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Abstract——Accelerating the development of renewable energy 
and reducing CO2 emissions have become a general consensus 
and concerted action of all countries in the world. The electric 
power industry, especially thermal power industry, is the main 
source for fossil energy consumption and CO2 emissions. Since 
solvent-based post-combustion carbon capture technology 
would bring massive extra energy consumption, the application 
of solar-assisted carbon capture technology has attracted exten‐
sive attention. Due to the important role of coal-fired combined 
heat and power plants for serving residential and industrial 
heating districts, in this paper, the low-carbon operation bene‐
fits of combined heat and power integrated plants based on so‐
lar-assisted carbon capture (CHPIP-SACC) are fully evaluated 
in heat and power integrated energy system with a high propor‐
tion of wind power. Based on the selected integration scheme, a 
linear operation model of CHPIP-SACC is developed consider‐
ing energy flow characteristics and thermal coupling interaction 
of its internal modules. From the perspective of system-level op‐
eration optimization, the day-ahead economic dispatch problem 
based on a mix-integer linear programming model is presented 
to evaluate the low-carbon benefits of CHPIP-SACC during an‐
nual operation simulation. The numerical simulations on a mod‐
ified IEEE 39-bus system demonstrate the effectiveness of 
CHPIP-SACC for reducing CO2 emissions as well as increasing 
the downward flexibility. The impact of different solar field ar‐
eas and unit prices of coal on the low-carbon operation benefits 
of CHPIP-SACC is studied in the section of sensitivity analysis.

Index Terms——Solar-assisted carbon capture, CO2 emission re‐
duction, combined heat and power integrated plant, heat and 
power integrated energy system, wind power.
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I. INTRODUCTION

WITH the increasingly serious fossil energy shortage, 
global warming and deterioration of ecological envi‐

ronment, it has become a general consensus and concerted 
action of all countries in the world to accelerate the develop‐
ment of renewable energy and reduce carbon emissions [1]-
[4]. As an international legal milestone document in human 
history to deal with climate change, Paris Agreement clari‐
fies the goal of achieving global balance between green‐
house gas emissions and its absorptions in the second half of 
this century. China hopes to work with other countries to 
jointly promote low-carbon sustainable development [5], so 
as to build a community of shared future for mankind and 
achieve win-win cooperation. China has promised that it 
would adopt stronger policies and measures to strive to 
reach the peak of carbon emissions before 2030 and try its 
best to achieve carbon neutrality before 2060.

The electric power industry, especially thermal power in‐
dustry, is the main source for fossil energy consumption and 
CO2 emissions. In 2018, the global CO2 emissions reached a 
record of 33.1 billion tons, of which the electric power in‐
dustry accounted for 38% [6]. In order to achieve the targets 
related to CO2 emission reduction, it is necessary to realize 
the renewable-energy-dominated electric energy supply struc‐
ture so as to carry out the green transition of electric energy.

However, for many developing countries, limited by 
scarce and expensive natural gas resources, coal-fired ther‐
mal power plants account for a large proportion of installed 
capacity over a long time. For example, in 2018, the coal-
fired units in China, South Africa, and India accounted for 
66.5%, 87.9%, and 75.4% of their own total installed capaci‐
ty, while the gas-fired units only accounted for 3.2%, 0.7% 
and 4.8%, respectively [7]. Since the existing coal-fired 
units still have a long service life and are difficult to be com‐
pletely replaced in a short term, a large amount of CO2 emis‐
sions would be generated during their operation [8]. In par‐
ticular, in some areas such as Three Northern Areas of Chi‐

na, a large number of combined heat and power (CHP) gen‐
erations are operated to supply heat for residential and indus‐
trial uses, which account for more than half of the thermal 
power units [9]-[11]. This leads to serious problems of CO2 
emissions, especially in peak heating season such as winter 
[12]. These situations have brought severe challenges to the 
transition towards clean and low-carbon energy systems.

In response to the above problems, two feasible solutions 
have been proposed: ① add carbon capture, utilization and 
storage (CCUS) devices by retrofitting coal-fired power 
plants; ② adjust the role of coal-fired power plants so that 
more reserve capacity and flexibility can be provided for 
power system while the utilization hours of them can be re‐
duced. At present, in the field of power system operation op‐
timization, extensive and deep studies have been conducted 
on how to use CCUS technology to jointly realize the above 
two solutions. Due to the ease of retrofitting, as one of ma‐
ture and promising technologies, solvent-based post-combus‐
tion carbon capture is mainly used in [13], [14]. However, 
since the CO2 desorption and absorbent regeneration process 
requires massive energy consumption, the actual output pow‐
er of coal-fired power units would be reduced significantly 
unless their original output power is maintained at the ex‐
pense of greatly increasing their coal consumption rate [15]-
[17]. For example, it is shown that after installing carbon 
capture systems, the actual output power of 600 MW and 
320 MW units has been reduced by 12.4% and 16%, respec‐
tively [18], [19]. This problem hinders the large-scale appli‐
cation of carbon capture technology.

Recently, in order to avoid the massive energy consump‐
tion caused by carbon capture, adopting solar thermal energy 
as an external heat source for assisting carbon capture in‐
stead of only utilizing extraction steam from internal coal-
fired units has attracted extensive research attention, which 
is called solar-assisted carbon capture (SACC) technology. 
Compared with concentrating solar plants (CSPs) and the 
embryonic form of solar-assisted coal-fired power genera‐
tion, the solar field area required by the proposed technology 
is much smaller.

In the view of technical feasibility including internal oper‐
ation principle and reasonable integration schemes, [20] re‐
views the existing studies on the utilization of SACC in as‐
sisting coal-fired power plants. Based on some mature inte‐
gration schemes and equipment options, the technical charac‐
teristics and energy coupling relationship of internal modules 
are illustrated in detail. Reference [21] establishes matrix 
models to comprehensively investigate the thermal perfor‐
mance such as external fuel exergy contribution of two repre‐
sentative integration schemes of coal-fired thermal power 
plants based on SACC. Reference [22] builds a pilot system 
of SACC to compare the performance of two types of solar 
thermal energy collectors, i. e., parabolic trough collector 
(PTC) and linear Fresnel reflector (LFR). It is found that 
both PTC and LFR can fully provide the heat energy re‐
quired by the reboilers of carbon capture system. The effi‐
ciency of PTC is better than that of LFR, and the former is 
also less sensitive to direct normal irradiance (DNI) of solar 
energy. Reference [23] systematically evaluates and com‐
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pares the thermodynamic processes such as chemical reac‐
tions and operating conditions among different novel SACC 
technologies. After calculating the performance evaluation in‐
dicators such as the second-law efficiency, some novel tech‐
nical routes have been pointed out to be more mature and 
promising with relatively higher energy efficiencies, while 
some technical routes are the opposite.

As for the economic feasibility including the levelized 
cost of electricity (LCOE) and the investment cost, based on 
a micro-turbine cogeneration system installed in Cuernavaca, 
Mexico, [24] demonstrates that the use of solar energy 
would help increase the efficiency of the cogeneration sys‐
tem when coupled with post-combustion carbon capture. 
This technology would help realize the near-zero carbon 
emissions of cogeneration system, but it would also cause a 
substantial increase in LCOE. Thus, it is necessary for the 
government to formulate effective incentive policies about 
carbon emission reduction to promote the development of 
this technology. Based on the parameters of a 300 MW coal-
fired thermal power plants in New South Wales, Australia, 
as well as the local data of electricity price and the weather, 
[25] demonstrates the techno-economic of SACC through 
evaluating the impact of solar collector cost, carbon price, 
and solar load fraction on the net revenue of retrofitted ther‐
mal power plants. The results point out the range of each in‐
fluencing factor to make the proposed technology economi‐
cally viable. Reference [26] calculates the net annual reve‐
nue of coal-fired power plants after integrating SACC con‐
sidering different incentives, e.g., preferential discount rates, 
subsidies, carbon tax and renewable energy certificates.

In summary, based on the pilot equipment or exergy ma‐
trix models, the thermal performance such as thermal effi‐
ciency and thermal economy has been analyzed to illustrate 
the technical feasibility of the proposed technology. Based 
on economic parameters and incentive policies, the net reve‐
nue from the perspective of a single equipment itself has 
been calculated to demonstrate its economic feasibility. How‐
ever, the existing studies rarely focus on the annual opera‐
tion benefits of this promising technology from the perspec‐
tive of overall power system, especially with high share of 
stochastic wind power output. Considering the computational 
complexity, the above research with physical test or thermo‐
dynamic model cannot be suitable for solving the problems 
of operation scheduling and benefit evaluation in power sys‐
tem after adopting SACC. Therefore, after making a trade-
off between computational efficiency and analytical accura‐
cy, a new operation model of retrofitted thermal power units 
based on SACC should be established.

As for the modeling issues for retrofitted thermal power 
plants, [8] establishes an operation model about retrofitted 
conventional coal-fired thermal power plants that can only 
produce electricity. Compared with the previous operation 
models of electric output and fuel consumption based on 
simple quadratic functions, the internal systems such as boil‐
er combustion system and steam turbine system have been 
considered as relatively separate input and output modules 
more precisely. This model is not only suitable for power 
system scheduling and benefit evaluation, but also capable 

of reflecting their internal thermal coupling relationship and 
energy flow characteristics. However, only the flexibility ret‐
rofit for conventional thermal power plants has been consid‐
ered, while the retrofit technology related to carbon emission 
reduction is not. Therefore, a new input and output modules 
of SACC system are designed, proposed, and integrated on 
thermal power units. Considering that the CHP units are 
widely used for serving residential areas and industrial 
parks, we extend the operation model of conventional coal-
fired thermal power units to CHP units. In addition, com‐
pared with the previous thermal power model, the roles of 
the regenerative heating system and thermal storage system 
in the internal thermal power units are also further devel‐
oped.

Therefore, based on the above discussion, we focus on ful‐
ly evaluating the annual low-carbon operation benefits of 
combined heat and power integrated plants (CHPIPs) in‐
stalled with SACC systems from the perspective of power 
and heat integrated energy system (PHIES) with a high pro‐
portion of wind power. The contribution of this paper can be 
summarized as follows.

1) To describe its thermal energy coupling and energy 
flow characteristics, a linear operation model of CHPIP-
SACC is developed, which is suitable for operation optimiza‐
tion at system level.

2) To evaluate the low-carbon benefits of CHPIP-SACC 
in PHIES during annual operation simulation, the day-ahead 
economic dispatch problem is presented based on a mix-inte‐
ger linear programming model, which can also fully measure 
the positive and negative reserve capacity of CHPIPs.

3) To further illustrate the impact of different solar field 
areas and different unit prices of coal on annual operation 
benefits of CHPIPs in PHIES, sensitivity analysis is per‐
formed in numerical simulations.

The remainder of this paper is organized as follows. Sec‐
tion II integrates SACC system in CHPIPs, where a linear 
operation model of CHPIPs is developed after selecting a 
mature integration scheme and analyzing their internal ener‐
gy flow process. The day-ahead economic dispatch problem 
used to evaluate the low-carbon benefit of CHPIPs during 
annual operation simulation is presented in Section III. A 
case study is performed in Section IV, whose results have al‐
so been illustrated and analyzed. The conclusion and the out‐
look are shown in Section V.

II. INTEGRATING SACC SYSTEM IN CHPIPS

A. Basic Principles and Integration Scheme for SACC

Considering the technologies that have achieved mature 
commercial applications, PTC [22] and post-combustion car‐
bon capture based on chemical absorption and molten-salt 
thermal storage [27] are selected as the modules for the inte‐
gration of SACC system. When SACC system is integrated 
into CHP units, it is necessary to ensure that the operating 
temperature of each module is relatively matched. Therefore, 
the working fluid, i.e., water, is used as a medium for the ex‐
change of material flow and energy flow. Based on previous 
research [20], [21], [25], the selected structure diagram of 
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CHPIP-SACC is shown in Fig. 1. It can be observed from 
Fig. 1 that the condensate coming from the condenser is di‐
vided into two parts. One part continues to be heated by low-
pressure (LP) and high-pressure (HP) heaters in regenerative 
heating module. The other part is firstly heated by solar col‐
lector module and then provides heat energy for rich liquid 
regeneration process of the carbon capture module, the ex‐
cessive thermal energy of which would be stored in thermal 
storage module. Finally, the return water is sent to the outlet 
of a certain stage heater. In Fig. 1, IP, LT, and HT represent 
intermediate pressure, low temperature, and high tempera‐
ture, respectively.

The thermal storage module, which is tightly coupled with 
the regenerative heating module, plays an important role as a 
bridge to constitute the interaction between the SACC sub-
system and the original CHP sub-system. It is not only a 
back-up heat source for carbon capture, but also able to re‐
lease thermal energy to heat feed water of regenerative heat‐
ing module, which can reduce the coal consumption rate and 
operation cost of CHP units. Moreover, when the electric 
load is low but the wind power is high, more steam can be 
extracted from each stage of steam turbine, whose thermal 
energy can be stored in thermal storage module through heat 
exchanger. This can reduce the minimum technical electric 
output of the CHP units, so as to increase the accommoda‐
tion of wind power.

Based on the above discussion, a linear model is construct‐
ed, which can reflect these energy flow characteristics and 
thermal energy coupling of each module, so as to realize the 
operation optimization and benefit the evaluation of CHPIPs.

B. Linear Operation Model of CHPIP

The energy flow diagram of CHPIP-SACC is shown in 
Fig. 2. Consider the model as two parts, namely CHP sub-
system and SACC sub-system. The former can be further di‐
vided into boiler combustion module, steam-cogeneration 
module, and regenerative heating module. These three mod‐
ules can operate in coordination through steam circulation 

and thermal energy coupling. The latter, which consists of 
solar collector module, carbon capture module, and thermal 
storage module, is integrated into the former. Through ther‐
mal energy coupling between thermal storage module, and 
regenerative heating module, solar thermal energy can be ef‐
fectively used for carbon capture and cogeneration operation.

Obviously, each module needs to meet the energy balance 
constraints and its own technical constraints. The detail is de‐
scribed as follows. It should be pointed out that the model 
in this section is used to describe the operating constraints 
of a single CHPIP unit. In the following system-level opera‐
tion simulation optimization model, the subscript t of the rele‐
vant operation variables would be replaced with subscripts s, 
g, and t.
1) Operation Constraints of Solar Collector Module and 
Carbon Capture Module

The thermal power balance between solar collector mod‐
ule and the others is described in (1). Equation (2) repre‐
sents the available heat collection power produced by solar 
concentration. The photo-thermal comprehensive conversion 
efficiency ηsf is derived from the product of solar energy re‐
ceiving efficiency of solar mirrors and heat exchange effi‐
ciency of heat exchangers [28], [29]. The area of solar field 
Ssf is much smaller than that of CSP, because the solar col‐
lector module in this model is mainly used to supply energy 
for carbon capture instead of power generation. Constraint 
(3) ensures that the real input thermal power generated by 
solar collector module is less than the available heat collec‐
tion power. Equation (4) denotes that the operation power of 
carbon capture module is provided by both solar collector 
module and thermal storage module. Equation (5) describes 
that the operation power of carbon capture module consists 
of a basic fixed power and a variable power related to the 
mass of captured CO2. Different from [17], [30] that indirect‐
ly uses equivalent electric power to formulate the energy 
consumption of CO2 capture, (5) directly represents the ther‐
mal power consumed for capturing CO2. The upper and low‐
er bounds of its operation power as well as its carbon cap‐
ture rate are described in (6) and (7), respectively.
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Boiler
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Fig. 1.　Structure diagram of CHPIP-SACC.
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2) Charging and Discharging Constraints of Thermal Stor‐
age Module

Constraints (8) and (9) represent the thermal storage ca‐
pacity level and its upper and lower bounds. Equation (10) 
ensures that the thermal storage capacity level at the ending 
time is equal to that at the initial time during scheduling pe‐
riods. Constraints (11)-(16) impose limits of thermal storage 
module on charging and discharging power. Constraint (17) 
prevents simultaneous charging and discharging between 
thermal storage module and regenerative heating module, 
Constraint (18) plays the same role among thermal storage 
module, solar collector module, and carbon capture module.

ETt =ETt - 1 + η
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z cpr
t + z dpr

t £ 1 (17)

z cps
t + z dpc

t £ 1 (18)

3) Energy Balance and Technical Constraints of Boiler Com‐
bustion Module and Regenerative Heating Module

Equation (19) shows that the output power of boiler com‐
bustion module, which denotes the thermal power of the 
main steam and the reheated steam generated by the boiler, 
is composed of its input power and the output power of re‐
generative heating module. The input power generated by 
combusting pulverized coal in the boiler is formulated in 
(20). Constraint (21) represents the minimum and maximum 
restrictions of the mass of pulverized coal combusted per 
unit time to ensure the stable operation of the boiler. The 
ramp-up and ramp-down rates are limited in (22). Equation 
(23) indicates that the steam extraction power from each 
stage of steam turbine would be all stored in thermal storage 
module. Equation (24) represents the output power of regen‐
erative heating module, which denotes the preheating power 

of the feed water, is composed of thermal power of exhaust‐
ed steam that has done work in steam turbine, and the dis‐
charging thermal power of thermal storage to the regenera‐
tive heating module. Constraint (25) states that the output 
power of regenerative heating module should be limited by 
the input power of boiler combustion module. This is be‐
cause the boiler provides most of the energy to heat the feed 
water into the main steam, while the regenerative heating 
module only plays an auxiliary role and cannot complete 
this water-vapor conversion process alone [8]. It is worth 
mentioning that due to the dual tasks of power and heat sup‐
ply of CHP units, the boilers would maintain the start-up 
state during the whole scheduling periods. This is why there 
is no constraint of start-up or shut-down state in the boiler 
combustion module.

PBin
t +PRout

t =PBout
t (19)

PBin
t = η

coalqMt (20)

Mmin £Mt £Mmax (21)

-r down
max Dt £Mt -Mt - 1 £ r up

maxDt (22)

PRin
t =PT cpr

t (23)

PRout
t =PRex

t +PT dpr
t (24)

PRout
t £ μbcin ×PBin

t (25)

4) Energy Balance and Operational Constraints of Steam-co‐
generation Module

Equation (26) shows that the output power of boiler com‐
bustion module, which is equal to the input power of steam-
cogeneration module, is composed of the net thermal power 
used by steam turbine and the thermal power of extraction 
steam from each stage of turbine. The lower and upper 
bounds of the net thermal power used by steam turbine are 
formulated in (27). Constraint (28) relates the minimum and 
maximum restrictions of thermal power of exhausted steam 
that has done work in steam turbine, which would be used 
for regenerative heaters. Constraint (29) states that the steam 
extraction power from each stage of turbine should be limit‐
ed by the output power of the boiler. Equation (30) de‐
scribes the relationship between the net thermal power used 
by steam turbine and the electric output power of CHP units 
under pure condensing condition. The output power of elec‐
tricity and heat under extraction condition is formulated by 
(31). Constraint (32) indicates that the output power of elec‐
tricity and heat of CHP units is also limited by the minimum 
condensing working condition.

PBout
t =PH net

t +PRin
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PH net
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III. PROBLEM FORMULATION

In this section, in order to evaluate the low carbon bene‐
fits of CHPIPs in the PHIES with a high proportion of wind 
power during the annual operation simulation, the day-ahead 
economic dispatch problem is formulated by a mixed-integer 
linear programming model. The decision variables including 
the operating states of CHPIPs and the real wind power out‐
put can be determined by minimizing the expected total oper‐
ation cost of PHIES. In addition, with the help of SACC, 
CHPIPs can provide more reserve capacity, especially the 
negative reserve capacity. However, it is difficult to fully cal‐
culate their available reserve capacities. Also, the previous 
reserve capacity calculation model is not suitable for 
CHPIPs, which would make their reserve capacity provision 
too conservative. In this paper, in order to fully measure the 
positive and negative reserve space provided by CHPIPs, the 
relevant reserve constraints of PHIES and CHPIPs have 
been specifically considered in the proposed model. The de‐
tailed formulation of the day-ahead economic dispatch mod‐
el is described as follows.

A. Operation Optimization Model

1) Objective Function
The objective function (33) is to minimize the expected to‐

tal cost of PHIES Ctotal during annual operation simulation. 
The expected total cost includes the operation cost of 
CHPIPs and the ordinary CHP units, the CO2-related cost of 
the units, the penalty cost for wind and solar curtailment, the 
load shedding cost, as well as the penalty cost for insuffi‐
cient reserve capacity.

The CO2-related cost includes the CO2 emission cost and 
the sales revenue of captured CO2. On one hand, the opera‐
tors of CHP units should purchase carbon quota from carbon 
trading market for CO2 emitted directly to the atmosphere. 
On the other hand, the captured CO2 can be applied for in‐
dustrial production in various fields.

min Ctotal =∑
sÎΩ
∑
tÎ T

πs ps
é
ë
êêêê∑

gÎG

(C B
g + λ

coalMsgt ) +

∑
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λC (1 - βC
sgt )e

C
g Msgt -∑

gÎG

λCO2
ηCO2
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C
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st )+

ù
û

φrescur +Rrescur +
st + φrescur -Rrescur -

st (33)

2) Operation Constraints

Equation (34) represents the supply-demand balance of 
electric power in the PHIES. Equation (35) represents the 
supply-demand balance of thermal power for residential dis‐
trict and industrial district in the PHIES. Equations (36) and 
(37) describe the active power flow of the system by using 
the DC power flow model. Constraint (38) represents the up‐
per and lower bounds of the transmission capacity on each 
line. Constraint (39) ensures that the grid-connection power 
of wind generation is less than the available wind power. 
Constraints (40) and (41) ensure that the load shedding of 
electricity and heat are less than the corresponding load de‐
mand. Constraints (1) - (32) represent the linear operation 

model of CHPIPs formulated in Section II-B.
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B. Reserve Capacity Model

The relevant constraints for calculating the penalty cost 
caused by insufficient positive and negative reserve capaci‐
ties are described in detail as follows, which are composed 
of PHIES-related and CHPIP-related reserve constraints. The 
PHIES-related reserve constraints are used to calculate the 
total amount of reserve supply and reserve shortage in 
PHIES. The reserve-related variables of CHPIPs represent 
the states that they can reach under certain determined opera‐
tion variables, when reserve capacity is performed. These 
variables would be restricted by CHPIP-related reserve con‐
straints so as to fully measure the reserve space provided by 
units at each time.
1) Reserve Constraints for PHIES

The lower bounds of insufficient positive and negative re‐
serve capacities are described in (42) and (43). Equation 
(44) represents the total amount of positive and negative re‐
serve capacity supply in PHIES. The non-negativity of re‐
serve capacity provided by each unit is limited by (45).
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2) Reserve Constraints for CHPIPs
Constraint (46) restricts the ramp-up and ramp-down rates 

of the mass of pulverized coal that can be combusted in the 
boiler. Equation (47) represents the thermal storage capacity 
level that CHPIPs can reach at each time. Equation (48) indi‐
cates that the supply-demand balance of thermal power still 
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needs to be met when the reserve capacity of the units is per‐
formed. Constraints (1)~ -(7) ~, (9) ~, (11)~ -(21) ~, (25) ~ -(32) ~ im‐
pose limit on the other states that CHPIPs can reach under 
determined operation states when the reserve capacity has 
been provided. The symbol “~” denotes the reserve-related 
variables of CHPIPs, whose meaning is similar to the opera‐
tion-related variables of CHPIPs. The serial number with the 
superscript “~” indicates the constraints mentioned above, in 
which all of the variables are replaced by the corresponding 
reserve-related variables.

-r down
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C. Abstract Formulation of Model

Based on the above discussion, the proposed mixed-inte‐
ger linear model can be summarized as follows.
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min (aT x + bT y + cTr)

s.t.   PT X +QT Z £ 0

       M T X +N TY £ 0
       R +X +X + +X-- £ 0
       (P+ )T X + (E+ )T X + + (F+ )T Z + £ 0

       (P-- )T X + (E-- )T X-- + (F-- )T Z-- £ 0
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where the variable sets x, y, r in the objective function equal 
to [MsgtβsgtPS in

sgt ], [P we
sftP

lecur
st P lhrcur

st P lhicur
st ], and 

[Rrescur +
st Rrescur -

st ], which are the subsets of X, Y, and R, re‐
spectively. Set X represents the operation-related variables of 
units such as the input and output variables of internal mod‐
ules in CHPIPs. The binary variable set Z represents the op‐
eration state of carbon capture module as well as the charg‐
ing and discharging states of thermal storage module in 
CHPIP. The variable set Y represents the grid-connected 
wind power, load shedding, and power flow in PHIES. The 
variable set R denotes the reserve supply RresS +

st , RresS -
st  and 

the reserve shortage Rrescur +
st , Rrescur -

st  in the PHIES. The vari‐
able sets X + and X-- denote the reserve-related variables of 
the units for measuring their positive and negative reserve 
supply, respectively. The binary variable sets Z + and Z-- de‐
note the states of carbon capture modules and thermal stor‐
age modules when the reserve capacity is performed, respec‐
tively. a, b, c, P, Q, E, F are the coefficient matrices of the 
corresponding variables.

The equality constraints in the model can be equivalently 
transformed into the inequality ones. The operation con‐
straints PT X +QT Z £ 0 and M T X +N TY £ 0 include (1)-(32) 
and (34)-(41), respectively. The reserve constraints for 
PHIES R +X +X + +X-- £ 0 include (42)-(45). The positive re‐
serve constraints for CHPIPs (P+ )T X + (E+ )T X + +(F+ )T Z + £ 0 
are related to (46)-(48), where the superscript “~” is re‐

placed by “+” to represent the positive reserve-related vari‐
ables X + and Z +. The negative reserve constraints for 
CHPIPs (P-- )T X + (E-- )T X-- + (F-- )T Z-- £ 0 are related to (46) -
(48), where the superscript “~” is replaced by “-” to repre‐
sent the negative reserve-related variables X-- and Z--.

In addition, in order to unify the formulation of operation 
model of CHPIPs and ordinary CHP units, the CHP units 
can also be established with the similar constraints as 
CHPIPs, whose parameters related to the modules of SACC 
need to be set as zero.

D. Long-term Simulation Framework

In this subsection, in order to achieve a balance between 
accurately evaluating the low-carbon benefits of CHPIP in 
the PHIES during annual operation simulation and ensuring 
the calculation efficiency, the scenario generation model 
with Monte Carlo simulation [31], [32] and the scenario re‐
duction model with k-means method [33], [34] are adopted 
to construct typical wind power scenarios and solar DNI sce‐
narios in each season. In this paper, 16 wind power scenari‐
os and 8 solar DNI scenarios are selected to represent the 
original scenarios. The detailed framework of low-carbon op‐
eration evaluation process is shown in Fig. 3. Firstly, the typ‐
ical scenarios of wind power and solar DNI are constructed 
using the above method. Secondly, the day-ahead economic 
dispatch of PHIES in each scenario is determined by mini‐
mizing the expected total operation cost of PHIES with the 
operation constraints and reserve constraints. Finally, the eco‐
nomic and technical indicators are calculated based on the 
annual operation simulation results.

IV. CASE STUDY

In this section, the low-carbon benefits of CHPIPs during 
annual operation simulation are demonstrated based on the 
PHIES that contains a high share of wind power and can 
supply electric and thermal energy to both residential and in‐
dustrial areas. All simulation cases are coded in MATLAB 
R2017a and are solved by a commercial optimization soft‐
ware called GUROBI 9.0.2.

Start

End

Season=1

Construct typical scenario of wind
 power and solar DNI

Season=Season+1

Calculate indicator

Season≤4?

Determine stochastic day-ahead 
economic dispatch

Minimize expected total cost of  

PHIES subject to operation constraints

 and reserve-related constraints 

N

Y

Fig. 3.　Framework of low-carbon operation evaluation process.
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A. Basic Data

The case studies are performed on a modified IEEE 39-
bus New England test system [35] with 6 CHP units, 4 wind 
farmsl, and 46 transmission lines, as shown in Fig. 4. The 
rated installed capacity of CHP units is 150 MW. The techni‐
cal and economic parameters of CHPIPs as well as ordinary 
CHP units are shown in Table I. There are two independent 
heating districts in the PHIES, where the CHP units located 
at buses 30 and 37 serve heat for a residential area and CHP 
units located at buses 31-34 supply heat for an industrial ar‐
ea.

There are 4 geographically dispersed wind farms located 
at buses 35, 36, 38, and 39. The installed capacity of each 
wind farm is 170 MW, which makes the wind power penetra‐
tion rate reach 43.0%. The forecasting error of wind power 

output is assumed to follow Gaussian distribution [36]. The 
historical data of wind power and solar power is referenced 
from the published data of the National Renewable Energy 
Laboratory (NREL) [37].

The unit price of coal is set to be 60 $/ton. The carbon 
trading price and the CO2 sale price are set to be 10 $/ton 
and 1 $/ton, respectively. The penalty factors for wind and 
solar curtailment are assumed to be 50 $/MW and 20 $/MW, 
respectively. The penalty factors for electric and thermal 
load shedding are assumed to be 1250 $/MW and 250 $/
MW, respectively. The penalty costs for insufficient positive 
and negative reserve capacities are assumed to be 100 $/
MW and 10 $/MW, respectively.

B. Operation Analysis

This subsection discusses the annual low-carbon benefits 
of CHPIP-SACC in the PHIES with high share of wind pow‐
er. Four comparative cases are illustrated for demonstrating 
the operation characteristics of CHPIP-SACC in the PHIES.

1) Case 1: CHP units located at buses 30, 37 serving heat 
for residential area and buses 31, 32 serving heat for indus‐
trial area are integrated with SACC.

2) Case 2: CHP units located at the buses 30, 37 and bus‐
es 31, 32 are integrated with thermal storage and carbon cap‐
ture module but without solar collector module.

3) Case 3: CHP units located at the buses 30, 37 and bus‐
es 31, 32 are integrated with thermal storage module but 
without others.

4) Case 4: none of CHP units has been retrofitted with 
SACC.

The results and comparison of the four cases are present‐
ed in Table II. As can be observed clearly, compared with 
Case 4, the annual operation benefits of PHIES in Case 1 
has been significantly improved by 28.11 M$. The reduction 
of CO2-related cost has made great contributions to the im‐
provement. On one hand, the solar thermal power provides 
most of the clean and renewable energy for carbon capture. 
On the other hand, as the benefits from carbon capture can 
cover the increased coal consumption cost, part of the ener‐
gy for carbon capture also comes from coal combustion. Dif‐
ferently, as shown in Case 2, the coal combustion in the boil‐
ers supplies all of energy for carbon capture. Therefore, even 
if the operation of carbon capture at all costs is profitable as 
a whole, the expected total operation cost of PHIES is only 
slightly reduced by 9.83 M$ due to the heavy operation bur‐
den of boilers. This reflects that the conventional carbon cap‐
ture units without utilizing solar thermal energy would con‐
sume the massive energy from coal combustion, which is in‐
herently uneconomical and unclean.

In Case 1 and Case 2, the wind curtailment rate and re‐
serve insufficiency cost are both decreased to 1.48% and 
1.54 M$, respectively. This illustrates that by thermally cou‐
pling with regenerative heating module, the thermal storage 
module in the proposed integration scheme plays an irre‐
placeable role in improving the downward flexibility of CHP 
units. Therefore, even with the restriction of thermo-electric 
coupling, the minimum technical electric output of CHPIPs 
can still be greatly reduced through storing the thermal ener‐

TABLE I
TECHNICAL AND ECONOMIC PARAMETERS OF CHPIPS AND 

ORDINARY CHP UNITS

Parameter name

ηsf (%)

Ssf (m2)

PCB (MW)

pC (MW/ton)

βC
max (%)

eC

P op
max (MW)

ηc, ηd (%)

ET0 (MWh)

ETmin, ETmax (MWh)

PT c
max, PT d

max (MW)

q (cal/g)

Value

75

240000

10

0.64

90

2.32

100

97.5, 97.5

150

30, 300

180, 180

6395

Parameter name

ηcoal (%)

Mmin, Mmax (ton/h)

r down
max , r up

max (ton/h)

PH out
min, PH out

max

μbcin

μbcout

μex
min, μ

ex
max

cν
cm

P ExH
0  (MW)

ηCO2

Value

86

30, 60

25, 25

65, 385

0.392

0.525

0.025, 0.050

0.2445

0.6287

26.7

0.75

30

39

1

2

25

37

29

17

26

9

3

38

16

5

4

18

27

28

3624

35

22

21

20

34

23

19

33

10

11

13

14

15

8 31

12
6

32

7
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W3

G2

G5 G6 W4G4G3
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Fig. 4.　Topology of modified IEEE 39-bus New England test system.
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gy of extraction steam from each stage of turbine. Thus, the 
wind accommodation as well as reserve capacity, especially 
the negative capacity, can be substantially improved in the 
PHIES.

Similar to Case 4, the PHIES in Case 3 has a high carbon 
emission cost. However, because of the thermal storage mod‐
ule, the wind curtailment rate is decreased to 2.93%, thereby 
moderately reducing the generation operation cost and the 
carbon emission cost that are both caused by coal consump‐
tion. Compared with Case 1 and Case 2, the wind curtail‐
ment rate in Case 3 is 1.45% higher, while the reserve insuf‐
ficiency cost in Case 3 is decreased by 0.19 M$. The reason 
is that during the nighttime and early morning when the 
wind power output is high, different operation and control 
strategies of thermal storage modules are adopted depending 
on whether carbon capture module is installed or not. In 
Case 1 and Case 2, during this period without sunlight, the 

thermal power from the extraction steam of the turbine 
should be stored in the thermal storage so as to supply ener‐
gy for carbon capture, which also reduces the electric output 
of CHP units and promotes wind accommodation. While in 
Case 3, during the same period, thermal storage does not 
provide energy for carbon capture. Due to limited storage ca‐
pacity to store thermal power of extraction steam, it would 
soon reach its maximum capacity during daytime, which re‐
stricts the minimum technical electric output of CHP units. 
Therefore, the wind curtailment in Case 3 is higher than 
those in Case 1 and Case 2. In order to alleviate this prob‐
lem, some thermal storage modules choose to release their 
thermal energy to preheat feed water of the regenerative 
heating module, which in turn enhances the ability of CHP 
units to provide more negative reserve capacity. This is why 
the reserve insufficiency cost in Case 3 is lower than those 
in Case 1 and Case 2.

The simulation results of electric power operation schedul‐
ing in Cases 1 and 4 for typical scenarios with the highest 
probability in each season are shown in Fig. 5. Scenarios 1-
4 represent four typical days in spring, summer, autumn, and 
winner, respectively.

It can be observed from Fig. 5(a) that by comparing the 
scenarios in different seasons, due to the relatively low wind 
power but high electric demand, there is almost no wind cur‐
tailment in summer. While during the nighttime in other sea‐
sons, the wind power is high but the electric load space 
available for wind accommodation is insufficient. What is 
more, in order to supply enough energy for much higher 
thermal demand in winter and spring, the strong coupling of 
thermo-electric output of CHP units would restrict the reduc‐
tion of their electric output. This leads to prominent wind 
curtailment problem. As shown in Fig. 5(b), after integrating 
SACC into CHP units, the wind curtailment in PHIES is de‐
creased greatly. CHPIPs can be maintained at lower electric 
output under relatively high wind power condition, while the 
electric output of ordinary CHP units changes little. This is 
because the minimum electric output of a single CHPIP is re‐
duced from 35.2% of the rated power to 13.3%.

The operation scheduling results of solar collector module 
and carbon capture module for a designated CHPIP in Case 
1 are shown in Fig. 6 with the same typical scenarios as Fig. 
5. It can be observed that there is no solar curtailment in all 
scenarios, because the fluctuation of solar collection power 
is effectively stabilized through thermal storage. Meanwhile, 
it is worth mentioning that with the solar collector and ther‐
mal storage supplying heat energy together, CO2 emissions 
are captured as much as possible at all the time. During the 
daytime or the nighttime, carbon capture module is only 
powered by solar collector module or thermal storage mod‐
ule, respectively. While at the alternate moments of day and 
night, carbon capture module would be jointly powered by 

TABLE II
COMPARISON OF CASE RESULTS

Case

1

2

3

4

Total operation 
cost (M$)

172.78

191.06

196.12

200.89

Generation opera‐
tion cost (M$)

155.69

172.57

144.69

145.75

CO2-related 
cost (M$)

14.42

15.81

47.82

48.23

Load shedding 
(MWh)

0

0

0

0

Reserve insufficiency 
(M$)

1.54

1.54

1.35

2.33

Wind curtailment 
rate (%)

1.48

1.48

2.93

5.95

Solar curtailment 
rate (%)
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Fig. 5.　Simulation results of electric power operation scheduling in Cases 
1 and 4 for typical scenarios with the highest probability in each season. (a) 
CHP units without retrofit. (b) CHP units located at buses 30, 37 and 31, 32 
integrated with SACC.
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solar collector module and thermal storage module. Due to 
the late sunrise time in winter, solar collector module would 
start to generate heat collection power approximately one 
hour later than other seasons. Therefore, the thermal storage 
module would stop assisting in carbon capture at 9 a.m. In 
autumn, because of weak sunlight intensity, the thermal 
storage module needs to start assisting in carbon capture at 
3 p.m., which is about one or two hours earlier than other 
seasons.

Accordingly, the operation scheduling simulation results 
of thermal storage module are shown in Fig. 7, in which the 
same designated CHPIP in Case 1 and the same scenarios 
are selected. As shown in Fig. 7, from the midnight to the 
morning, e.g., 01:00-07:00, the thermal storage capacity lev‐
el shows a downward trend until reaching its minimum val‐
ue. This is because when the solar collector module cannot 
be operated to generate solar thermal power, the thermal stor‐
age module needs to continuously release heat for carbon cap‐
ture. From the morning to the afternoon, e. g., 08: 00-15: 00, 
the thermal storage capacity level shows a rapid upward 
trend, which reaches its maximum value at around 3 p. m. 
The solar collector module can generate sufficient solar ther‐
mal energy for carbon capture, the excessive part of which 
would be stored in the thermal storage for evening use. Due 
to the limited storage capacity, thermal storage would also 
release its redundant energy for heating the feed water of the 
regenerative module, so as to help the boiler reduce the coal 
consumption. From afternoon to evening, e.g., 16:00-21:00, 
the thermal storage capacity level drops rapidly. The input 
power of solar collector module gradually decreases to zero. 
Therefore, not only is there no excess energy that can be 
stored, but thermal storage module also has to continuously 
release power to support carbon capture. During the last 
night time, e. g., 22: 00-24: 00, the thermal storage capacity 
level gradually rises back to its initial level so as to comply 
with the operation constraints, which is contributed by the 
thermal energy of extraction steam. In addition, in order to 
reduce the electric output of CHPIPs and improve wind ac‐
commodation, the thermal energy of extraction steam would 
also be charged into thermal storage module. This is why 
the curve of thermal storage capacity level would form up‐
ward countertrend polylines during early morning and eve‐
ning periods.

C. Sensitivity Analysis

In this subsection, as shown in Fig. 8 and Fig. 9, sensitivi‐
ty analysis is illustrated to study the impact of different solar 
field areas and different unit prices of coal on the annual op‐
eration simulation benefits of integrating SACC into CHP 
units located at buses 30, 37 and buses 31, 32. The solar 
field area for each case is shown in Table III, which deter‐
mines the available solar thermal power. The unit price of 
coal in the cases varies from 30 $/ton to 150 $/ton, which es‐
sentially represents the ratio variations of different coal pric‐
es to the fixed carbon trading price.

Figure 8 shows how the SACC participation rates and the 
SACC contribution rates vary as the unit prices of coal in‐
crease under different solar field areas, while the variation 
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Fig. 6.　Operation scheduling results of solar collector module and carbon 
capture module for a designated CHPIP in Case 1.
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trends of the CO2-related costs and the generation operation 
costs in the same circumstances are described in Fig. 9. The 
SACC participation rate denotes the ratio of energy con‐
sumption of carbon capture provided by solar thermal ener‐
gy whether directly or indirectly to total available solar ther‐
mal energy throughout the year, while the SACC contribu‐
tion rate represents the ratio of energy consumption of car‐
bon capture provided by solar energy whether directly or in‐
directly to its total energy consumption throughout the year.

Actually, the thermal energy from the extraction steam of 
turbine that would be stored in the thermal storage is essen‐
tially derived from the increased coal consumption of boiler, 
which would increase the operation cost of CHPIPs. There‐
fore, from the perspective of the overall operational benefits 
of PHIES, based on the prices of coal and carbon trading 
quota, it is also necessary to weigh whether to supply more 
energy for carbon capture by increasing coal consumption. 
Meanwhile, there is also a certain amount of the extraction 
steam coming from the decreased electric output of CHPIPs 

in order to accommodate more wind power. The thermal en‐
ergy from accommodated wind power as well as the solar 
thermal energy from solar collector are both valuable renew‐
able energy. Thus, it is also important to carefully consider 
whether the above two types of energy are allocated to pre‐
heat the feed water so as to reduce the coal consumption, or 
used for carbon capture so as to reduce the purchase of car‐
bon quota.

When the unit price of coal is lower than 65 $/ton, the ra‐
tios of coal prices and the fixed carbon trading price are rela‐
tively low, so that the benefits for carbon capture are far 
greater than coal saving. Thus, carbon capture module would 
be operated continuously at a high level, so as to capture 
CO2 as much as possible. As shown in Fig. 8, since the real 
input solar thermal energy is almost all used for carbon cap‐
ture directly or indirectly, the SACC participation rates in 
the cases are close to 100 %. Since it is not enough to main‐
tain the high energy requirement of carbon capture, a large 
amount of thermal energy from extraction steam would help 
its operation. Thus, the SACC contribution rate is far less 
than 100%. As shown in Fig. 9, the carbon trading costs are 
at a very low level, while the generation operation costs rise 
linearly with the increase of coal price, but are still at a rela‐
tively low level.

On the contrary, when the unit price of coal is higher than 
90 $/ton, the coal consumption cost becomes a prominent 
and decisive factor to affect the operation benefits of PHIES. 
CHPIPs would give priority to save coal rather than reduce 
CO2 emissions, who would preferentially preheat the feed 
water by using the thermal energy from solar concentration 
and extraction steam with the help of thermal storage. As 
shown in Fig. 8, the SACC participation rates are at a low 
level, while their contribution rates are almost equal to 
100%. This indicates that the extraction steam of CHPIPs al‐
most no longer provides energy for carbon capture, which 
means almost all of energy for carbon capture comes from 
solar thermal energy. As shown in Fig. 9, the CO2-related 
costs are very high, while the overall line segment of genera‐
tion operation costs have shifted downward, although they 
still increase linearly. Under the same coal price, when the 
solar field area becomes larger, although the available total 
solar thermal energy also becomes larger, the SACC partici‐
pation rate is eventually higher. This is because when the up‐
per limit of preheating power or the maximum thermal stor‐
age capacity level is reached occasionally, much more redun‐
dant solar thermal energy would be used directly or indirect‐
ly for carbon capture so as to avoid solar curtailment.

When the unit prices of coal are between 65 $/ton and 90 
$/ton, it is difficult to compare the benefits of carbon cap‐
ture and coal saving. It can be observed from Fig. 8 that the 
PHIES faces a trade-off of energy distribution, which would 
rapidly tend to coal saving with the increase of coal price. 
Thus, the generation operation cost has appeared a counter-
tread decline with the decrease of coal consumption rate in 
CHPIPs, while the CO2-related costs increase greatly. In Fig. 
9, the participation and contribution rates have also drastic 
variations in this transition process.
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Fig. 9.　Generation operation cost with different solar field areas and differ‐
ent unit prices of coal. (a) CO2-related cost. (b) Generation operation cost.

TABLE III
SOLAR FIELD AREAS IN DIFFERENT CASES

Case

1

2

3

4

Ssf (m2)

120000

180000

240000

300000
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V. CONCLUSION

The application of solar energy as a heat source for car‐
bon capture shows great potential to avoid massive energy 
consumption for coal-fired power plants during the operation 
of carbon capture, which also has the advantages of enhanc‐
ing the operation flexibility of coal-fired power plants. In 
this paper, the low-carbon operation benefits of CHPIP-
SACC during annual operation simulation are investigated in 
a PHIES with a high proportion of wind power. First, based 
on the selected integration scheme, the linear operation mod‐
el of CHPIPs is developed considering the technical charac‐
teristics of internal modules and their thermal energy cou‐
pling interaction. Second, the day-ahead economic dispatch 
problem based on a mixed-integer linear programming mod‐
el is presented to evaluate the expected total operation cost 
of PHIES during annual operation simulation, which can al‐
so fully measure the positive and negative reserve capacity 
provisions of CHPIPs.

The numerical simulations demonstrate that CHPIP-SACC 
can greatly improve the benefits of CO2 emission reduction 
and reduce the generation operation cost through the effec‐
tive utilization of solar thermal energy. It should be pointed 
out that SACC can also improve the flexibility of CHPIPs 
and then reduce the wind curtailment rate and reserve risk of 
the PHIES, which is realized by the interaction between ther‐
mal storage module and regenerative heating module. The 
impact of different solar field areas and different unit prices 
of coal on the low-carbon operation benefits of PHIES is 
studied in the section of sensitivity analysis. Sensitivity anal‐
ysis shows the energy flow characteristics of solar thermal 
energy and the trade off between carbon capture and coal 
saving. The future work fields includes the formulation and 
improvement of various incentive policies for SACC technol‐
ogy development and CO2 emission reduction. In the future, 
the technology will be more promising as the construction 
cost of solar field and the unit energy consumption level of 
carbon capture decrease.
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