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Abstract: Coal-fired power generation in China is facing huge challenges due to its high share
in the total electricity generation and its environmental problems. A solar-aided coal-fired power
generation (SACPG) system, based on the integration of solar thermal energy into a conventional
coal-fired power system, is an effective way to utilize solar energy and reduce coal consumption.
The reasonable allocation of output electricity to solar energy and coal in a SACPG system and the
evaluation of its CO2 emission reductions can help to acquire subsidies or financial support granted to
renewable electricity and CO2 emission reductions. A methodology is proposed from the view of the
technical characteristics of a SACPG system and the government regulation. The coal-to-electricity
efficiency of the baseline unit or the coal-fired power system in a SACPG system is the key factor in
the methodology, and it can be calculated on the basis of the norm of energy consumption of coal-fired
power units in China. Then, the allocation of the output electricity to solar energy and coal can be
calculated, and so can the CO2 emission reductions by the solar-coal hybrid system. Taking a 600 MW
SACPG system as an example, the methodology is further illustrated. The methodology can guarantee
that the calculation of output electricity allocation in a SACPG system and the calculation of its CO2

emission reductions are accurate, conservative and transparent for its subsidies or financial support.

Keywords: solar-aided coal-fired power generation system; allocation and assessment methodology
in solar-coal hybrid systems; solar energy integration; coal-fired power generation; CO2

emission reductions

1. Introduction

Coal-fired power generation will be the backbone of China’s power sector for the foreseeable
future [1]. By the end of 2018, the coal-fired power generating capacity in China was about
1008.35 gigawatts (GW) and it generated 4482.9 Terawatt/h (TWh), which account, respectively,
for more than 53 percent of China’s power infrastructure and almost 64 percent of the total power
generation [2]. However, coal-fired power generation is under huge pressure due to its pollutant
emissions and environmental problems. Based on the optimization of power unit structure, improving
the efficiencies of coal-fired power units and increasing the shares of renewable energies in power
generation are the important means for China’s power sector to reduce pollution and greenhouse gas
emissions [1,3].

Solar thermal energy is gaining much more attention as one of the renewable energies with the
most potential, but its inherent deficiencies of low intensity and intermittency make a solar-alone
power generation system costly to run and have negative effects on its large-scale application [4,5].
The integration of solar thermal energy into a conventional coal-fired power system, which is called a
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solar-aided coal-fired power generation (SACPG) system, may be one of the effective ways of utilizing
solar energy and at the same time decreasing the coal consumption by the coal-fired power system.
The large capacity and high parameters of the coal-fired power system in a SACPG system can make
solar thermal energy be used more efficiently than that in a solar-alone power generation system.
By sharing the power generation system with a coal-fired power system, the initial investment of the
solar thermal power generation system can be reduced. In addition, a SACPG system can mitigate the
hourly and diurnal variability of solar radiation, which has negative effects on the grid, through the
variable load operation of its coal-fired power system. A SACPG system has two flexible operational
modes, the power booster mode and fuel saving mode [6,7]. The power booster mode can be chosen
for high power demand with the same amount of coal consumption, and the fuel saving mode for low
power demand with the same power generation capacity.

A number of studies have been performed on SACPG systems with the integration of a parabolic
trough collector into the coal-fired power system, mainly focusing on modeling and simulation, system
integration and operating characteristics, and system optimization operation and strategies [6,8–13].
Based on the performance and technical characteristics of solar thermal power generation, the parabolic
trough system and solar tower power system are more attractively suitable to be integrated with a
coal-fired power system to build a SACPG system [8,14]. It has also been indicated that the performance
of concentrating collectors may be less efficient than that of non-concentrating collectors in a SACPG
system despite their higher solar thermal efficiency [15].

Some research studies have also been conducted on the cost and performance evaluations of SACPG
systems from the view of the thermo-economic theory and the second law of thermodynamics [16–18].
However, these analyses cannot provide a foundation for the reasonable and clear allocation of output
electricity in a SACPG system, which is the basis of the incentive policy-making for the solar-coal hybrid
system. To gain fair access to subsidies granted to renewable electricity, several methods to allocate
fractions of output electricity to different resources in a hybrid fossil-renewable power system were
compared without the involvement of details of hybrid system integration technology [19]. However,
these technical characteristics are important for the incentive policy-making to promote the integration
of solar thermal energy into a coal-fired power unit.

Studies on the SACPG system have shown that it is a feasible, environmentally friendly and
efficient power generation technology [14,20]. At present, the parabolic trough system has been
commercialized among the solar thermal power generation systems [21], and the coal-fired power
generation system is also a conventional and mature power generation technology. There are not many
critical technical obstacles in the integration of solar thermal energy into a conventional coal-fired
power generation system to build a solar-coal hybrid system. How to allocate the output electricity
to solar energy and coal may be one of key factors which will financially influence the policies and
measures for a SACPG system. According to the output electricity from different energy resources,
fair incentive policies and measures can be made by government regulators, or existing relevant
incentive policies and measures can be taken to promote the development of a SACPG system.

However, the comprehensive assessment of a SACPG system should include the integration of
solar thermal energy, the dispatch conditions, its operation, and the operation of other power units
in the grid to which the solar-coal hybrid system is connected, etc. The operational complexity of a
SACPG system should be fully considered to allocate its output electricity and assess its CO2 emission
reductions, along with the energy efficiency improvement of the hybrid system. A methodology of
the output electricity allocation in a SACPG system and its CO2 emission reduction assessment can
both simplify the relevant calculation and guarantee that the results are transparent, conservative and
accurate, and can also provide incentives to improve the integration of solar thermal energy and the
energy efficiency of the coal-fired power system in the hybrid system.

China has abundant solar energy and a high share of coal-fired power generation. A SACPG
system is a promising generation technology to promote energy saving and emission reductions in
China. In this paper, the allocation of output electricity to solar energy and coal will be studied
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from the view of the technical characteristics of a SACPG system and the government regulation.
We begin in Section 2 by illustrating a SACPG system and analyzing the key issues about the output
electricity allocation. In Section 3, we perform modeling analyses of the output electricity allocation
in a SACPG system and its CO2 emission reductions, and the methodology is built. In Section 4,
the methodology and its application are further illustrated through a case study of a 600 MW SACPG
system. We summarize the key points of the methodology and present the conclusions in Section 5.

2. Description of a SACPG System and Key Issues for Output Electricity Allocation

2.1. Description of a SACPG System

A SACPG system generally consists of two subsystems, a solar field subsystem and a coal-fired
power system. A coal-fired power system is usually running in the regenerative rankine cycle with a
steam-reheated process, in which some extracted steam from the turbine is used to preheat the boiler
feedwater for improving the cycle thermal efficiency. The solar heat can also be used technically for
steam superheating/reheating or air heating, etc. [22]. The heat energy absorbed from the solar field
subsystem can be transferred to the coal-fired power system directly or via a heat exchanger.

The parabolic trough collector is the most mature way among all methods of solar thermal power
generation [23]. Some commercial solar thermal power plants with parabolic trough collectors have
already been constructed in the United States and Spain [24]. The parabolic trough collector is suitable
for mid- and low-temperature solar-coal hybridization because of its technical characteristics such as
temperature, flow control, system stabilization, cost, etc. [25]. The solar tower power system may be
another potential choice for a SACPG system in the future due to its higher parameters (pressure and
temperature) than that of the parabolic trough collector system [9]. Figure 1 illustrates the schematic
diagram of a SACPG system, in which the coal-fired power system includes four low pressure heaters,
three high pressure heaters and one deaerator. The solar energy from the solar field system can replace
all or part of the extraction steam of feedwater heater H1, and the saved extraction steam can remain
expanding in the turbine for power generation.
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Figure 1. Schematic diagram for a solar-aided coal-fired power generation (SACPG) system.

2.2. Key Issues for Output Electricity Allocation

A SACPG system is affected by many factors, mainly including the efficiency of the solar field
subsystem, solar radiation resources, the capacity and efficiency of the coal-fired power system, the load
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ratio of the hybrid system, the integration layout of solar energy, etc. So, the key issues for allocating
the output electricity to solar energy and coal and assessing CO2 emission reductions in a SACPG
system should focus on its operational complexity and system boundary, and also on the baseline
scenario for its construction and operation.

2.2.1. Analysis of the Operational Complexity of a SACPG System

A SACPG system is a solar-coal hybrid system, and its overall efficiency ηSACPG, can be defined in
Equation (1) [16]:

ηSACPG =
3600EGSACPG

(McH+1000Qsolar)
(1)

Qsolar = Qabsηsoheat (2)

EGSACPG = EGsolar + EGcoal (3)

EGcoal =
McHηco,SACPG

3600
(4)

EGsolar =
1000Qabsηso,SACPG

3600
(5)

where EGSACPG is the output power of the SACPG system, in kWh; Mc, is the amount of coal consumed
by the SACPG system, in kg; H is the lower heating value of standard coal, in kJ/kg; Qsolar is the output
thermal energy from the solar field subsystem in the SACPG system, in MJ/h; Qabs is the solar radiation
absorbed by the solar field subsystem, in MJ/h; ηsoheat is the efficiency of the solar radiation to the heat
of the solar field subsystem; EGsolar is the output power of the solar field subsystem, in kWh; EGcoal is
the output power of the coal-fired system, in kWh; ηco,SACPG is the coal-to-electricity efficiency of the
coal-fired power system; ηsolar,SACPG is the solar-to-electricity efficiency of the solar field subsystem.

The design and operation of a SACPG system should depend on the solar radiation, the load
rate of the hybrid system, and the coupling economic effect of the coal-fired system and solar field
subsystem [12,16]. The output heat of the solar field subsystem in a SACPG system varies because
of the intermittent solar energy. When no solar energy is integrated, the coal-fired power system in
a SACPG system can be regarded as a conventional coal-fired unit. The coal-to-electricity efficiency
of the coal-fired system in the hybrid system will change with the solar energy integration, and the
unit can also be considered to run under off-design conditions. It is difficult to determine the output
solar-to-electricity and coal-to-electricity in a SACPG system. However, the output electricity of a
SACPG system, its operation hours and coal consumption can be easily recorded and measured.

Utilizing the solar energy and improving the efficiency of the coal-fired power system in a SACPG
system are two different ways to reduce the coal consumption and pollutant emissions, and they have a
coupling effect when solar energy is integrated. When the coal-to-electricity efficiency of the coal-fired
power system is improved, the solar-to-electricity efficiency may increase. The solar-to-electricity
efficiency improvement of the solar field subsystem will also have positive effects on the overall
efficiency of the SACPG system. In addition, a SACPG system can balance the intermittent and volatile
solar energy through the operation regulation of the coal-fired system, so it can reduce the reserve
capacity of the grid to which the hybrid system is connected. The operation hours and output electricity
of a SACPG system may increase due to the energy saving and low carbon power generation polices
in China.

2.2.2. The Boundary of a SACPG System and Its Baseline Scenario

The operational complexity of a SACPG system makes it difficult to allocate the output electricity
and evaluate its CO2 emission reductions. The transparent, conservative and accurate methodology
of the output electricity allocation and CO2 emission reduction evaluation, which can help a SACPG
system to obtain the support from the related fair incentive policies, has to be analyzed from the
aspects of the boundary of a SACPG system and its baseline scenario, which is a reference scenario
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defined on the basis of the operation of power generation units in the grid to which the SACPG system
is connected.

The baseline determination of a SACPG system involves its operational complexity, which may
have an effect on the output electricity allocation and CO2 emission reduction assessment, and also
on its financial and environmental validation. In order to simplify the complexity of the baseline
determination, the boundary of a SACPG system can be defined according to its site and the grid to
which it is connected, as shown in Figure 2.
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3. Modeling and Methodology

3.1. Modeling of Output Electricity Allocation

3.1.1. Assumptions

The solar energy in a SACPG system is taken as an aid to the operation of the coal-fired power
system because the capacity of the solar field subsystem is usually smaller than that of the coal-fired
system in the hybrid system. When the solar energy is integrated, the coal-fired power system may
run under off-design conditions, which can result in a decrease in the efficiency of the coal-fired power
system. The benefits from the solar energy integration will be offset by the efficiency change of the
coal-fired power system. In order to indicate the overall effects of the integration on the performance
of a SACPG system, the efficiency change of the coal-fired power system may be attributed to the
solar field subsystem. It can be assumed that the efficiency of the coal-fired system is not affected by
the integration of the solar energy, and the coal-fired system with no solar energy integration can be
defined as the baseline unit for the SACPG system. The coal-to-electricity efficiency of the baseline
unit, ηbr,scoal, can be defined in Equation (6).

ηbr,scoal =
3600EGSACPG

Mbr,scoalH
=

3600, 000
bbr,scoalH

(6)

bbr,scoal =
1000Mbr,scoal

EGSACPG
(7)

where Mbr,scoal is the amount of standard coal consumed by the baseline unit, in kg; bbr,scoal is the
standard coal consumption rate by the baseline unit, in g/kWh.

Therefore, the output electricity from the coal-fired system and the solar field subsystem can
be, respectively, defined in Equation (8) and Equation (9) on the basis of the ηbr,scoal and the annual
power generation.

EGcoal,y = Mc,yHηbr,scoal,y/3600 (8)

EGsolar,y = EGSACPG,y− EGcoal,y (9)



Sustainability 2020, 12, 673 6 of 15

where EGSACPG,y is the net output electricity of a SACPG system in year y, in kWh; EGcoal,y is the net
output electricity of the coal-fired system in the SACPG system in year y, in kWh; EGsolar,y is the net
output electricity of the solar field subsystem in year y, in kWh; Mc,y is the amount of standard coal
consumed by the SACPG system in year y, in kg; ηbr,scoal,y is the average coal-to-electricity efficiency of
the baseline unit in year y.

According to the above analysis and Equations (8) and (9), ηbr,scoal,y is the key factor to determine
the allocation of the output electricity to solar energy and coal, for the net output electricity of a
SACPG system and its coal consumption can be measured and recorded. However, the ηbr,scoal,y is
affected by many factors, such as the load ratio, the intermittency of solar energy, the off-design
conditions of the coal-fired system, etc. In order to overcome the uncertain impacts of ηbr,scoal,y on the
output electricity allocation, it may be a good choice that ηbr,scoal,y has to be authoritatively determined
and regulated by the government sector [19], ensuring that the allocation method is transparent,
conservative and accurate.

3.1.2. Analysis and Determination of ηbr,scoal,y

The determination of ηbr,scoal,y has to be based on the capacity and other parameters (pressure and
temperature) of the coal-fired power system in a SACPG system, its load ratio, etc., and the analysis
approach for ηbr,scoal,y is as follows.

(1) Determination of the rated standard coal consumption rate by the baseline unit

The capacity and the pressure of the baseline unit can be determined according to the relevant
parameters of the coal-fired power system in a SACPG system. Then, on the basis of these parameters,
the basic standard coal consumption rate by the baseline unit can be selected in the norm of energy
consumption per unit product of general coal-fired power set [26], which is one of the standards of the
People’s Republic of China. The relevant data are shown in Appendix A. In addition, because the
energy consumption of the baseline unit is also affected by its local temperature and cooling system,
the modified coefficient for local temperature can be calculated by Equation (10) [26], and the modified
coefficient for the cooling system can be selected from Table A2. The rated standard coal consumption
rate by the baseline unit can be calculated by Equation (11).

mbt =


1 t ≤ 5
1 + 0.002× (t + 5) −5 < t ≤ 0
1.01 t > 0

(10)

bra,coal = bs,coalmbtmbcool (11)

where t is the annual average temperature of the location of the SACPG system, in ◦C; mbt is the
modified coefficient for local temperature; mbcool is the modified coefficient for the cooling system;
bra,coal and bs,coal are, respectively, the rated standard coal consumption rate and the basic standard coal
consumption rate by the baseline unit, g/kWh.

(2) Calculation of the average load ratio of the SACPG system

Because the output electricity of a SACPG system, its operation hours and its coal consumption
can be easily recorded and measured during the operation of the hybrid system, its average load ratio
can be calculated by Equation (12).

laver,coal,y =
EGSACPG,y

CAPmax,coalSh
× 100 (12)

where CAPmax,gcoal is the maximum capacity of the coal-fired power system in the SACPG system,
in kW; Sh is the operation hours of the SACPG system in year y, in hours; laver,coal,y is the average load
ratio of the SACPG system in year y, in %.
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(3) Determination of the average standard coal consumption rate by the baseline unit

The load ratio of the baseline unit in a SACPG system has an effect on its energy consumption. So,
the modified coefficient for its average load ratio can be calculated by Equation (13) [26]. Based on
the rated standard coal consumption rate by the baseline unit and the modified coefficient for its
average load ratio, the average standard coal consumption rate by the baseline unit can be calculated
by Equation (14).

mbr,scoal,y =


1 laver,coal,y ≥ 85
1 + 0.0014× (85− 100× laver,coal,y) 80 ≤ laver,coal,y < 85
1.007 + 0.0016× (80− 100× laver,coal,y) 75 ≤ laver,coal,y < 80
1.005(16−20×laver,coal,y) laver,coal,y < 75

(13)

bbr,scoal,y = bra,coalmbr,scoal,y (14)

where mbr,scoal,y is the modified coefficient for the load ratio of the baseline unit in year y; bbr,scoal,y is
average standard coal consumption rate by the baseline unit in year y, in g/kWh.

(4) Determination of ηbr,scoal,y

According to the above analysis of bbr,scoal,y and Equation (6), ηbr,scoal,y can be determined from
Equation (15).

ηbr,scoal,y ==
3600, 000
bbr,scoal,yH

(15)

Therefore, when the ηbr,scoal,y of the baseline unit is determined, the output electricity allocation in
a SACPG system can be calculated by Equations (8) and (9), and ηbr,scoal,y is the critical factor for the
output electricity allocation. During the above analysis of ηbr,scoal,y, the data selected in the document,
the norm of energy consumption per unit product of general coal-fired power set, are obtained authoritatively
through the relevant statistical analysis of the operation of the coal-fired power units, and the data
are also updated regularly by the relevant government sectors. A SACPG system may be built either
from a coal-fired power unit with the integration retrofit of the solar energy before the SACPG system
project starts, or from a new coal-fired power unit with the solar energy integration, and the relevant
data for the calculation of the ηbr,scoal,y of its baseline unit can also be selected in Appendix A to meet
the requirements of the methodology.

If the actual coal-to-electricity efficiency of the coal-fired power system in a SACPG system is
greater than the ηbr,scoal,y of its baseline unit, part of the efficiency of the coal-fired power system is
attributed to the solar field subsystem as a reward, increasing the output solar-to-electricity. If the
actual coal-to-electricity efficiency of the coal-fired power system is not greater than the ηbr,scoal,y,
there is no such a reward. Thus, the analysis method of ηbr,scoal,y can encourage the coal-fired power
system in a SACPG system to be retrofitted for the efficiency improvement, and also can encourage
SACPG systems to be built in solar-rich areas.

3.2. Modeling of CO2 Emission Reductions by a SACPG System

Due to the solar energy integration, a SACPG system may consume less coal, resulting in CO2

emission reductions. The coal-fired power system in a SACPG system may be more efficient than
other coal-fired units in the grid to which the solar-coal hybrid system is connected. The electricity
generated by a SACPG system may replace part of the electricity generated by these coal-fired units,
which can also lead to CO2 emission reductions. The CO2 emission reductions by a SACPG system can
be calculated from Equation (16).

ERSACPG,y = BESACPG,y − PESACPG,y − LESACPG,y (16)
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where ERSACPG,y is the emission reductions by a SACPG system in year y, in tCO2/y; BESACPG,y is the
baseline emissions for the SACPG system in year y, in tCO2/y; PESACPG,y is the CO2 emissions by the
SACPG system in year y, in tCO2/y; LESACPG,y is the leakage emissions by the SACPG system in year y,
in tCO2/y.

3.2.1. Determination of BESACPG,y for a SACPG System

According to the above analysis, the CO2 emission reductions by a SACPG system will include the
emission reductions from less coal consumption because of solar energy integration, and sometimes
may also include the reductions from the displacement of electricity generated by less efficient units in
the grid. There is some uncertainty about the reductions from the displacement of electricity. When the
baseline emission factor for a SACPG system is greater than the emission factor of the grid to which the
solar-hybrid system is connected, the reductions from the displacement of electricity will be included.
Otherwise, this part of reductions will not be included and the reductions from the solar integration
may be offset. Thus, in order to guarantee that the calculation of CO2 emission reductions is accurate,
conservative and transparent, BESACPG,y can be calculated from Equation (17) [27].

BESACPG,y = EGSACPG,y ·min(EFSACPG,y; EFgrid,y) · 10−3 (17)

where EFSACPG,y is the CO2 baseline emission factor for a SACPG system in year y, in tCO2/MWh;
EFgrid,y is the CO2 emission factor of the grid to which the SACPG system is connected in year y,
in tCO2/MWh.

3.2.2. Calculation of EFSACPG,y

The calculation of EFSACPG,y is still based on the efficiency of the baseline unit in a SACPG system,
ηbr,scoal,y, and it can be calculated from Equation (18).

EFSACGP,y =
3.6

ηbr,scoal,yH
· γ ·Cco2 (18)

where γ is the carbon proportion of standard coal; Cco2 is the conversion coefficient of carbon to CO2.

3.2.3. Calculation of EFgrid,y

The calculation of the EFgrid,y of the grid to which a SACPG system is connected is complicated.
It can be calculated according to the data in the documents about Chinese regional grid baseline
emission factors, which are usually published by the Chinese government every year. The EFgrid,y
could be calculated according to Equation (19).

EFgrid,y = wOM · EFgrid,OM,y + wBM · EFgrid,BM,y
wOM + wBM= 1

(19)

where EFgrid,BM,y is the build margin emission factor for the grid to which a SACPG system is connected
in year y, in tCO2/MWh; EFgrid,OM,y is the operating margin emission factor in year y, in tCO2/MWh;
wOM is the weight for EFgrid,BM,y; wBM is the weight for EFgrid,BM,y. Because solar energy is intermittent
and non-dispatchable and less new coal-fired units are built, the weight of wOM should be increased
and the weight of wBM be reduced, and wOM usually ranges from 0.5 and 1 [28].

4. Case Study

4.1. Description of the Case and Assumptions

In this section, a 600 MW SACPG system will be used to illustrate the methodology for the output
electricity allocation and CO2 emission reduction evaluation. The SACPG system is located in Hohhot,
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Inner Mongolia in China, and its output electricity is fed into the North China regional power grid.
The scheme of the SACPG system is shown in Figure 1, and the solar energy from the solar field
subsystem will replace the extraction steam of feedwater heater H1. It is assumed that the SACPG
system is built from an existing 600 MW subcritical coal-fired unit (as shown in the right dashed line
area in Figure 1), and that a LS-2 collector is used in the solar field subsystem. The key parameters of
the hybrid system are shown in Tables 1 and 2. The efficiency of the LS-2 collector can be calculated
from Equations (20) and (21) [29].

ηsolar,LS = Kτa · [73.3− 0.007276 · (∆T)] − 0.496 · (
∆T

Idirect
) − 0.0691 · (

∆T2

Idirect
) (20)

∆T =
To + Ti

2
− Ta (21)

where ηsolar,LS is the efficiency of the LS-2 collector; Idirect is direct normal irradiation (DNI), in W/m2;
Ta is the ambient temperature, in ◦C; Ti and To are, respectively, the inlet temperature and outlet
temperature of the LS-2 collector, in ◦C; Kτa is the incidence angle modifier factor.

Table 1. Key parameters of the coal-fired system in the SACPG system.

Item Unit Value

Capacity MW 600
Main steam pressure MPa 16.7

Main steam temperature ◦C 537
Mass flow rate of main steam t/h 1848.84

Reheat temperature ◦C 537
Feedwater temperature ◦C 274.1

Exhausted steam pressure kPa 4.9
Designed net coal consumption rate g/kWh 322.9

Table 2. Key parameters of the solar collector field subsystem in the SACPG system.

Item Unit Value

Designed direct normal irradiation (DNI) W/m2 800
Inlet temperature of the solar field ◦C 247.2

Outlet temperature of the solar field ◦C 280.1
Solar collector field area m2 148,140

The efficiency of the LS-2 collector is affected by the change of DIN. The solar field subsystem
will be bypassed due to less heat coming from it when the DIN is below a certain threshold value.
The SACPG system will run as the original coal-fired power unit does without the solar heat integration.
It is assumed that the threshold value of DIN is 300 W/m2. The number of operating hours of the solar
field subsystem under different DIN are shown in Table 3 from the statistics of solar energy resources
in Hohhot, Inner Mongolia [30].

Table 3. Distribution of DIN at Hohhot, Inner Mongolia in China.

DIN (W/m2) Time (h) DIN (W/m2) Time (h)

900 122 550 120
850 122 500 302
800 246 450 62
750 122 400 244
700 122 350 240
650 306 300 308
600 122



Sustainability 2020, 12, 673 10 of 15

The 600 MW unit has run for 10 years before the retrofit for solar energy integration, and its annual
average operation time is about 4500 h. It is assumed that the SACPG system would run in fuel saving
mode and its operation hours would be increased to 7320 h because of the solar energy integration as
well as the support from the energy saving and low carbon incentive polices and measures in China,
and that the annual coal consumed by the hybrid system is about 1,142,594.9 ton. Then, the allocation
of the output electricity by the SACPG system and assessment of its CO2 emission reductions in 2017
will be analyzed on the basis of the above methodology.

4.2. Results and Discussions

4.2.1. Analysis of the Output Electricity Allocation

According to the method in Section 3.1 and the grid to which the SACPG system is connected,
the ηbr,scoal,y of its baseline unit can be analyzed on the basis of the coal-fired power system in the
solar-coal hybrid system. The local average temperature in Hohhot can be acquired from the China
Statistical Yearbook, and the annual average temperature is always more than 0 ◦C. The modified
coefficient, mbt, is 1.01 according to Equation (10). The cooling system of the SACPG system is a
water cooling system, and the modified coefficient, mbcol, is 1.01, which is selected from Table A2.
Therefore, in accordance with the capacity of the SACPG system and its parameters, the basic standard
coal consumption rate by the baseline unit can be selected from Table A1, and the standard coal
consumption rate by the baseline unit can be calculated by Equation (14). The relevant data and results
are shown in Table 4.

Table 4. Calculation of the standard coal consumption rate by the baseline unit.

Item Unit Value

mbt – 1.01
mbcol – 1.01
bs,coal g/kWh 314
bra,coal g/kWh 320.3

laver,coal,y % 82
mbr,scoal,y – 1.0042
bbr,scoal,y g/kWh 321.7

The rated standard coal consumption rate by the baseline unit in the SACPG system determined
by the above method is 320.3 g/kWh, and this is lower than the designed net coal consumption rate of
its coal-fired power system. The ηbr,scoal,y of its baseline unit is higher than the actual coal-to-electricity
efficiency of its coal-fired power system according to Equation (6), and this means that the output
coal-to-electricity increases and the solar-to-electricity decreases, which may provide incentives to
improve the efficiency of the coal-fired power system or the integration of solar energy, and even
encourage the stakeholders to choose a coal-fired unit with high efficiency to build a SACPG system.
If the standard coal consumption rate by its baseline unit determined by the above method is higher
than its actual coal consumption rate, the solar-to-electricity increases and the solar-coal hybrid system
may gain more benefits of the solar energy integration from the relevant policies and measurements
for renewable energies.

The coal consumption rate determined by the above method is in line with the state of the art of a
coal-fired power unit in China, and the relevant key data are shown in Table 5. According to the data
on the net coal consumption of 600 MW units, there may still be potential for the improvement of the
coal-to-electricity efficiency of the coal-fired power system in the SACPG system.
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Table 5. Net coal consumption rates for coal-fired units on active duty [31] (unit: g/kWh).

Coal-Fired Units Average Level Advanced Level

600 MW ultra-supercritical units 298 290
600 MW supercritical units 306 297
600 MW subcritical units 320 315

Based on the standard coal consumption rate by the baseline unit in the SACPG system, its average
coal-to-electricity efficiency can be calculated. So, the output electricity, respectively, from coal and
solar energy in the SACPG system can also be calculated from Equations (8) and (9). The results are
shown in Table 6.

Table 6. The output electricity, respectively, from solar energy and coal in the SACPG system.

Item Unit Value

ηbr,scoal,y – 0.3821
The effective DNI time h 2438
Solar power generation GWh 47.781
Coal power generation GWh 3552.219

4.2.2. Analysis of CO2 Emission Reductions

The CO2 emission reductions from the SACPG system could be further calculated after its output
electricity allocation is determined, and there are no leakage emissions in this case. The relevant data
for the analysis of CO2 emission reductions are selected from the Chinese document of China’s Regional
Grid Baseline Emission Factors in 2017 [32], and they are shown in Table 7.

Table 7. Marginal emission factors of regional grids in 2017 (unit: tCO2/MWh).

Regional Grid EFgrid,OM,y EFgrid,BM,y

North China Power Grid 0.9680 0.4578
Northeast China Power Grid 1.1082 0.3310
East China Power Grid 0.8046 0.4923
Central China Power Grid 0.9014 0.3112
Northwest China Power Grid 0.9155 0.3232
Southern China Power Grid 0.8367 0.2476

According to the method in Section 3.2 and the grid to which the SACPG system is connected,
the baseline emission factors of the North China Regional Grid are selected, i.e., EFgrid,OM,y =

0.968 tCO2/MWh, and EFgrid,BM,y = 0.4578 tCO2/MWh. Because the intermittent solar energy is
integrated in the hybrid system and less new coal-fired units are built in the North China Power
Grid [31], the weights of wOM and wBM are, respectively, set to 0.8 and 0.2 according to Equation (19).
Then, the CO2 emission reductions can be calculated according to Equation (16), and the results are
shown in Table 8.

Table 8. Calculation of CO2 emission reductions in the SACPG system.

Item Unit Value

EFSACPG,y tCO2/MWh 0.8563
EFgrid,y tCO2/MWh 0.8659

BESACPG,y tCO2 3,082,500.56
PESACPG,y tCO2 3,041,587.75
ERSACPG,y tCO2 40,912.81
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4.2.3. Further Analyses and Discussions

It is through the determination of ηbr,scoal,y that the allocation of the output electricity to different
resources in a SACPG system can be calculated easily, and so can the CO2 emission reductions in the
hybrid system. The calculation of the ηbr,scoal,y of its baseline unit has to follow the procedure described
in Section 3.1. The bra,coal has to accord with the state of the art of a coal-fired unit, which can be
indicated by the relevant data from Chinese government documents about Chinese regional baseline
emission factors for new, grid-connected, fossil fuel-fired power plants using a less greenhouse gas
(GHG)-intensive technology, or the coal consumption rates of coal-fired power units, etc. Besides,
if there is still potential for the coal-to-electricity efficiency improvement of the coal-fired system in the
SACPG system, ηbr,scoal,y may be adjusted annually according to the relevant technical assessment reports
or government documents, ensuring that the calculation is transparent, conservative and accurate.

If a SACPG system is a combined heat and power generation system, the basic standard coal
consumption rate by its baseline unit can be selected in the literature [33], and the calculation of the
ηbr,scoal,y of its baseline unit has to follow the procedure described in Section 3.1.

5. Conclusions

A SACPG system can use solar thermal energy and reduce coal consumption and CO2 emissions,
and it may be a promising generation technology. It can be built from a coal-fired power unit with
solar energy integration. However, it is difficult to determine the output electricity, respectively,
from solar energy and coal because of the operational complexity of the hybrid system. In this
paper, a methodology for the output electricity allocation in a SACPG system and its CO2 emission
reduction assessment is proposed on the basis of the operation analysis of the solar-coal hybrid system,
its boundary and the government regulation.

In the methodology, the coal-to-electricity efficiency, ηbr,scoal,y, of the baseline unit or the coal-fired
power system in a SACPG system is the key factor. Based on the Chinese government document,
the norm of energy consumption per unit product of general coal-fired power set, the ηbr,scoal,y can be calculated
according to the procedure in Section 3.1, and it can also indicate the top operating efficiency of the
coal-fired units in the grid and the potential for improving the efficiency of the coal-fired power system
in the SACPG system. The methodology can simplify the calculation of the output electricity allocation
in the solar-coal hybrid system, and it may provide incentives to improve the efficiency of its coal-fired
power system or the integration of solar energy, and also to encourage SACPG systems to be built in
solar-rich areas.

After ηbr,scoal,y is determined, the output electricity allocation in a SACPG system and its CO2

emission reductions can be calculated. The coal-to-electricity efficiency improvement of the coal-fired
system in the SACPG system and the solar energy integration can be promoted through the analysis
and adjustment of ηbr,scoal,y, which can guarantee that the calculation of CO2 emission reductions is
accurate, conservative and transparent. According to the methodology, a 600 MW SACPG system,
in which the first stage extraction steam with high pressure and temperature is substituted by solar
heat, is taken as an example to determine the output electricity allocation and CO2 emission reduction
evaluation. The results of the annual output electricity from solar energy and coal can be easily
calculated, and they are, respectively, 47.781 and 3552.219 GWh. The CO2 emission reductions can also
be easily calculated, and the result is 40,912.81 tCO2.

On the basis of the output electricity allocation in a SACPG system and its CO2 emission
reductions assessment, the hybrid system may acquire subsidies or financial support granted to
renewable electricity and CO2 emission reductions. The methodology proposed in this paper can
simplify the analysis of the allocation and assessment, and it can also provide incentives to improve the
energy efficiency of a SACPG system and the integration of solar thermal energy. This methodology
would provide theoretical references for policy-makers to make fair incentive policies and measures
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for utilizing solar energy and improving the coal-to-electricity efficiency of the coal-fired power system
in a SACPG system.
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Appendix A

Table A1. Basic standard coal consumption rate by a coal-fired unit [26].

Capacity
(MW)

bs,coal of a New Unit
(g/kWh)

bs,coal of a Unit on Active Duty
(g/kWh)

Ultra-supercritical units 1000 ≤279 ≤285
600 ≤283 ≤293

Supercritical units 600 ≤295 ≤300
300 ≤295 ≤308

Subcritical units
600 ≤295 ≤314
300 ≤295 ≤323

Table A2. Modified coefficients for the cooling system of coal-fired units [26].

Type mbcool

Water-cooling system 1.01
Direct air-cooling system 1.04

Indirect air-cooling system 1.05
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