint. Hydrogen en-
ergy balance constraint is as follows:

t _ ¢ t ¢
Py 1, = Pura, + Purch, + Pugesdis — Phgs.chr- (52)

6. Case Analysis

6.1. Basic Data. In order to verify the effectiveness of the IES
optimal scheduling proposed in this paper, a simulation ex-
ample is carried out with a park-level CCHP IES as the object.
The park is dominated by residents, supplemented by industry
and commerce. The time-of-use prices of electricity and gas are
shown in Table 2 [8, 12], the power curves of user electricity,
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heat, cold, and gas loads as well as photovoltaic power and wind
power are shown in Figures 4 and 5 [12, 31, 32], and the internal
equipment parameters of IES are shown in Table 3 [8, 12, 32]. In
terms of IDR parameters [12-14, 31], the upper and lower limits
of indoor temperature are 24°C and 18°C, respectively; the
subsidy coefficients for electric and gas loads are 0.05 and 0.04,
respectively, and the subsidy coefficients for heat and cold loads
are both 0.03. The upper limit of the rate is 10%; the penalty
factor of the subsidy coefficient for heat and cold load changes is
0.01. The unit carbon transaction price is 0.268 yuan/kg [8, 29],
the green certificate transaction price is 80 yuan/book [26, 30],
and y and A are 0.2 and 0.15, respectively; the actual carbon
emission parameters of coal-fired units and gas-fired units can
be seen in Table 4 [8]. The model proposed in this article is
constructed under the platform of MATLAB, and the mathe-
matical model and constraints of IES are formed on the basis of
Yalmip toolbox. The CPLEX commercial solver is used to do the
calculation.

6.2. Validation of Hydrogen Energy Utilization Model. In
order to highlight the effectiveness of the hydrogen energy
coupling system in improving system economy and envi-
ronmental protection, the following five scenarios are set up
for comparative analysis. The comparison results of the five
scenarios are shown in Table 5.

Scenario 1. The traditional electricity-heat/cold-gas IES
scheduling model is introduced, without considering
the multisource energy storage equipment

Scenario 2. Based on scenario 1, multisource energy
storage equipment is introduced

Scenario 3. Based on scenario 2, EL, MR, and HES are
introduced, and hydrogen only for MR

Scenario 4. Based on scenario 3, HFC is introduced, and
hydrogen for MR and HFC

Scenario 5. Based on scenario 4, the gas-hydrogen
mixed CHP equipment, i.e., the hydrogen energy
multiutilization model proposed in this article, is
considered

6.2.1. Comparative Analysis of Scenario 1 and Scenario 2.
The comparison between scenario 1 and scenario 2 is
conducted first. The power balance optimization results of
scenario 1 and scenario 2 are shown in Figures 6 and 7,
respectively. After calculation, it can be seen from Table 5
that compared with scenario 1, the total IES cost and carbon
emissions of scenario 2 decreased by 2.81% and 3.38%,
respectively. Since scenario 1 does not introduce multi-
energy storage equipment, IES cannot absorb abundant
renewable energy when the energy load is at a low point,
resulting in low energy utilization efficiency. During the
peak load period, energy cannot be discharged through the
energy storage device, resulting in a greater pressure on the
energy supply of the IES during the peak load period,
resulting in higher energy purchases for the system during
the peak period of electricity consumption, resulting in more
electricity purchase costs.
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TaBLE 2: Time-of-use prices of electricity and gas.

Initial electricity price

Time period

Yuan/kWh/m?

Valley
Level
Peak

1:00-6:00, 23:00-24:00
7:00-8:00, 13:00-17:00
9:00-12:00, 18:00-22:00

0.5
0.73
1.21

Initial gas price

Time period

3
Yuan-m

Valley
Level
Peak

23:00-24:00, 01:00-05:00
6:00-7:00, 13:00-16:00, 19:00-22:00
8:00-12:00, 17:00-18:00

1.57
1.93
2.16

2400
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Power (kW)

®
(=3
(=]
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—&— Heatload

—w— Gasload

FIGURE 4: Forecast curve of electricity, heat, cold, and gas.

1000
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Power (kW)
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FIGURE 5: Forecast curve of wind turbine and photovoltaic power.

As shown in Figure 6(b) in the heat energy scheduling of
scenario 1, the gas-fired boiler is basically at full power during
the period of high heat load from 01:00 to 05:00. The shortage
can only be supplemented by the waste heat boiler, due to
the limitation of “determining electricity by heat” of CHP
devices, so the gas turbine must also contribute, resulting in

the inability to absorb wind power resources at night, which
makes the operating cost of the IES higher. As for scenario 2, it
can be seen from Figure 7 that the four energy storage devices
of electricity, heat, cold, and gas can all store energy at the stage
of low energy load and discharge energy at the period of high
energy load, which plays a role in low-charging. As for the
effect of high radiation, combined with Table 5, it can be seen
that when multiple energy storage devices are introduced, the
operating economy of IES has been greatly improved.

6.2.2. Comparative Analysis of Scenario 2 and Scenario 3.
Then, the comparison between scenario 2 and scenario 3 is
performed. In scenario 3, a hydrogen energy coupling link
consisting of EL, HES, and MR is introduced, but the HFC and
hydrogen-mixed CHP models are not considered. The balance
results of electricity, heat, gas, and cold scheduling in scenario
3 are shown in Figure 8. It can be seen from Figure 8 that after
the hydrogen energy coupling consisting of EL, HES, and MR,
the abundant wind power resources at night can be input into
the EL to generate hydrogen energy. However, since it only
contains one hydrogen energy utilization link (MR) and
consumes one more cascade utilization link compared with
the traditional P2G model, its energy utilization efficiency is
relatively low. As can be seen from Table 4, compared with
scenario 2, the total IES cost and carbon emissions of scenario
3 increased by 0.77% and 0.63%, respectively.
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TaBLE 3: IES equipment parameters.

Energy conversion equipment Efficiency Rated power (kW) Ramp power (kW)

CHP Electricity 0.45, heat 0.55 900 200

GB 0.9 1200 200

EL 0.87 400 100

HFC 0.95 250 50

MR 0.7 200 50

ER 1.2 500 —

AC 4 150 —

Energy storage device Charge/discharge efficiency Maximum capacity (kW) Maximum charging/discharging power (kW)

BT 0.95 1000 250

HST 0.97 1000 200

CST 0.92 800 200

GST 0.90 800 200

HES 0.95 600 150
TaBLE 4: [ES actual carbon emission parameters. 6.3. Validation of Multitype Demand Response. In order to
Coal-fired unit Gas-fired unit verify the effectiveness of the multitype IDR strategy pro-

. .z . z posed in this paper, on the basis of scenario 3, three new

! 24 ! 2 72 2 scenarios are added for comparison.
36 -0.38 0.0034 3 -0.004 0.001

6.2.3. Comparative Analysis of Scenario 2 and Scenario 4.
On the basis of scenario 3, scenario 4 further introduces HFC
equipment. The power balance scheduling results of electricity,
heat, cold, and gas in scenario 4 are presented in Figure 9. It can
be seen from the calculation in Table 4 that compared with
scenario 2 and scenario 3, the total cost of IES in scenario 4
dropped by 1.69% and 2.45%, respectively, and the carbon
emissions dropped by 5.92% and 6.51%, respectively. For
scenario 4, there are more ways to utilize hydrogen energy after
the introduction of HFC. The hydrogen generated through EL
can be directly transported to HFC for heat and electricity
production, which can provide users with electricity and heat
energy to cover the shortage and reduce the energy supply
pressure of the system. In addition, the hydrogen generated by
EL can also be transported to MR and CHP to generate the
electricity, heat, and gas energy, which can be supplied to user
loads respectively. Through the above steps, abundant wind
power resources can be effectively utilized to achieve multi-
energy coupling of electricity-heat-cold-gas-hydrogen.

6.2.4. Comparative Analysis of Scenario 4 and Scenario 5.
Compared with scenario 4, scenario 5 constructs a hydro-
gen-doped CHP system by introducing a hydrogen-doping
device into the CHP unit. It further increases the ways of
utilizing the hydrogen energy and forms a multiple utili-
zation of hydrogen energy. Part of the hydrogen energy can
be input into the natural gas pipeline and then be input into
the hydrogen-doped CHP at the same time as the natural gas
for thermoelectric production, further improving the flex-
ibility of IES operation. As can be seen from Table 4,
compared with scenario 4, the total cost of IES and system
carbon emissions in scenario 5 decreased by 0.78% and
1.98%, respectively, which proves that with the continuous
improvement of the hydrogen energy utilization structure,
the operational flexibility and economy of IES will be better.

Scenario 6. Only the price-type IDR strategy is
considered

Scenario 7. The price-type and incentive-type IDR
strategies are considered

Scenario 8. The multitype IDR strategy proposed in this
paper is considered; the comparative results of the four
scenarios are shown in Table 6.

It can be seen from Table 6 that among the four sce-
narios, scenario 5 has the highest total IES cost and carbon
emissions. Since the IDR strategy is not considered in
scenario 3, the user cannot adjust the energy load in-
dependently, which will cause the IES to bear higher energy
purchase costs during the period of high energy load,
making the operating cost increase. Besides, compared with
other scenarios, the carbon emissions of scenario 3 are
relatively high due to the lack of load transfer or reduction.
For scenarios 6-8, the more types of IDRs considered, the
smaller the total cost and carbon emissions of IES. The
reason is that users are more willing to participate in IDR
with the increase of IDR types. Although the incentive-type
IDR will increase the cost of incentive subsidies, the oper-
ating cost of the IES is reduced due to the reduction of part of
the energy load. Correspondingly, as the energy load de-
creases, the output of IES equipment decreases, which in-
directly reduces the carbon emissions of the system. It can be
seen from Table 6 that compared with scenario 6 and sce-
nario 7, the total cost of IES in scenario 8 with multitype IDR
strategy decreased by 11.63%, 8.43%, and 6.25%, re-
spectively, and the total carbon emissions decreased by
18.82%, 9.63%, and 6.94%, respectively. All the data indicates
the effectiveness of multitype IDR strategy.

The optimization results of real-time prices of electricity
and gas are shown in Figure 10, and the optimization results
of electricity, gas, heat, and cold loads in four scenarios are
represented in Figure 11. Since scenario 5 does not consider
the IDR strategy, there is no load change. In scenario 6, as
can be seen from Figure 10, under the action of real-time
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TaBLE 5: Cost comparison results under different scenarios.

Operation and maintenance

Energy -
Scenes IES total cost (yuan) cost (yuan) purchase cost (yuan) Carbon emission (kg)
1 33408.9 4741.3 28667.6 17809.1
2 32466.8 4500.9 27965.9 17206.5
3 327164 4701.3 28015.6 17314.5
4 31915.3 4824.5 27090.8 16187.4
5 31666.4 4870.1 26796.3 15867.2
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FIGURE 6: (a) Electricity scheduling results in scenario 1; (b) heat scheduling results in scenario 1; (c) cold energy scheduling results in

scenario 1; (d) gas energy scheduling results in scenario 1.

price IDR, the optimized peak-valley-level trend of elec-
tricity and gas prices is consistent with the corresponding
benchmark price trend, but the change range is greater. In
general, the price during peak periods is higher and lower
during valley periods. Thus, the peak-valley-level difference
in energy prices further increases. Combining the red curves
in Figures 11(a) and 11(b), it can be seen that under the
guidance of real-time prices, the electricity and gas loads
transfer the load from the peak energy consumption period
to the low energy consumption period, realizing the effect of
load “peak shaving and valley filling.” Since the real-time

price IDR strategy only considers electricity and gas loads,
the heat and cold loads do not change.

On the basis of scenario 6, scenario 7 further introduces
an incentive-type IDR strategy. The user’s electricity and gas
loads can be partially reduced according to the incentive
strategy, while the cold and heat loads can be reasonably
adjusted within the comfort range based on changes in
indoor temperature, water temperature, and various external
heat disturbance factors. Incentive subsidies are provided for
certain adjustment of user’s electric and gas loads.
Figure 11(d) shows the change of cold load with indoor
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FIGURE 7: (a) Electricity scheduling results in scenario 2; (b) heat scheduling results in scenario 2; (c) cold energy scheduling results in

scenario 2; (d) gas energy scheduling results in scenario 2.

temperature. It can be seen that IES stores a certain amount
of heat by lowering the indoor temperature during the
period of low cold load from 01:00 to 06:00 at night, which
increases the cold load in this period, while IES releases
stored heat by raising the indoor temperature to reduce the
cold load during the day when the cold load is high, which
can reduce the electricity cost of the refrigeration equipment
and improve the system economy. The optimization results
for heat load are similar as above. As can be seen from
Figure 11, the peak and valley differences in electricity, heat,
cold, and gas loads in scenario 7 have been further reduced.

For scenario 8, price-type IDR, incentive-type IDR, and
substitution-type IDR strategies are comprehensively
considered. Since the energy costs of various energy
sources vary greatly at different times, users can improve
the economics of the system through energy substitution to
reduce their own energy purchase costs. It can be seen from
the real-time price optimization results in Figure 9 that
users choose electric energy instead of gas energy during
the period of 23:00-06:00 for the lower electricity price,
increasing the electric load. And users are more inclined to
choose gas energy instead of electric energy during the peak

electricity price periods such as 9:00-12:00 and 18:00-21:
00, decreasing the electric load. The peak shaving and valley
filling trend of electric load has further increased in Fig-
ure 11. In the same way, the substitution optimization
trend of cold and heat loads is similar to the above.
However, the energy peak-valley characteristics of cold and
heat loads are exactly opposite, which means that the peak
period of heat load happens to be the valley period of cold
load. As a result, the cold and heat loads also appear the
effect of peak shaving and valley filling. It can be seen from
Table 6 that the total cost of IES and total carbon emissions
in scenario 8 have been effectively reduced, indicating that
alternative IDR can provide users with diversified energy
purchasing options without affecting the user’s energy
experience. It improves the economy and flexibility of the
system and also effectively reduces the carbon emissions of
the system.

6.4. Validation of Green Certificate-Carbon Joint Trading
Mechanism. In order to verify the environmental pro-
tection and economics of the green certificate-reward and
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FiGURE 8: (a) Electricity scheduling results in scenario 3; (b) heat scheduling results in scenario 3; (c) cold energy scheduling results in

scenario 3; (d) gas energy scheduling results in scenario 3.

punishment ladder-type carbon trading mechanism
proposed in this paper in improving the optimization
operation of hydrogen energy coupling IES, four new
scenarios are added for comparative analysis with sce-
nario 8.

Scenario 9. Hydrogen coupled IES optimization
model considering the green certificate trading
mechanism

Scenario 10. Hydrogen coupled IES optimization model
considering the reward and punishment ladder-type
carbon trading mechanism.

Scenario 11. Hydrogen coupled IES optimization model
considering the green certificate trading mechanism
and the reward and punishment ladder-type carbon
trading mechanism, but without considering the joint
mechanism of the two

Scenario 12. Scenario of this article, hydrogen coupled
IES optimization model considering green certificate-
ladder carbon joint trading

6.4.1. Comparative Analysis of Scenario 9 and Scenario 8.
Scenario 9 is an optimization scenario that only considers
the green certificate transaction mechanism. It can be seen
from Table 7 that the carbon emissions of the system and the
total cost of IES in scenario 6 decreased by 2.22% and 1.65%
compared with scenario 8, respectively. After introducing
the green certificate trading mechanism, scenario 9 has
abundant green certificate due to the large proportion of
green power (wind power and photovoltaic), which can be
traded in the market. It not only improves the consumption
capacity of renewable energy such as photovoltaic and
photovoltaic but also receives a certain amount of income
from green certificate transactions, which verifies the ef-
fectiveness of the green certificate transaction mechanism.

6.4.2. Comparative Analysis of Scenario 10 and Scenario 8.
Scenario 10 introduces traditional carbon trading costs into
the IES optimization model based on scenario 8. The
comparison results of outsourced electricity and CHP in
scenario 8 and scenario 10 are shown in Figure 12. Table 6
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TaBLE 6: Comparison of scheduling costs under different IDR strategies.

Operation and

IES total . Energy purchase IDR subsidy Carbon emission
Scenes maintenance cost
cost (yuan) cost (yuan) cost (yuan) (kg)
(yuan)

5 31666.4 4870.1 26796.3 — 15867.2
6 30416.4 4802.5 25613.9 — 14120.2
7 29567.1 4715.4 23843.6 1008.1 13841.4
8 27981.7 4971.4 21885.8 1124.5 12880.4

shows that the total cost of IES and carbon emissions of the
system in scenario 10 decreased by 1.67% and 10.55%
compared with scenario 8. The specific reason is that sce-
nario 8 does not introduce reward and punishment ladder-
type carbon trading costs into the IES optimization model,
so IES only optimizes the optimal output of the unit with the
goal of optimizing its own interests. It can be seen from
Figure 12 that the amount of outsourced electricity from the
external grid is much bigger during the valley or level period
of electricity price between 23:00-06:00 and 13:00-18:00 due

to its lower costs than the electricity generated by gas tur-
bines thus resulting in a large amount of carbon emissions.
As for scenario 10, the carbon transaction costs are in-
troduced into the optimization model, and IES can sell the
excess carbon allowances in the carbon trading market due
to the large output of gas-fired units in the IES to obtain
certain carbon trading benefits. By choosing the output
power of gas units with lower carbon emissions, such as
CHP and GB, the total carbon emissions of the system can be
effectively reduced.
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FiGgure 10: Optimization results of real-time electricity price and time-of-use electricity price. (a) Electricity price optimization results.

(b) Gas price optimization results.
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results. (c) Heat load optimization results. (d) Cooling load optimization results.

6.4.3. Analysis on the Effectiveness of the Green Certificate-
Carbon Joint Trading Mechanism. For scenario 11, the re-
ward and punishment ladder-type carbon trading mecha-
nism and the green certificate trading mechanism are

simultaneously used in the hydrogen energy coupling IES
optimal scheduling. As can be seen from Table 7, compared
with the other three schemes, the IES in scenario 11 reduces
the carbon trading cost, obtains certain benefit from the
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green certificate trading, and minimizes the total cost and
carbon emissions. On the basis of scenario 11, scenario 12
further considers the interaction between the green certif-
icate trading mechanism and carbon trading. The reduction
of carbon emissions provided by new energy can affect the
carbon trading mechanism, decrease the amount of carbon
emissions of IES, and increase the enthusiasm of IES to
purchase green certificates, indicating the low-carbon
economy of the green certificate-carbon joint trading
strategy. Figures 13 and 14 show the power scheduling
results and wind power consumption comparison results of
scenarios 11 and 12 respectively. It can be seen from Fig-
ures 13 and 14 that scenario 12 has a higher wind power
consumption level at night such as 01:00, 06:00, and 24:00
than scenario 11. In addition, the gas unit output in scenario
12 is higher, and the outsourced power is smaller, reflecting
the low-carbon nature of the green certificate-carbon joint
trading. As can be seen from Table 7, the total IES cost and
carbon emissions of scenario 12 decreased by 1.61% and
2.68% compared with scenario 11, which verifies the ef-
fectiveness of the green certificate-carbon joint trading
mechanism proposed in this article.

7. Conclusion

This paper proposes a hydrogen energy coupling IES opti-
mization operation model that takes into account the green
certificate-ladder carbon joint trading mechanism and in-
tegrated demand response. The effectiveness of the multiple
utilization of hydrogen energy, dual-incentive demand re-
sponse, and green certificate-ladder carbon joint trading
mechanism can be verified through the simulation example.
The following conclusions can be obtained:

(1) By introducing a multiutilization model of hydrogen
energy composed of EL, HFC, MR, and hydrogen-
mixed CHP, the surplus wind power at night is
converted into hydrogen energy, and hydrogen
energy is converted into electricity, heat, and gas
energy through various links. It effectively improves
the consumption capacity of new energy and reduces
energy purchase costs and carbon emissions of the
system. Compared with the traditional electricity-
heat-gas IES, the total cost and carbon emissions of
this IES decreased by 2.46% and 7.78% after in-
troducing the multiple utilization model of hydrogen
energy, which reflects the effectiveness of the pro-
posed multiple utilization model of hydrogen energy.

(2) A dual-incentive IDR model consisting of price
incentives and subsidy incentives is constructed, and
users are guided to adjust their own energy con-
sumption strategies through price strategies and
subsidy incentives, respectively. It not only reduces
the energy purchase cost of users but also effectively
reduces the operating costs and carbon emissions of
the system. Compared with the traditional price-type
demand response model, the total cost and carbon
emissions of IES decreased by 10.17% and 25.27%
after considering the dual-incentive IDR model. It

International Transactions on Electrical Energy Systems

verifies the effectiveness of multiple dual-incentive
IDR models in improving the economy and envi-
ronmental protection of IES.

(3) Introducing the green certificate trading mechanism
and the ladder carbon trading mechanism into the
IES optimization model can give full play to the
complementarity of the two mechanisms and further
enhance the low-carbon characteristics of the sys-
tem. Compared with only considering the GCT
mechanism or CET mechanism, the total cost of IES
decreased by 3.47% and 5.54%, and the carbon
emissions decreased by 8.18% and 6.67%, re-
spectively, after considering the green certificate-
carbon joint trading mechanism.
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