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Advanced adiabatic compressed air energy storage (AA-CAES) is a promising form of
CAES technology, which can realize multi-energy cascade storage and supply. Given the
characteristics of cooling, heating, and power (CHP) load demand of regionally
integrated energy system (IES) and the overall need to control the total carbon
emission, this study first establishes the AA-CAES multi-energy storage model;
second, based on analyzing the multi-energy characteristics of AA-CAES, a ladder-
type carbon trading mechanism is introduced; furthermore, aiming for minimal system
operating costs and carbon trading costs, an optimal dispatch model of an integrated
energy system with AA-CAES as the energy hub for coupling multiple energy forms is
established. Finally, an empirical study was conducted based on the energy use scenario
of a provincial and ministerial university in Qinghai Province. This study analyzes the
impact of the operation of AA-CAES and the introduction of ladder-type carbon trading
on the operating costs and carbon trading costs of IES. The simulation results show that
the total operating cost of the proposed model is reduced by 23.9%, and carbon
emission is decreased by 14.5% compared to the conventional IES. It proves the validity
of coupling AA-CAES and stepped carbon trading mechanisms to facilitate low-carbon
economy in IES.

Keywords: AA-CAES, ladder-type carbon trading, integrated energy system, optimal dispatching, low-carbon
energy

1 INTRODUCTION

Along with the fast development of our society, the energy demand is also increasing. How to use
energy efficiently and promote green and low-carbon economic development is an urgent problem.
Therefore, China has committed to “achieve peak carbon emissions by 2030 and carbon neutrality by
2060” (Xiao et al,, 2021). The integrated energy system (IES) which is formed by the coupling and
interconnection of multiple energy sources provides a solution for efficient energy use and reduction
of carbon emissions. In addition, it is crucial to adjust the energy structure and promote energy
transition by using clean and sustainable energy to meet multiple load needs, such as electricity, heat,
cooling, and gas (Gu et al,, 2014). However, the design and planning of an IES and its operating
characteristics are more complex than single-energy systems, in which the subsystems need to be
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coupled and operated in concert with each other. As a result,
among the most important study subjects in recent years have
been the modeling and optimal dispatching of IES.

The coupling relationship between multiple energy demands
and the uncertainty of renewable energy sources makes the
energy management of IES very difficult. Therefore, optimal
scheduling of IES to improve the energy utilization efficiency
and reduce operating costs is necessary (Huang et al., 2022). Li G.
et al. (2016) used a mixed-integer linear programming (MILP)
model to optimize the dispatch of IES with the objective of
minimizing operating costs, which reduced operating costs
and increased the utilization of renewable energy sources.
Zheng et al. (2020) established an optimal day-ahead dispatch
model and used mixed-integer quadratic programming (MIQP)
to solve the scheduling difficulties for IES systems caused by the
intermittent nature of wind power, photovoltaic (PV), and other
energy sources. Ding et al. (2021) suggested a two-stage optimal
dispatch model on the user side that can guarantee the possibility
of energy balance events to the maximum and improve the system
economy compared to the conventional system. Chen et al.
(Wang et al,, 2016) used particle swarm algorithms in solving
capacity allocation issues of multi-energy systems to increase the
reliability of energy supply and also the amount of renewable
energy integration. For the optimal scheduling of IES with
multiple energy carriers, Wang et al. (Lingmin et al, 2020)
proposed a robust optimal dispatch method with uncertainty
expansion operations introduced in the dispatch process to
decrease the total operation cost. However, most of the
aforementioned  studies focus on the optimization
improvement of the IES system scheduling method, and the
introduction of energy storage devices offers a new solution to
solve the aforementioned problems.

Energy storage devices are involved in the management of
optimal energy in IES systems, and the current research is mainly
focused on chemical energy storage methods such as battery
energy storage and hydrogen storage. In the studies by Zheng
et al. (2015) and Sanjari and Karami (2020), the optimal
dispatching method on the strength of model predictive
control (MPC) and the optimal battery storage and energy
release condition scheduling strategy grounded on the
prediction error are proposed for the IES containing battery
energy storage, which in turn optimizes the energy scheduling
of the IES. In the studies by Wang et al. (2020) and Wang et al.
(2021), low-carbon IES architecture with hydrogen energy
storage as an energy hub was studied to verify the feasibility
of two-stage optimization and low-carbon dispatch. However,
compared with the energy storage methods mentioned earlier, the
advantages of AA-CAES with long service life, low operating cost,
and multi-energy co-sourcing (Zhang et al., 2021) can better meet
the demand for IES.

The AA-CAES adds a heat storage device to the conventional
CAES. It uses the heat generated in the compression stage to heat
the compressed air that needs to be used for power generation.
Therefore, the combustion heat generation from the make-up
combustion system is removed, and carbon emissions from fossil
fuel combustion are avoided (Li R. et al., 2016). A great deal of
research has been carried out on the working principle, model
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building, and thermodynamic simulation of AA-CAES. Grazzini
and Milazzo (2008) designed a combined AA-CAES scheme and
proposed the operation of AA-CAES combined with renewable
energy. Guo et al. (2017) established a thermodynamic model of
A-CAES in MATLAB Simulink and studied the effect of time-
varying temperature and air pressure on the system. Li et al.
(2021) proposed a model of a cogeneration system coupled with
AA-CAES and solar auxiliary heat and studied the optimal heat
distribution programs with economics as the goal. Arabkoohsar
(2017) established a mathematical model of low-
temperature AA-CAES and performed an economic analysis.
Luo et al. (2016) carried out work on the optimization of key
parameters and system structure in AA-CAES to improve the
system efficiency. The aforementioned literature mainly focused
on the study of mechanism design, parameter optimization, and
system modeling of AA-CAES; however, the study of optimal
scheduling of AA-CAES involved in the IES system was less. Yang
etal. (2021) constructed an IES optimization dispatch model with
non-supplementary combustion CAES and integrated heating
and electric demand response to enhance the economy and
flexibility of IES. The dispatch strategy of the non-
supplementary combustion CAES participation in IES was
considered in Yang et al. (2021), but the strategy is mainly
proposed to improve the system economy.

The energy industry is an important force for saving energy
and decreasing emissions, so it is essential to research the
reduction of carbon emissions in energy systems. The carbon
trading mechanism is a measure to cut down greenhouse gas
emissions economically and effectively (Tan et al., 2022). There
has been some research on modeling carbon trading mechanisms
and the emission reduction effect on the multi-energy combined
supply system. Zhang and Zhang (2020) developed a carbon
trading model for the Chinese power industry, which verified the
effectiveness of carbon trading in reducing pollution emissions.
Zhang et al. (2016) introduced carbon trading to the smart grid to
take full advantage of demand-side resources and analyzed the
effects of the carbon trading price transmission mechanism. In
the IES area, Lu et al. (2021) introduced a carbon trading
mechanism into a community-integrated energy service
system. The model considered rewards and penalties for both
supply and demand, thus improving the carbon trading
mechanism and reducing the operating costs of the system.
Wei et al. (2016) proposed an economic operation strategy of
an electricity-gas interconnection IES under a carbon trading
mechanism. The influence of the carbon trading mechanism on
carbon emissions and system generation costs is analyzed. Qu
et al. (2018a) proposed a novel type of large-scale IES for
distributed optimal multiple power flows and introduced a
carbon trading mechanism. The aforementioned studies show
that the carbon trading mechanism has a major role to play in
reducing carbon emissions and improving environmental
friendliness. However, they have only considered the situation
of conventional carbon trading. The ladder-type carbon trading
partitions carbon emissions in different intervals on the
traditional carbon trading mechanism and calibrates different
trading prices according to the size of carbon emissions, which
allows for a better balance between economic and environmental
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FIGURE 1 | Design framework of the IES with the AA-CAES structure.
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aspects of the system (Wang et al., 2022). To achieve the
reduction of IES carbon emissions, this study introduces the
ladder-type carbon trading mechanism in the dispatch of the IES.

From the aforementioned analysis, it can be seen that there are
fewer studies on AA-CAES participation in IES dispatching. In
addition, the dispatch strategy of CAES participation in IES
proposed in the current study is less than adequate for the
environmental friendliness of the system. However, a major
current focus in IES optimization dispatching is how to reduce
carbon emissions. The ladder-type carbon trading mechanism is
an approach that is valid for decreasing carbon emissions in IES.
For the purpose of balancing the economy and environmental
friendliness of IES, this study proposes an optimal dispatch
structure and model for the IES considering AA-CAES and
the ladder-type carbon trading mechanism and obtains the
dispatch results for different scenarios. The main contributions
of this study can be summarized as follows:

1) The IES optimal dispatching model with AA-CAES, which
considers the ladder-type carbon trading mechanism, is
established for the characteristics of CHP demand in the
IES of the campus and the overall goal of low-carbon
development.

2) AA-CAES serves as the energy hub of the IES and optimally
distributes and converts the multi-energy sources generated
by the energy units to meet each load demand at the lowest
economic cost. The analysis of the AA-CAES charging and
discharging process can reflect its ability to accommodate
clean energy and low valley power.

3) Aladder-type carbon trading mechanism is introduced in IES
to explore the impact on the proportion of grid output and gas
equipment output in the system, and the varying carbon
emission of each component is analyzed. We proposed the
objective function based on environmental and economic
indicators, which makes the optimization results closer to
the actual scenario.

Three different application scenarios were constructed, and
the results of each scenario scheduling were analyzed and
compared. The effectiveness of AA-CAES and the ladder-type
carbon trading mechanism in improving the economy and
environmental friendliness of IES is verified.

4

~

The remainder of the article’s structure is organized as follows.
Section 2 focuses on the architecture and working mechanism of
the IES with AA-CAES and shows the mathematical modeling of
each subsystem of AA-CAES. Section 3 describes the operation
principle of ladder-type carbon trading and establishes its
mathematical calculation model. Section 4 presents the
optimal dispatching model for the IES, which contains the
objective function and various constraints. Section 5 presented
the case study and analysis of the results. The overall conclusion is
given in Section 6.

2 STRUCTURE OF THE IES WITH AA-CAES

The campus IES architecture configured with AA-CAES
proposed in this study is shown in Figure 1. It is obtained by
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expanding on the conventional park IES. The conventional park
IES contains clean energy generation equipment, for instance,
distributed PV power and wind power, as well as energy
conversion equipment such as gas turbines (GTs), gas boilers
(GBs), waste heat boilers (WHBs), electric refrigerators (ERs),
and adsorption refrigerators (ARs). This study introduces AA-
CAES into the conventional IES to build a low-carbon campus
IES with AA-CAES as the energy hub for combined storage and
supply of CHP. In Figure 1, the electrical load demand of the IES
is mainly met by the grid, GT, wind farm, and PV. The heating
load of the system is mainly provided by the GB burning gas and
the WHB recovering the high-temperature flue gas discharged
from the GT. The ER and AR convert the electric and thermal
energy of the system into cold energy to meet the cooling load of
the IES, respectively. As the energy hub, AA-CAES can interact
with multiple energy sources in the system, and its combined
storage and supply feature assists other equipment to meet the
CHP loads of the IES. In a conventional IES, the electricity
demand is mainly met by the electricity generation of the GT
and the supply of the electricity grid, and the ability to consume
clean energy such as solar energy and wind energy is relatively
limited. Introducing AA-CAES into IES can strengthen the
integration of multiple energy sources, increase the efficiency
of using renewable energy, reduce wind curtailment, and lower
system operating costs.

In conventional IES, the random nature of PV, wind power,
and other clean energy leads to low efficiency of being consumed.
When the system load demand is high, the cost of external power
and gas purchases will increase while increasing the larger carbon
emission. The structure of AA-CAES is shown in Figure 2; when
storing energy, the system uses wind curtailment, solar
curtailment, and low valley electricity to drive the compressor,
and the heat energy generated in the process of compressing air is
recovered through a thermal storage system, while the gas storage
subsystem stores the potential energy of compressed air; when
releasing energy, the high-pressure air in the storage reservoir
passes through the expansion subsystem to release the pressure
potential energy and thermal energy of compressed air, while the
exhaust process of the turbo-generator can also provide part of

the cold energy for the demand of electric, thermal, and cold loads
in the IES (Mei et al., 2018). Therefore, AA-CAES can use clean
energy and low valley electricity to achieve “peak shaving and
valley filling” of the electric load. Therefore, AA-CAES can reduce
the uncertainty of clean energy, reduce IES operating costs, and
improve the comprehensive utilization efficiency of the power
grid. The ability of AA-CAES multi-energy joint storage and
supply can reduce the external demand for electricity and gas
purchase in the IES and improve the environmental protection
and economy of the system.

In summary, the IES with AA-CAES proposed in this study, GT,
GB, and WHB are mainly responsible for providing heating and
electrical energy. The ER and AR are mainly responsible for providing
the cooling energy required by the system, and the AA-CAES
consisting of compressors, turbo-generators, and other equipment
is used as the multi-energy storage and supply center of the IES.

2.1 AA-CAES Formulation

The AA-CAES used in this study is shown in Figure 2, which
adopts the design method of “two-stage expansion, inter-stage
heat transfer” and “two-stage expansion, inter-stage cooling.” The
energy conversion part of the system mainly consists of the
compression subsystem, heat circulation system, and
expansion subsystem. In modeling AA-CAES, the following
assumptions are required:

1) High-pressure air is an ideal gas and satisfies the ideal gas
equation.

2) Excluding heat and pressure losses in the heat storage tank
and piping.

3) Neglect the effect of phase change of the fluid.

2.1.1 Compression System

When the AA-CAES device is in the state of energy storage, the
compressor compresses the air by consuming electrical energy,
which is converted into potential and thermal energy of the high-
pressure air, and its operating model is as follows (Mei et al.,
2015):
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C € k ¢ c,in o\t
Pn,t"n:k_lemtTr;,t I:(ﬁn)k _1]’ (1)
N
Piase,c = ZP;,P (2)
n=1

where P;, ; is the operating power of the nth stage compressor in
period t; Tf;ft" is the inlet air temperature of the nth stage
compressor at time t; #- is the adiabatic efficiency of the
compressor at time t; R, is the ideal gas constant; mj is the
mass flow rate of air from the compressor during compression; k
is the adiabatic index of the air; 8] is the pressure ratio of the nth
stage compressor, that is, the pressure ratio between the
compressor outlet and the inlet air; N is the total compression
level of the compression subsystem; P%,, . is the sum of the power
of all compressors in period t.

According to the isentropic efficiency calculation, the
temperature relationship between the outlet and inlet of the
nth stage compressor can be depicted by the following
(Dielmann and van der Velden, 2003; Hwang et al., 2012; Mei
et al., 2015):

; k-1
T, = T (BT + i -1 )

where T§$" is the outlet temperature of the nth stage compressor
at time t.

2.1.2 Heat Circulation System

The heat energy generated by the compressor is stored in the heat
transfer oil through the heat exchanger in the energy storage
process. The heat energy generated by the compressor is stored
in the heat storage mass through a heat exchanger during the
energy storage process. At present, the commonly used heat storage
medium mainly includes water, heat transfer oil, and molten salt.
Under standard conditions, the boiling point of water is 100°C, and
the boiling point of the plateau environment in Qinghai Province is
even lower, and the high temperature air discharged from the
compressor will make the water vaporize. The molten salt has a
high freezing point, so if the temperature is low, it will easily solidify
in the pipeline and lead to blockage. Compared with the
aforementioned two heat storage mediums, heat transfer oil has
a larger heat capacity and is basically in the liquid state, so this study
chooses heat transfer oil as the heat storage medium. During the
nth stage of compression, the high-grade heat in the air discharged
from the nth compressor is absorbed by the nth heat exchanger,
and the air temperature is reduced and then enters the (n+1)™ stage
compressor. According to the heat transfer theory (Dielmann and
van der Velden, 2003; Hwang et al., 2012; Budt et al., 2016), the heat
energy recovered by the heat exchanger after the nth stage
compressor in period t is described by the following:

H,, = camy(T;0" - T;1 ), 4)
where Hj, , is the heat collection of the nth heat exchanger stage;
¢, is the constant pressure specific heat capacity of air.

Therefore, the sum of the total thermal energy of each cooler in
the whole energy storage process at time t is illustrated as follows:

Low-Carbon Integrated Energy System

N
chv,t = ZH;,P ©)
n=1

where Hy, is the heat collection of the heat exchanger for the
whole compression process at time t.

In the energy release process, the expansion process of AA-
CAES is similar to the compression process, and the heat stored in
the compression process is used to heat the high-pressure air
through the multi-stage heater, which in turn drives the turbine to
generate electricity. Similar to (4), the heat consumed by the mth
stage heater to heat before the mth stage can be expressed as
follows:

HS,, = c,mf (TS - TS, 6)

m-1,t

where H?, , is the heat consumption of the mth stage heater; mj is
the mass flow rate of air in the turbo-generator; TS} is the inlet
temperature of the mth stage turbo-generator; T‘f,;f'fft is the outlet
temperature of the (m-1)™ stage turbo-generator.

The total heat consumed by the heater during the whole

energy release process can be represented as follows:

M
Hy = ) Hi,, )
m=1
where M is the total expansion level of AA-CAES; H%, , is the heat
consumption of the heater throughout the heating process.

2.1.3 Expansion System

When AA-CAES is in the state of expansion and energy release,
the high-pressure air in the storage tank is heated by the heater
and then enters the turbo-generator to push the turbine to
generate electricity. The turbo-generator converts the potential
energy of high-pressure air into electrical energy, and its working
process can be regarded as the inverse process of the compressor.
According to (1), the working model of the turbo-generator is
deduced as follows:

k in k-1
P, = o R TS [ 1- (85)7 . ®)
M
PZuse,g = zpfn,t’ (9)
m=1
where P$, is the operating power of the mth stage turbo-

generator at time t; #8, is the adiabatic efficiency of the mth
stage turbo-generator at time t; T%,, is the inlet temperature of
the mth stage turbo-generator at time t; %, is the expansion ratio
of the mth stage turbo-generator; Pf:use,g is the sum of the power of
all compressors at time t.

Similar to (3), the inlet and outlet temperatures of the turbo-
generator are related as follows :

re = T |- (87 - 1), (10)

where T‘f,’,f:"t is the outlet temperature of the mth stage turbo-
generator at time t.
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The cold air discharged from the final stage turbo-generator is
used for cooling, so the maximum cooling capacity of AA-CAES
at the time t described as follows (Zunft, 2015):

in kl
Claes = com( T4 (B - T0 ), an
where C{,, , is the cooling capacity of AA-CAES at time t; wa";

and B are the inlet temperature and expansion ratio of the final
stage turbo-generator; T is the ambient temperature.

2.2 Gas-Fired Units

2.2.1 Gas Turbine

As the largest gas-fired equipment in the IES, the GT can realize
combined heat and power supply. The GT generates electricity by
spinning a turbine at a fast speed using high-temperature and
high-pressure gas generated by burning natural gas. Meanwhile,
the WHB receives heat from the high-temperature exhaust gases
emitted from the turbine. Therefore, the electricity generation
and heat production of GT can be expressed as follows (Wei et al.,
2022):

P = nE,GTGtGTVgﬂS’ (12)
Her = 1y, 6rGor Vgas (13)

where PL, and HY%, are the electricity generation and heating
power of the GT at time t; #; gr and #y; gp are the electricity
supply efficiency and heat production efficiency of GT,
respectively; G; is the gas consumption of the GT at time
Vgas is the natural gas heat value, taken as 9.78 kWh/m”.

2.2.2 Gas Boiler

The GB uses gas combustion to supply heat to the IES and can
compensate for the lack of heat in the system, and the heat
production power of GB is as follows (Wei et al., 2022):

HE;B =Ny, GBGEJB Vgas: (14)

where Hy is the heat production power of GB at time t; i gp is
the heat production efficiency of GB; Gy is the amount of gas
used by GB at time t.

2.3 Refrigeration Equipment
The ER and AR are the main cooling equipment in the IES.
The ER is a device that transforms electrical energy to cold
energy, and the AR converts thermal energy into cold energy
using a binary solution of a mixture of a high boiling point
absorber and a low boiling point refrigerant. The cooling
supply models for both are expressed as follows (Yang
et al., 2021):

CZr = nerPt (15)

Catzr = naerzr’ (16)
where C!_ is the cooling capacity of the ER at time t; P, is the
electrical power consumed by the ER at time t; 7, is the cooling
coefficient of the ER; C*,, H.,_ is the cooling capacity and thermal
power input of the AR, respectively; #,,, is the cooling coefficient
of the AR.

Low-Carbon Integrated Energy System

3 LADDER-TYPE CARBON TRADING
MECHANISM

China’s carbon trading mechanism considers carbon emissions as
a marketable product. It allocates an unpaid carbon quota to
individual facilities of the system according to a standard (Zhang
et al,, 2013). While the excess of the quota needs to be purchased,
the excess carbon quota can be sold. This results in a carbon
emissions trading market. Through economic benefits to
constrain the carbon emissions of each system, the economy
and environmental friendliness of the IES system are improved.

3.1 Carbon Emission Quota

In this study, the ladder-type carbon trading model is constructed
assuming that all power purchased outside the system is provided
by conventional coal-fired units. Therefore, the carbon emission
quota of the IES mainly includes the GT, GB, and conventional
coal-fired units. The carbon emission quota of the GT is
converted according to the heat supply (Qin et al., 2018), and
the sum of the heat supply converted to heat and the original heat
production is used as the total heat for the quota; the GB is
quantified according to its heat supply; the conventional coal-
fired unit is quantified according to the purchasing power of the
system. The carbon emission quotas for the GT, GB, and
conventional coal-fired units and the total quotas in the IES
are as follows (Qu et al., 2018b):

R
Egr = ZX;. (Hgr +APGy), (17)
r=1
S
Egp = ZXth;B’ (18)
s=1
Ef = xpru}” (19)
EC = EGT + EGB + Ef’ (20)

where Egr, Egp, and Ey are the free carbon emission quotas for
the GT, GB, and conventional coal-fired units, respectively; Pg;
and Hg; are the electricity generation and heating power of the
rth GT, respectively; Hgp is the heating power of the sth GB. E¢ is
the total amount of uncompensated carbon emissions in the IES;
X, and x,, are the quota factors per unit of heat and the quota
factor per unit of electricity, respectively, taken as 0.102 kg/MJ
and 0.728 kg/(kWh) (Qu et al., 2018b); R is the total number of
GTs; S is the total number of GBs; A is the electric heat conversion
factor of GT; Py, is the total external purchasing power of the
system.

3.2 Ladder-Type Carbon Trading

Calculation Model

The ladder-type carbon trading mechanism splits the carbon
emission into multiple intervals on the basis of the traditional
carbon trading, and the higher the carbon emission, the higher is
the trading price of the interval, thus further controlling the
carbon emission of the system. In this study, the carbon emission
volume is divided into four intervals, each corresponding to a
different carbon trading cost, as follows (Wang et al., 2022):
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,(E:—Ec), E,<E . +L
#,(Ei — Ec) +p,(1+ &) (E; — Ec - L),
E.+L<E,<E.+2L

#. (B~ Ec) + 1, (1+ §) (B, — Ec — L)
+u,(1+&)*(E, - Ec - L),
E.+2L<E,<E. + 3L

p,(E;—Ec) +p,(1+&)(E - Ec— L)
+, (1 + &) (E; — Ec - 2L)

+p, (1 + &) (E, — Ec - 3L)
E,>E.+ 3L,

Il
A

Ce @1

where Cg is the carbon trading cost of the IES. When Cg is
positive, it means that the actual carbon emission is higher than
the allocated quota, and the carbon emission quota needs to be
purchased; conversely, the excess quota can be sold at a profit
through the carbon trading mechanism; g, is the carbon trading
price; & is the price increment of ladder-type carbon trading; E; is
the actual carbon emission in the IES; L is the length of the
interval of different carbon emissions.

4 IES OPTIMAL SCHEDULING MODEL
WITH AA-CAES

4.1 Optimization Objective

The optimal scheduling model of the IES with AA-CAES can
develop an optimal scheduling situation 24 h a day by considering
the multi-energy complementary characteristics of the system in
an integrated manner. In this study, the lowest total operating
cost of the IES is taken as the objective function, which can be
expressed as follows:

min F = min(Cpb + Cgr + Cgp + Cp + CE), (22)

where F is the total operating cost of the IES; Cpy, is the electricity
purchasing costs of the system; Cgr is the operating cost of the
GT; Cgp is the operating cost of the GB; Cp is the maintenance
cost of each piece of equipment in the system.

Cn=Y Pl (23)
t=1
CGT = i(C;GE;T + 0TutT (1 - u'T_l)), (24)
t=1
Cep = i(c;GgB + gty (1 - uy")), (25)
t=1
Cp= iicfip;, (26)

t=1 i=1

where ¢} and cfg are the unit purchase price of electricity and gas at
time t; @1 and 65 are the start-up cost coefficient of the GT and
GB; u!. and uf; are the start-up status of the GT and GB at time t;
¢}, is the maintenance cost coefficient of equipment; mey is the
purchasing power of the system at time t; P} is the actual power of
equipment at time t, where equipment i includes the GT, GB,
compressor, turbo-generator, and other major equipment.

Low-Carbon Integrated Energy System

4.2 Constraints
The aforementioned scheduling model is subject to the following
constraints:

4.2.1 System Constraints
1) Electrical power balance:

Pt

13 13
buy + Py +P

case.g

+P L+ P;V -P!_-P

case,c

- Pir = P;Lmd’
(27)

where P}, and P, are the wind power and PV at time t,
respectively; P! is the wind and solar power discarded; P}, is
the electrical load of the IES at time t.

2) Heat power balance:
HtGT + HtGB + HIEV,t - Hﬁ/[,t = H;nad’ (28)

where Hfmd is the heat load of the IES at time t.

3) Cold power balance:
Ctter + Cttzr = C;nad’ (29)

where Cfoad is the cold load of the IES in time t.

4.2.2 Equipment Power Constraints
1) AA-CAES power constraints:

u P <P, <uiP (30)
uiPS, <P <uiP ., (31
O<ul +uf <1, (32)

where #¢ and uf are binary variables, representing the
operational state of the compressor and turbo-generator,
respectively, 1 when working and 0 when not; P;,  and P
are the maximum and minimum power of the compressor,
respectively; P8 and P%; are the maximum and minimum

power of the turbo-generator.

2) GT and GB power constraints:

U PEt < Pl <uf PR, (33)
! -1 u

PGTSPE;T_PE;TSPGT’ (34)

0<HL, <HR, (35)

where P23 and P2 are the upper and lower bounds for the
power of the GT; P%, and PL;. are the upper and lower bounds of
the ramp rate for the GT, respectively; Hgg" is the maximum heat
production power of the GB.

3) EC and AC power constraints:

0<C <Cr, (36)
0<C. <Cn, (37)

where C5** is the maximum refrigeration power of the ER; C7**
is the maximum refrigeration power of the AR.
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FIGURE 4 | Typical day wind and PV generation forecast.

4.2.3 Storage Unit Constraint

The storage units in the integrated energy system of this study
mainly include AA-CAES gas storage units and heat storage units
with the following constraints:

PRt <Pl <pi™ (38)
Hmin SHIC\]J SHma\xa (39)

where p!, is the air pressure of the storage tank; p™® and p™i" are
its upper and lower limits; Hin and Hpyay are the minimum and

maximum values of the heat storage, respectively.

5 CASE STUDY

5.1 System Data

The analysis of this study is based on the cooling, heating, and
electricity demand data of a typical day at a provincial and
ministerial university in Qinghai Province, and the IES with

250 ; 1

Price/yuan/kWh
&

05/ wﬁ |

0 A . . .
0 5 10 15 20 25
Time/h

Time-of-use electricity price

Time-of-use gas price

FIGURE 5 | Hourly price changes in electricity and gas prices.

TABLE 1 | Parameters of AA-CAES

Parameter Value Parameter Value
Rg/J-mol™" K™ 8.314 i 3.2
k 1.40 To/K 290
55 3.60 pIN/Kpa 8400
B 3.15 pIe*/Kpa 9000
N 2 Hemin/KW 200
M 2 Himax/KW 3000
c./J (kg0)~" 1.4 P2 /KW 0
e 0.77 PG /KW 500
1 0.86 PY. /KW 0

J 35 P rax/KW 336
TABLE 2 | Other device parameters in the IES.
Parameter Value Parameter Value
Ne.GT 0.4 L/kg 25
NH,GT 0.5 or 66.2
NGB 0.9 08 26.3
Ners Nar 35,09 PIR/KW 0
RS 1,1 PE /KW 600
MMJ-(kWh) 6 HE& /KW 900
Ye/yuant™ 256 Cax/kW 140
& 0.25 CIa* /KW 200

AA-CAES is used to provide electricity, heat, and cold energy
for the campus’ living, teaching, and experiments. The forecast
curves of the campus’ typical daily hot and cold electric load are
shown in Figure 3, and the forecast of wind power output and PV
generation are shown in Figure 4. The time-of-use electricity
price and time-of-use gas price announced by the Development
and Reform Commission of Qinghai Province are shown in
Figure 5. The parameters of AA-CAES are depicted in
Table 1, and the rated charging time and rated discharging
time are 10 h. The internal equipment parameters of the IES
are shown in Table 2.
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5.2 Results and Discussion

To compare and analyze the impact of the introduction of AA-
CAES and carbon trading mechanisms on the benefits of
integrated energy system, the following three scenarios are
designed and simulated separately:

Scenario 1: Studies the case of conventional IES energy supply,
without considering the participation of AA-CAES and ladder-
type carbon trading mechanisms.

Scenario 2: Studies the case of IES energy supply containing
AA-CAES without considering a ladder-type carbon trading
mechanism.

Scenario 3: Studies the case of IES energy supply with AA-
CAES considering the ladder-type carbon trading
mechanism.

5.2.1 Results of the Optimal Dispatching

In Figure 6, the comparison between scenario 1 and scenario
2 shows that after considering the participation of AA-CAES in
scenario 2, the total energy consumption of the system will
increase to a certain extent due to the lower efficiency of AA-
CAES “electricity to electricity” conversion. Therefore, the cost of
electricity purchase of the system will increase slightly. However,
through the implementation of time-of-use electricity price and
time-of-use gas price, AA-CAES can reduce the economic cost of
the system with the operation strategy of “low price energy
storage and high price energy release.” At the same time, AA-
CAES has the characteristics of multi-energy combined supply,
which reduces the heating pressure of the GT and GB, thus
reducing the operation cost of the GT and GB. Therefore, after the
AA-CAES power plant in Table 3 participates in the optimal
dispatch of the IES, the total operating cost of the system in
scenario 2 is reduced by 20% compared with scenario 1, which
improves the economy of the IES. In addition, the participation of
AA-CAES in scenario 2 reduces the wind curtailment of the
system. In scenario 2, not only is the economic cost of the system

Low-Carbon Integrated Energy System

reduced but also the adoption of clean energy reduces the
system’s carbon emissions by 6%.

The comparison between scenario 2 and scenario 3 in Figure 6
shows that scenario 3 under the constraint of the ladder-type
carbon trading mechanism can gain additional benefits due to the
smaller carbon emission of gas-fired equipment. Therefore, the
external power purchase is decreased, and the output of gas-fired
equipment is increased, thus reducing the total carbon emission
of the system. As shown in Table 3, although the operating cost of
gas-fired equipment is increased in scenario 3, the increase in the
revenue from carbon trading and the decrease in the cost of
purchased electricity result in a 14.1% decrease in the total
operating cost compared to scenario 2. Compared with the
conventional IES supply in scenario 1, the dispatching strategy
proposed in this study results in a 23.1% decrease in the total
operating cost, while the carbon emissions of the system are
reduced by 14.5%. Thus, it can be seen that the introduction of the
ladder-type carbon trading mechanism has improved both the
economy and environmental protection of the IES.

5.2.2 Supply and Demand Balance Analysis

Figures 7A-C shows the CHP dispatch results for Scenario 1
(without AA-CAES and ladder carbon trading mechanism);
Figures 7D-F shows the CHP dispatch results for Scenario 2
(with AA-CAES); Figures 7G-I shows the CHP dispatch results
for Scenario 3 (with AA-CAES and ladder carbon trading
mechanism). From Figure 7A, we can see that scenario 1 is
mainly met by GT, wind power, PV generation, and externally
purchased electricity to meet the electric load demand. From 2:
00 to 4:00, the system is constrained by the “power based on heat”
operation mode and the power has an excessive production
capacity, thus generating the wind curtailment phenomenon.
8:00-12:00 and 19:00-21:00 are the peak periods of electricity
consumption, and the gas price is low, so the GT output is larger,
and the power grid assists the power supply. From 13:00 to 17:00,
electricity prices are lower, so external power purchase is mainly
used to supply energy at this time, and the GT assists the power
supply. In Figure 7B, the gas price is lower during 8:00-12:00 and
19:00-21:00, so the GT and GB output are higher, which can
generate excess heat for cooling. In Figure 7C, the cooling load is
mainly satisfied by the ER and AR.

From Figure 7D, it can be seen that in scenario 2, when AA-
CAES is added to the system, the original 439.98 kWh of wind
curtailment power was completely absorbed. The wind
curtailment phenomenon of the system is greatly improved,
and the system’s consumption of clean energy is increased.
Combined with Table 4, the AA-CAES power plant stores low
valley power and clean energy by compressed air during low
electrical load hours to be supplied for peak periods. From 24:
00-6:00 and 14:00-16:00, AA-CAES stored 2638.36 kWh and
587.41 kWh, respectively, and produced a total of 2573.39 kWh of
thermal energy. During the 7:00-8:00 h, PV generation increases,
and the system meets the load demand through wind power, PV
power, and GT generation, while the grid assists in supplying
power. AA-CAES drives a turbine generator that releases
1947.11 kWh of electricity during peak demand periods of 9:
00-12:00 and 18:00-22:00, reducing the pressure on equipment
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TABLE 3 | Costs of each scenario.

Low-Carbon Integrated Energy System

Scenario 1 2 3
Total cost/yuan 23676.59 18938.63 18189.33
Electricity purchasing costs/yuan 3662.07 3772.56 3229.71
Operating costs of GT and GB/yuan 18211.08 13819.72 14756.87
Wind power and solar power curtaiment/kWh 439.98 0 0
Carbon trading cost/yuan - - -1951.83
Carbon emission/kg 11803.85 11094.35 10086.44
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FIGURE 7 | Electricity, heat, and cooling dispatch results for scenarios 1-3.
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such as the GT. In Figure 7E, during 24:00-6:00, when both gas
price and heat load are high, the compressed heat collected in
the AA-CAES storage stage is used for heat supply, effectively
reducing the output of gas equipment, therefore reducing gas
cost. At the same time, more heat generated at lower gas prices
can heat the high-pressure air and thus drive the turbo-
generator to release energy. In Figure 7F, the absorption
refrigerator output is smaller because AA-CAES achieves

heat storage and release during heat load dispatch. However,
the turbo-generator outlet temperature is lower during the AA-
CAES energy release process, which can provide the system with
cooling capacity. Thus, the participation of AA-CAES increases
the flexibility of the IES system energy supply and improves the
capacity of clean energy consumption, while the working mode

of “low storage and high release” greatly reduces the operating
cost of the system.
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TABLE 4 | Energy conversion of AA-CAES in scenarios 2 and 3

Low-Carbon Integrated Energy System

Scenario Time period Electricity/kWh Heating/kWh Cooling/kWh
Scenario 2 (without ladder-type carbon trading) 24:00-6:00 -2638.36 2104.79 0
9:00-12:00 1022.12 —1099.56 263.02
14:00-16:00 -587.41 468.60 0
18:00-22:00 924.99 -934.64 223.59
7:00-8:00,13:00, 17:00, and 13:00 (standing period) 0 0 0
Scenario 3 (with ladder-type carbon trading) 22:00-8:00 -2344.72 1870.61 0
10:00, 12:00-14:00, and 17:00-20:00 1259.12 -1272.26 304.35
9:00, 11:00, 15:00-16:00, and 21:00 (standing period) 0 0 0

Energy storage (-); Energy release (+).
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FIGURE 9 | Mass flow of AA-CAES in scenario 3.

In Figures 7G, a ladder-type carbon trading mechanism is
added to the AA-CAES participation in dispatching in scenario 3.
In contrast to Figures 7D,G shows a reduction in system power
purchase from 1:00 to 6:00 and an increase in GT output from 7:
00 to 8:00 and 13:00 to 17:00 instead of external grid power
purchase. The reduction in grid power purchases causes AA-
CAES to change from storage in Figure 7D to generation in
Figure 7G during the 13:00-17:00 period. In Figure 7H, with the
incentive of the ladder-type carbon trading mechanism,
compared to scenario 2, the heat output of gas-fired
equipment increases, and therefore, more heat is used for
cooling. In Figure 7I, compared to scenario 2, the amount of
cooling supplied by absorption refrigeration equipment increases,
and therefore, the amount of electric cooling is reduced, further
reducing the carbon emissions from electricity purchases. It can
be concluded that the introduction of the ladder-type carbon
trading mechanism increases the operating cost of the gas-fired
equipment, but the benefit from the reduction of carbon
emissions makes the total operating cost of the system lower
and, at the same time, improves the environmental friendliness of
the system.

5.2.3 Analysis of the Operation of AA-CAES

Figures 8, 9 depict the mass flow over time for AA-CAES in
scenarios 2 and 3. The variation of the mass flow rate reflects, to
some extent, the output of AA-CAES. From Figures 8, 9, it can be
seen that the nighttime energy storage time for scenario 2 is from
24:00 to 6:00; however, the energy storage time for scenario 3 is
from 22:00 to 8:00. Scenario 3 has a longer nighttime energy
storage time, especially due to the increased heat supply to the
system due to the increased output of gas-fired equipment under
the incentive of the ladder carbon trading mechanism, and the
system replaces the ER with the AR. Therefore, the system stores
the electricity that would have been used for the ER.

In Table 4, compared to scenario 2, the total amount of
electricity stored in AA-CAES decreases from 3225.77 kWh to
2344.72kWh, and the total amount of electricity generated
decreases from 1947.11 kWh to 1259.12 kWh. This is primarily
as a result of the fact that the ladder carbon trading mechanism
limits the carbon emissions generated by external power
purchases, which leads to a decrease in the amount of
electricity stored in AA-CAES. This, in turn, leads to a
reduction in power generation from AA-CAES.
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6 CONCLUSION

This study presents an optimal scheduling strategy for the ladder-type
carbon trading mechanism in IES with AA-CAES. The economy and
effectiveness of the strategy are verified by establishing several
scenarios for comparative analysis. The results of the simulation
example lead to the following conclusions:

1) The multi-energy storage and supply feature of the AA-CAES
power plant enables the IES to avoid the occurrence of wind
curtailment and improve the system’s ability to consume clean
energy. The AA-CAES power plant stores energy at low load
demand and releases energy at peak load demand. It can
operate with GTs and GBs and other equipment, which
improves the flexibility of the IES energy supply.

After AA-CAES participates in the IES dispatch, the system’s
total power consumption increases due to the power loss in
the process of energy storage and release of AA-CAES power
plants. However, the AA-CAES can benefit from the operation
mode of “energy storage at a low price and energy release at a
high price,” the absorption of wind curtailment, and the
reduction of gas equipment operation cost. As a result, the
overall operating cost of the system is decreased by 20%,
which improves the economy of the IES.

The ladder carbon trading mechanism converts
environmental indicators into economic indicators to
participate in the optimization of the objective function,
which makes the scheduling results more comprehensive. It
also demonstrates the good compatibility of AA-CAES with
the ladder carbon trading mechanism.

The introduction of the ladder-type carbon trading
mechanism can stimulate the system to reasonably allocate
the output of each piece of energy supply equipment; thus, the
carbon emission of the system is reduced by 14.5%. In
addition, the total operating cost of the system is decreased

2)

3)

4)
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