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Currently the flexible demand for high proportion penetration of renewable energy depends on coal-
fired units (CFUs), and the large-scale phase-out of CFUs in a short time is not realistic in China. Due
to urban expansion, approximately 458 Chinese coal-fired power plants (CFPPs) are now located in cities.
Limited by space, urban CFUs face difficulty in becoming equipped with carbon capture and storage
systems. This presents a sizeable challenge for the low-carbon transition of urban CFPPs and carbon
neutral processes. Here, we present a ready-to-implement method to reduce the carbon emission of
CFPPs in limited space: roof photovoltaic-assisted power generation combined with sludge co-
combustion for coal-fired power generation systems (PVSCs). We also consider nonurban CFPPs with
the method of roof photovoltaic-assisted power generation (PVs) only. Based on remaining life cycle
analysis, we find that the PVSCs could save 28.47 Mt of coal, reduce CO2 emissions by 69.76 Mt, treat
125.70 Mt of sludge, and also generate 12.08 billion RMB worth of electricity revenue per year. In
addition, our scenario analysis shows that PVSCs are more profitable when choosing an urban CFU with a
remaining life of more than 12 years and while the sludge treatment subsidy is set at 100 RMB t�1. Under
strict and lenient CFU decommissioning policies, CFUs with a remaining life of between 19 and 30 years
and between 13 and 24 years should be selected for PVs, respectively. Thus, we conclude that PVSCs can
not only generate economic benefits but also facilitate carbon reduction and solid waste treatment.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

By the end of 2019 there were nearly 1000 CFPPs in China,
including 2734 CFUs with a total capacity of over 1200 GW. Over
450 of these are urban CFPPs comprising 1204 CFUs that often
exacerbate the difficulty of retrofitting CFUs due to their corre-
sponding urban space constraints. In addition, China's CO2
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emissions stem almost entirely from the power sector [1], and coal-
fired power generation alone accounted for 37% of China's total CO2
emissions in 2017 [2,3]. However, flexible and adjustable power
sources such as hydropower and gas turbines only account for a
small proportion of China's power grid. Therefore, the flexible re-
quirements of high penetration of renewable energy remain
dependent on CFUs before large-scale energy storage technology
matures. China also has more CFPPs than any other country in the
world [4], and the large coal power base and the need for stable
power sources have caused double pressures on the breadth and
depth of low-carbon transformation in China's power industry.

However, The Chinese government has announced to the in-
ternational community in 2020 a timeline for achieving the double
carbon goal, only 30 years have been reserved from “carbon peak”
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to “carbon-neutral”. Faced with both domestic and international
pressure for emission reduction, low-carbon development in
China's power sector is inevitable [5,6]. Decarbonization in existing
CFUs involves two paths. The first is to reduce the power generation
of CFUs at the input end, and the second is to control carbon
emissions at the output end. Both of these paths are conducive to
the advancement of the low-carbon process, but further techno-
logical innovation is needed at present. For example, carbon cap-
ture and storage (CCS) technology still needs to be more innovative
in terms of cost and leakage prevention [7,8].

Before the large-scale application of CCS technology, a simple
and feasible low-carbon transformation model of CFUs would
seemingly be of great importance. However, there are few research
papers in this field so far. Jiang et al. [9] proposed the idea of the
photovoltaic-assisted single CFPP and proved that their method
was feasible, and one other paper evaluated the technical potential
of photovoltaic-assisted CFPPs and electricity parity by using
nationwide data from CFUs in 2014 [10]. However, the remaining
working life of CFUs and solar irradiation levels at their locations
vary greatly, and China's CFU decommissioning policy will also
have an impact on the systems' benefits. Therefore, based on the
data from CFUs as of 2020, solar radiation intensity, and effective
roof area availability, we estimate the expected cumulative benefits
of all existing CFUs in China after PVs retrofit in the future. In
addition, we construct a CFU decommissioning timeline and two
scenarios for decommissioning policy in order to determine
optimal target selection for CFPP rooftop photovoltaic construction.

However, sludge, which has a similar calorific value to lignite
and most biomass fuels, can be used as a source of power genera-
tion in its own right [11e13]. Therefore, the coupling of sludge and
CFUs is also an effective method to solve the problem of urban
sludge treatment [14,15]. Ma et al. empirically analyzed the Kang-
shun Sewage Treatment Plant Project in Jiangxi, China and found
that it can save 80% on drying costs and also reduce CO2 emissions
by using flue gas from a CFU to dry wet sludge [16]. In the existing
literature, the sludge blending ratio is controlled within 10% of the
coal power feed, the combustion effect is predicted not to be
affected, and the emission of various pollutants can meet the
desired emission standards [17]. The lower the sludge moisture
content, the better the combustion effect [18], and sludge with
water content less than 40% can be directly fed into the boiler for
co-combustion with coal. Sludge-blended combustion for power
generation has been shown to have benefits in terms of energy,
economy, and the environment [19e22]. However, nationwide,
there are few cases of large-scale sludge treatment in CFPPs. In
addition, the sludge is generally only available in sludge sewage
treatment plants in cities and its use is thus more conductive to the
transformation of urban CFUs. However, there is no research on
low-carbon transformation of urban CFUs on a large scale. There-
fore, we estimate the sludge treatment capacity of each type of
urban CFU based on available data and existing research on sludge-
coal co-combustion. Finally, we determine the investment payback
period for different types of urban CFUs in each province after
transformation and the levelized cost of sludge treatment (LCOST),
the optimal target selection of CFUs in sludge-coal co-combustion
retrofit program, and the potential of sludge blending for power
generation.

2. System description

Based on the existing technical scheme discussed above, we
propose a simple and feasible transformation scheme for CFUs. All
of the approximately 1000 CFPPs could be retrofitted with
photovoltaic-assisted power generation (PVs), whether urban or
nonurban. Due to the availability of sludge resources, 458 of these
2

urban CFPPs have been additionally retrofitted with sludge co-
combustion system (SCs), namely roof photovoltaic-assisted po-
wer generation combined with sludge co-combustion for coal-fired
power generation systems (PVSCs). Both of these changes are ex-
pected in the short term to help achieve the low carbon emissions
of thermal power as well as the effective treatment of urban solid
waste.

Our technical transformation scheme is constructed as follows.
The main engine, power transmission, water circulation, desulfur-
ization, chemical treatment, coal transmission, ash removal, and
office areas of the CFPP building are taken as the platform onwhich
to carry and install the solar power generation device [10]. It is
assumed that all PV arrays are installed at the optimal tilt position.
The PVs use photovoltaic panels with specifications of
1956 mm � 992 mm (1.94 m2), weight of 19.5 kg, and single power
output of 291 W, whose photoelectric conversion efficiency decay
rate does not exceed 20% for 25 years.

China's CFUs generally use pulverized coal direct current fur-
naces and fluidized bed boilers. Taking fluidized beds as an
example, we design a two-stage sludge dryer to dry sludge. First,
mechanical dehydrated sludge with a water content of 80% is
transported to the urban CFPP, then flue gas with a temperature of
about 200 �C is extracted from the flue behind the economizer to
dry dehydrated sludge to awater content of 40% [16,20]. Finally, the
sludge is used as fuel to co-combust with coal in order to generate
electricity [21,22]. Many countries in the world face the same
problems as China, and PVSCsmay therefore provide a reference for
the low-carbon transformation of urban CFUs throughout the
world. The system concept diagram is shown in Fig. 1. Importantly,
we note that our work is focused on the technical transformation
solution for PVSCs, where the upstream sludge supply is taken care
of by the wastewater treatment plant but where the electricity
relies on the existing power infrastructure of the power plant and
where the photovoltaic power is inverted and supplied to the
auxiliary equipment of the power plant.

3. Data and methods

3.1. The CFUs

For this study we extracted data on China's active CFUs in 2019
from the World Coal Combustion Map database (https://www.
carbonbrief.org/mapped), including statistics on the installed ca-
pacity, geographic coordinates, and the start of operations of
2734 CFUs at all 1023 CFPPs. In addition, we screened all CFPPs by
Google Earth as to whether they belong to urban CFPPs, and our
plant-by-plant statistics show that urban CFPPs accounted for 45%
of all plants, for a total of 1204 units. We explain our formal defi-
nition of urban CFPPs in the Supporting Information for this paper.
As can be seen from Fig. 2, China's CFUs are primarily distributed in
North and East China, concentrated in 11 provinces. The distribu-
tion of urban CFUs, however, is concentrated in Central and Eastern
China; more than 50% of urban units are located in Shandong,
Jiangsu, Henan, Hebei, and Nei Mongol. Although the total number
of CFUs in Nei Mongol, Shanxi, and Xinjiang ranked at the top
among all provinces, the proportion of urban CFUs in these prov-
inces was not high.

3.2. Installed photovoltaic capacity

Measuring the available roof area is a prerequisite for account-
ing for installed PV capacity. As CFUs are retired at different points
in time, their supporting facilities and buildings may be used for
other purposes, and the reduction of available roof area may
become unconducive to PV installation. Therefore, we randomly

https://www.carbonbrief.org/mapped
https://www.carbonbrief.org/mapped


Fig. 1. The concept diagram of decarbonization transformation of urban CFUs (PVSCs).
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selected CFPPs in order to measure their roof area, and the average
share of available roof area for a CFU was estimated sample
regression. The nationwide installed PV capacity is summarized in
Table 1, and specific sampling procedures and detailed regression
results are provided in the Supporting Information.

Installed PV capacity:

Pac ¼
X

Ej (1)
Fig. 2. Distribution characteristics of CFUs in China: (a) Distribution characteristics of
the number of CFUs. (b) Geographical characteristics of urban and nonurban power
plants.

3

Ej ¼
X SXi

SPV
� Psingle � d (2)

In Eqs (1) and (2), Pac is the installed PV capacity in China after
retrofitting, MW; Ej is the PV capacity in province j; SXi is the
equalized roof area corresponding to different installed capacity
CFUs, where Xi is the different CFU types (Table 1); SPV is the area of
one PV panel, taken as 1.94 m2; Psingle is the single power of PV
panel, 291W; The roofs of most CFPP buildings are close to the ideal
condition for PV installations, and d is the space utilization factor
for PV installation, which is 0.9 [10]. The Supporting Information
shows the detailed calculation process for photovoltaic power
generation.

To minimize accounting errors, we estimated summary statistics
of solar radiation intensity at the coordinate points of each CFU. Since
the solar radiation data provided by the NASA database is high
compared to the actual value [23], we selected the latest solar ra-
diation intensity released in 2020 from the World Clim 2.1 database
for this study, which counts the monthly average solar radiation
levels for a total of 30 years from 1970 to 2000 for a total of 12
datasets with an accuracy of 1 km2, see Figure S4. The solar radiation
data at each coordinate point were extracted using the software of
Geography Information System (Arc GIS), as shown in Fig. 3.

3.3. Sludge blending

Assuming that CFUs of different installed capacities can be ret-
rofitted without considering technical factors, we use the average
annual coal consumption of a single CFU to derive its capacity for
sludge treatment. However, since data on the coal consumption of a
single CFU are not easily available, we estimate the average coal
consumption rate, average operating hours, and average coal con-
sumption based on available public data [24]. In addition, we do not
distinguish between types of sludge, and the sludge selected for our
study is from a typical municipal wastewater treatment plant.

Average annual sludge blending capacity of a single CFU:

Cij ¼Uij � Hj � ERi � z (3)

In Eq. (3), Cij is the expected sludge blending volume of CFU i in
province j; t; Uij is the installed capacity of CFU i in province j, MW;

Hj is the average annual operating hours of CFUs in province j, h; ERi
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is the coal consumption coefficient corresponding to different
installed capacities, g kWh�1; R is the installed capacity of five
types (Table 1); and z is the sludge blending ratio, taken as 4%. The
ratio determination process is shown in detail in Section 4.1.1.
Fig. 3. Average annual solar radiation from coordinate points of CFPPs in China (kWh
m�2 year�1).
3.4. Benefit evaluation

The total benefits the PVSCs include two parts, one from PVs and
the other from SCs, and thewhole evaluation procedure is shown in
Fig. 4. For the system of roof photovoltaic-assisted power genera-
tion (PVs), the economic benefits of PVs include three components.
First is investment cost savings (CPV

1 ); use of the original infra-
structure of CFUs can save the transmission and distribution cost of
PV power. Second is operation and maintenance cost savings (CPV

2 );
due to the creation of new jobs, some employees can participate in
the operation and maintenance of PVs after the CFU is decom-
missioned. Third is electricity revenue (IPV); this is from PV power
parity feed-in tariff revenue generated by PVs.

For the system of sludge co-combustion assisted power gener-
ation (SCs), the economic benefits include four components. First is
the initial retrofit cost (CSS

1 ); the system retrofit cost is about
150,000 RMB t�1 (80% wet sludge). Second are the operation and
maintenance costs (CSS

2 ); the unit cost of incinerating sludge using
CFPPs is 100e120 RMB t�1 (80% wet sludge). Third is the sludge
treatment subsidy (CSS

3 ); this is received for each ton of wet sludge
treated, and we take it as 200 RMB t�1 (80% wet sludge). Fourth is
sludge blending for power generation revenue (ISS); sludge
blending for power generation replaces some of the coal power to
generate revenue. For the investment payback period we consider
the time value of money [9], and include the whole life cycle cost
and benefits in our levelized cost of energy (LCOE) as they both are
important economic indicators in judging the feasibility of a proj-
ect. We take the internal rate of return (IRR) is 8% without
considering the effect of bank interest, and the discount rate is
taken as 5%.

PV power generation can replace part of the self-consumption of
electricity, flue gas from CFUs can be used to dry sludge, and semi-
dried sludge can be used as a fuel to help generate electricity. All of
these processes save coal, which can generate environmental
benefits. Using emission factors and environmental cost factors, we
calculate the environmental benefits of reductions in four emis-
sions: CO2, SO2, NOx, and dust. To evaluate the amount of sludge
that can be treated by CFUs and whether this meets the actual
demand for sludge treatment, we introduce a new evaluation in-
dex, sludge treatment potential (STP):

STP¼
QCFPPs
j

Vj � l� 365
: (4)

In Eq. (4), Vj is the average daily wastewater treatment capacity
of province j, 10,000 m3, as shown in Table S6; l is the content of
sludge in general municipal wastewater, where the extraction ratio
is taken as 0.1%; and QCFPPs

j is the total amount of sludge that can be
Table 1
The installable PV capacity of different grades of CFUs and their average coal consumpti

CFU type Installed capacity of single CFU (MW) Average roof area (m2)

X1 （100）< 150 3338
X2 （200）150e300 4876
X3 （300）300e500 5392
X4 （600）500e800 9430
X5 （1000）� 800 13230

4

treated by CFPPs in province j, t. See the Supporting Information
for the specific benefit calculation process.

3.5. Scenario analysis

China is currently implementing a policy to phase out CFUs with
an installed capacity of less than 300 MW, which creates uncer-
tainty in PV installed capacity estimates. To deal with this, we have
identified two scenarios. Scenario 1 is a slow policy implementa-
tion; CFUs with a capacity less than 300 MW can achieve slow
retirement, and we estimate PV power generation according to the
normal retirement cycle. Scenario 2 is a fast policy implementation;
CFUs with a capacity less than 300 MW will be completely retired
soon, and we therefore do not consider the renovation of CFUs with
an installed capacity less than 300 MW in the estimation.

There is no uniform subsidy standard for sludge blending, and
the existing literature sets sludge subsidies at 200 RMB t�1 in
general. To evaluate the response of the economic benefits of sludge
blending to the subsidy stimulus, we set five subsidy scenarios:
0 RMB t�1, 50 RMB t�1, 100 RMB t�1, 150 RMB t�1, and 200 RMB t�1

[25,26]. The effect of different sludge subsidies on the levelized cost
of electricity (LCOE) of SCs and the levelized cost of sludge treat-
ment (LCOST) was also investigated. All of the calculation processes
are shown in Supporting Information.

4. Results

4.1. The spatial distribution of system benefits

4.1.1. Economic and environmental benefits
As of 2019, there were a total of 1204 urban CFUs in China, 39%

of which were units with an installed capacity of less than 300MW.
All existing urban CFUs are to be retrofitted with SC systems, with
an aim not to affect the normal operation of CFUs. In addition, the
on rates.

Installed capacity of PV (MW) Average coal consumption rate (g kWh�1)

0.45 617（47e1289）
0.66 605（427e861）
0.73 558（322e715）
1.27 542（473e851）
1.79 328（292e440）



Fig. 4. Benefit calculation roadmap of PVSCs.

Fig. 5. A comparison of China's average sludge production in 2019 with the sludge
treatment capacity of urban CFUs at a 6% sludge blending ratio and the STP in different
provinces at different sludge blending ratios.
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retrofit framework must also determine the appropriate blending
ratio to meet realistic power demands and analyze the optimal
scenario from the perspective of supply and demand balance for
sludge volume itself. Fig. 5 visualizes the magnitude of STP in
different provinces at different blending ratios. The sludge blending
ratio for individual CFUs in existing studies is almost always chosen
to be lower than 10%, but on a national scale, the demand capacity
of urban CFUs at a 6% sludge blending ratio is much higher than the
sludge supply capacity in most provinces. Therefore, different
provinces need to determine their own blending ratios for them-
selves. In our work, a range of STP between 1 and 2 is considered
reasonable in that it can balance supply and demand with fault-
tolerant capacity set aside.

Using the sludge production (80% water content) of each prov-
ince in 2019 as a benchmark, we have that the higher the potential
capacity of CFUs to treat sludge, the lower the optimal blending
ratio for that province. For example, a blending ratio of 1% in
Shandong can meet the actual demand for sludge treatment, and
when the blending ratio in Ningxia is 2%, the STP is exactly equal to
1. Nationally, the sludge blending ratio is concentrated in the range
of 1%e4%. Therefore, considering fault tolerance capacity, we use a
4% sludge blending ratio as the optimal scenario our analysis below.

All CFUs were assumed to have a 30-year service life, and we
also assume that the PV panels are retired simultaneously with the
CFUs while taking into account the year-by-year decay rate. The
initial investment cost of retrofitting urban CFUs nationwide with
both forms of solutions is estimated at 90.81 billion RMB, with PVs
and SCs accounting for 7% and 93%, respectively. After the decom-
missioning of a CFPP, the treatment plan is uncertain, so we ignore
the residual value of thewhole system. Thewhole system generates
electricity up to 34.35 TWh per year, and upgraded plant electricity
parity can lead to a gain of 12.56 billion RMB, with PVs and SCs
contributing 8% and 92%, respectively. If power generation from PVs
and SCs and heat required for sludge drying are converted into coal
consumption, 38.59 Mt of coal can be saved annually, which is
equivalent to 1.14% of the coal consumption for thermal power in
2018. The annual CO2 emission reduction in this case would be
71.03 Mt, and the environmental benefit due to emission avoidance
would be 517.96 billion RMB. Over 2200MWof PV capacity is slated
to be installed nationwide, and the cumulative PV power provided
by PVs will be 47.20 TWh. We estimate that15.20 Mt of coal will be
saved during the whole service period and that the PVs will
generate a total of 24.42 billion RMB in benefits. Of these benefits
the power revenue contribution could be as high as 67.84%, fol-
lowed by investment cost savings and personnel placement costs,
5

accounting for 30.75% and 1.41%, respectively. Furthermore, we
estimate that the uniform installation of SCs in urban CFUs in ser-
vice nationwide will be able to treat 125.70 Mt of sewage sludge
(80% water content) per year. Without considering subsidies, the
revenue generated from sludge power generation in that year could
cover 13% of the investment cost of SC retrofits.
4.1.2. Provincial distribution of system benefits
The difference between the economic and environmental ben-

efits of the PVs in each province over their entire service lives is
shown in Fig. 6a. The economic benefits include the PV power
benefits as well as the investment cost and operational cost savings,
wherewe include avoided pollutant emissions as an environmental
benefit. The trends of economic and environmental benefits are the
same across provinces. In our analysis we weigh the implementa-
tion of retrofitting strategies in different provinces from two
different perspectives, environmental and economic benefits. For
example, Guangdong ranks third in terms of economic benefits but
seventh in terms of potential emission reductions. The fluctuations
in initial investment costs are small and do not vary greatly, but the
fluctuations in PVs benefits are divided into three stages, with
Shandong, Nei Mongol, and Jiangsu having high and fluctuating



Fig. 6. Provincial distribution of system benefits. (a) Benefit evaluation of PVs in each province (differences in economic benefits, environmental benefits, initial capital cost, and
total emission of CO2, SO2, NOx, and dust. (b) The sludge treatment capacity of different types of urban CFUs in each province. (c) Average annual PV power generation (MWh) and
total annual PV power generation (GWh) of 5 types of CFUs in different provinces after PV retrofits. (d) Differences of sludge treatment benefits and sludge treatment potential in
different provinces with the sludge blending ratio of 4%.
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overall benefits, and the other eight provinces being able to
maintain high and less fluctuating benefits in the second stage of
retrofitting. Provinces in the third stage having relatively low
benefits and a steadily downward trend.

The economic and environmental benefits of SCs are closely
linked to the sludge treatment capacity of single urban CFUs. Dif-
ferences in the benefits of single urban CFUs in different provinces
are often caused by structural differences in unit capacity, so we
compared the magnitude of the sludge treatment capacity of five
types of urban CFUs in different provinces as shown in Fig. 6b. The
larger the installed capacity of a single urban CFU, the greater the
amount of sludge that can be treated. However, nationwide, the
fourth type of unit (X4: 500e800 MW) has a higher average sludge
treatment capacity per unit and is more suitable to be used as a
retrofit. Judging from the sludge treatment potential of each prov-
ince, units of type X3, X4, and X5 are the main contributors in most
provinces, so theyare thefirst choice for PV retrofits. However, there
are special cases. Forexample, the installed capacityof a singleurban
CFU in Hainan Province is generally small, while both X1 and X3
sludge treatment potentials are relatively large. Therefore, the CFUs
with rankX3are theoptimal objects for someprovinces that haveno
urban CUFs with installed capacity above 500 MW.
6

Fig. 6c shows the PV power generation obtained from the
average of single units in each province and the annual PV power
generation by region. From a single-unit perspective, the top three
provinces in terms of annual average PV power generation are
Shanghai (1333.46 MWh), Fujian (1247.24 MWh), and Anhui
(1221.99 MWh). This difference is driven by the difference in
available rooftop area among provinces, with Shanghai having the
largest average available rooftop area. However, on a one-year time
scale, the PV generation capacity of single units in different prov-
inces does not follow the same trend as PV generation potential. For
example, Shandong, Nei Mongol, and Jiangsu, which rank in the top
three in terms of total generation potential, have an annual average
generation capacity of single units that is only located at a medium
level. This is because of the large number of small capacity units,
involving less roof area available for PV installation and resulting in
dilution of the power generation capacity of a single unit. The
northwest region (Gansu and Qinghai), which is rich in solar energy
resources, does not show a significant PV power generation
advantage after the conversion of CFUs. However, we do find one in
the eastern and northern regions, where the provinces of Shandong
and Nei Mongol with a larger number of units have a greater PV
power generation advantage. Most of the PVs' contribution comes



Table 2
Average payback period of PVs and SCs under different scenarios.

Administrative division Province Investment payback period (year)

SCs-the installed
capacity of single urban
CFU

PVs-the
policy
scenario

X1 X2 X3 X4 X5 Slow Fast

North China Tianjin 7 8 7 e e 6 6
Hebei 5 7 7 7 e 6 6
Shanxi 8 9 8 9 e 7 7
Nei Mongol 8 7 8 8 e 7 7

Northeast China Liaoning 7 8 8 8 e 6 6
Jilin 8 9 9 9 e 7 6
Heilongjiang 6 8 7 7 e 7 7

East China Shanghai 7 e 6 7 6 6 6
Jiangsu 6 e 7 7 6 6 6
Zhejiang 6 e 7 7 6 6 6
Anhui 7 8 7 8 7 6 5
Fujian 7 e 8 8 7 6 6
Jiangxi 7 6 8 7 e 6 6
Shandong 7 7 7 7 6 6 6

South Central China Hunan e e 7 7 e 7 6
Hubei 6 6 8 8 7 7 6
Henan 8 9 9 9 7 7 6
Guangdong 6 7 7 7 6 5 5
Guangxi 10 e e 9 7 6 6
Hainan 7 7 7 e e 5 5

Southwest China Sichuan e e 9 e e 7 7
Guizhou e 9 10 10 e 8 8
Yunnan e 14 20 e e 7 7

Northwest China Xinjiang 9 9 9 e e 9 8
Gansu 9 8 10 e e 7 7
Ningxia e 8 9 e e 8 8
Qinghai 7 e 10 e e 7 7
Shaanxi 9 8 9 10 e 7 7
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from units of 300e500 MW (X3) and 500e800 MW (X4) in indi-
vidual capacity as units of this size are the main contributors to
China's electricity supply and have both large numbers and large
roof areas available.

Fig. 6d visualizes the annual wet sludge treatment capacity of
urban CFUs in each province. Under the scenario of 4% sludge
blending ratio, Shandong province occupies first place with an
annual wet sludge capacity of 6.71 Mt, followed by Jiangsu
(3.69 Mt) and Hebei (3.40 Mt). Henan, Shanxi, Zhejiang, Nei
Mongol, and Guangdong each have an annual sludge treatment
capacity of more than 2 Mt. Overall, the provincial variations in
sludge treatment capacity and the number of urban CFUs remain
largely consistent. Sludge treatment capacity is positively corre-
lated with electricity revenue, but the different local desulfuriza-
tion benchmark feed-in tariffs lead to a mismatch in the trend of
electricity revenue and sludge treatment capacity in some prov-
inces. For example, Nei Mongol has the highest potential sludge
treatment capacity in China, but the tenth highest electricity rev-
enue. Sludge treatment potential (STP) evaluates the ratio of the
amount of sludge that can be treated by an urban CFU relative to the
current sludge production. A larger value of STP indicates that the
sludge treatment capacity of the urban CFU in that province is high.
The comparison shows that Nei Mongol has the largest STP at 31.4.
Although Jiangsu, Henan, and Zhejiang have high sludge treatment
capacities, their ranking of STP is in the middle to lower range
because the sludge blending ratio needs to be adjusted to copewith
the pressure from the gradual decommissioning of urban CFUs.
However, alternative methods can be sought for sludge treatment
in Xizang, Chongqing, and Beijing as there are no available urban
CFUs for the retrofit of SCs. A similar situation exists in Sichuan as
existing urban CFUs are still unable to cover the sludge production
at a 10% blending ratio.

4.2. Optimal CFUs selection for PVs and SCs retrofit

4.2.1. The payback periods of PVs and SCs
All CFUs in service in China are set to be retired in the next 30

years. If we take 6 years as a basic unit of time, all CFUs can be
divided into 5-unit categories (Y1: �6 years; Y2: 7e12 years; Y3:
13e18 years; Y4: 19e24 years; and Y5: 25e30 years) according to
their remaining operation time, where CFUs in different categories
will be retired during different time intervals. According to the PV
capacity and sludge treatment potential of urban CFUs at different
intervals in each province, the optimal units suitable for PV and SC
retrofits are determined by comparing payback period and the
remaining life of CFUs. As shown in Table 2, for PVs Xinjiang and
Ningxia are affected by the low feed-in tariff, and their payback
period is thus longer, generally taking 8e9 years. The payback
period of PVs in East China is generally shorter at 6 years, and
overall, the nationwide payback period is 6 years as well. Hence, we
find it to be better to choose units with a remaining life of more
than 6 years for PVs retrofit. For SCs, the capital payback period for
investment in the fifth type of urban CFU is the shortest, generally
6e7 years. Therefore, without considering the difficulty of technical
transformation, prioritizing the retrofit of large urban CFUs will
result in faster payback. We see through China's administrative
partition that the payback period after the transformation of urban
CFUs inwest China is generally longer, which is 9e10 years. The rich
hydro resources in Yunnan Province lead to less coal consumption
for thermal power and less sludge treatment capacity, which in
turn lead to a long payback period that is not as suitable for ret-
rofitting. The payback period in East China is generally shorter,
especially in Shanghai, Jiangsu, Zhejiang, and Shandong, and all
types of units here are therefore suitable for retrofitting, even
7

suitable for use as a pilot for the national SCs retrofitting roll out. In
general, all types of units in East China can be targeted for retro-
fitting, while the remaining areas are suitable for selecting units
with larger single-installed capacity as retrofitting targets.

The CFU classifications described above are shown in Table 1,
X1: <150 MW, X2: 150e300 MW, X3: 300e500 MW, X4:
500e800 MW, and X5: �800 MW.

4.2.2. Optimal CFUs selection for SCs retrofit
The average payback period of all provinces is 6e10 years, so we

do not recommend the urban CFUs in the 1st and 2nd gradients for
retrofitting. We compare the sludge treatment capacity of urban
CFUs with different remaining years between different adminis-
trative subdivisions, as shown in Fig. 7, with the size of the sludge
treatment potential of different provinces from top to bottom on
the left and the size of the sludge treatment capacity of urban CFUs
in different gradients from top to bottom on the right. The urban
CFU retrofitting pilot in different regions can be selected from
provinces with high sludge treatment capacity. For example, we
select Liaoning in Northeast China and Hebei in North China. The
focus of urban CFU selection also differs within the same admin-
istrative sub-region. For example, from the perspective of sludge
treatment capacity of different capacity CFUs, CFUs in the 3rd
gradients are better selected in the northeast region, while units in
the 4th gradients are selected in other regions. In addition, the
selection of the most suitable transformation target for different
provinces can be judged according to the sludge treatment capacity
of urban CFUs in different gradients. Taking Liaoning province in
Fig. 7b as an example in the northeast region, Liaoning province
ranks first in terms of sludge treatment capacity, and most of this
sludge treatment capacity is contributed by urban CFUs with



Fig. 7. The sludge treatment capacity of different gradient units (Y1, Y2, Y3, Y4, and Y5 respectively represent the service life of the unit �6 years, 7e12 years, 13e18 years, 19e24
years, and 25e30 years. a, b, c, d, e, and f represent the administrative divisions in China: North China, Northeast China, East China, Central China, Southeast China, and Northwest
China, respectively.).

Y. Xia, J. Deng, B. Hu et al. Environmental Science and Ecotechnology 9 (2022) 100147
remaining lives of 13e18 and 19e24 years and contribution values
of 30% and 34%, respectively. However, the payback period of the
units in both gradients is 8 years, sowe find it to bemore optimal to
give priority to choosing the units in the Y4 gradient.

4.2.3. Optimal CFUs selection for PVs retrofit
In Scenario 1, Fig. 8a presents the national ranking of PV power

generation capacity by province (including all CFUs). Comparing the
data characteristics of different provinces, we see that more than
66.69% of the cumulative PV power generation potential nationwide
comes from the top ten provinces, namely Shandong (11.70%), Nei
Mongol (10.52%), Xinjiang (8.47%), Shanxi (7.05%), Jiangsu (6.42%),
Henan (5.70%), Hebei (4.95%), Shaanxi (4.55%), Guangdong (4.38%),
and Anhui (4.05%), while the remaining 22 provinces and cities
contribute only 32.22%. Comparing the characteristics of different
gradient units, the national PV power generation is concentrated on
the CFUs of the Y3, Y4, and Y5 gradient, accounting for 30.73%,
35.91%, and 27.13% of the total, respectively. The advantage of PV
power generation potential in Xinjiang derives from the CFUs of the
8

Y4 and Y5 gradients, while the advantage of PV power generation
potential in Shandong and Nei Mongol stems from the CFUs of the
Y3, Y4, and Y5 gradients. The other provinces have higher potential
for PV power generation on the Y3 and Y4 gradient CFUs, accounting
for 33.56% and 34.31% of the total power, respectively. In addition,
Nei Mongol and Shandong also show high potential on the Y3
gradient with 963.81 GWh and 822.81 GWh of PV power generation,
respectively. Therefore, combining our investment payback period
analysis and the accumulated PV power in scenario 1, we find that
Shandong and Nei Mongol should choose CFUs of the Y3, Y4, and Y5
gradient, Xinjiang should choose CFUs of the Y4 and Y5 gradient, and
the remaining provinces should give priority to the renovation of
CFUs of the Y3 and Y4 gradient for their optimal renovation target.

In Scenario 2, Fig. 8b compares the PV generation capacity of
CFUs (excluding 300 MWunits) in different provinces. Nationwide,
Nei Mongol (9.94%) has the highest PV generation potential. The PV
potential of the CFUs of the Y3 gradient in Shandong varies widely
across policy environments, which is the result of stricter phase-out
policies that leave fewer CFUs available for retrofitting. As shown in



Fig. 8. Cumulative PV power generation during different time intervals. (a) Statistics for the cumulative PV power generation. (b) Statistics for the cumulative PV power generation
of China's provinces (including only units with a single-unit capacity of 300 MW or more).
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Fig. 8b, the maximum PV power generation potential of most
provinces is in the Y4 gradient, and the top three PV power gen-
eration CFUs on this gradient are Xinjiang (873.90 GWh), Shandong
(799.01 GWh), and Shanxi (569.66 GWh). In addition, Nei Mongol
(753.21 GWh) and Shandong (691.20 GWh) also have large PV
power generation potential on theirY5 gradient CFUs. Therefore,
the target CFUs that should be selected in Nei Mongol and Shan-
dong are first the Y5 gradient followed by the Y4 gradient, while all
other provinces should give priority to retrofitting CFUs in the Y4
gradient.
4.3. LCOE for decarbonization of CFPPs

Without considering the PV power feed-in-tariff subsidy and
sludge treatment subsidy, the LCOE for PVs, SCs, and PVSCs retrofits
of urban CFUs range from 0.050 to 2.443 RMB kWh�1, 0.339 to
4.559 RMB kWh�1, and 0.044 to 4.436 RMB kWh�1, respectively.
After the retrofit of PVs, we expect 91.53% of the urban CFUs to have
LCOEs better than the national average tariff (0.3642 RMB kWh�1).
However, the LCOEs of SCs are mostly higher than the national
average tariff without considering the sludge treatment subsidy,
which is only 2.16% better than the national average, and all of these
units have a single installed capacity of 800 MW or more. Obvi-
ously, SC retrofits of only urban CFUs does not bestow a universal
benefit. However, after retrofit of PVSCs, we expect that 62.96% of
the urban CFUs will have PVSC LCOEs better than the national
average tariff. Comparing Fig. 9a, b, and 9c, we see that the sludge
blending component has a greater impact on the total LCOE of the
PVSCs and that the addition of PVs reduces the peak LCOE of the
whole PVSCs.

There is no doubt that PV will achieve grid parity in the long
term, so here we do not consider the subsidy of PV power
9

generation. However, the economic benefit of sludge blending re-
lies heavily on government subsidy, so we design LCOST parame-
ters for sludge blending and discuss the difference between the
LCOE of sludge blending power generation and the national average
electricity price under five different subsidy scenarios. The five
scenarios correspond to five kinds of sludge treatment subsidies.
Scenario 1 has zero subsidies and is therefore the reference sce-
nario. Scenarios 2, 3, 4, and 5 are subsidies of 50 RMB,100 RMB, 150
RMB, and 200 RMB per ton of wet sludge treated, respectively. As
shown in Fig. 9d, LCOSTgradually decreases as subsidies grow, with
LCOST close to 200 RMB t�1 in scenario 1, and LCOST is negative in
scenario 5. Additionally, with an increase in subsidies, the propor-
tion of the LCOE for sludge blending over the national average tariff
grows rapidly. From scenario 1 to scenario 5, the proportions are
2.16%, 3.65%, 79.32%, 90.95%, and 95.02%, respectively. Clearly, the
cost of SCs depends greatly the amount of subsidy. In addition, the
compensating effect of subsidized sludge blending economics is not
always present as it has a threshold of around 100 RMB t�1. When
the subsidy is less than 100 RMB t�1, the proportion of units that
meet the economics of the subsidy increase grows rapidly. How-
ever, when it is greater than 100 RMB t�1, the stimulating effect of
the increase in subsidy is far less.
5. Discussion

5.1. Uncertainty analysis

The assessment of a system's effectiveness will be influenced by
the type of sludge it uses. However, selecting the right type of
sludge for all units is not practical here. Since the type of sludge can
be reflected by different calorific values, we can effectively estimate
the interval of specific benefits by setting the maximum and



Fig. 9. LCOE for decarbonization retrofitting of urban CFUs and LCOST for SCs. (a) LCOE for a single unit of PVs. (b) LCOE for a single unit of SCs. (c) LCOE for a single unit of PVSCs. (d)
LCOST of SCs in 5 different subsidy policies.

Fig. 10. The uncertainty analysis caused by the LHV of sludge. (a) The range of four basic indicators in the highest and lowest calorific value scenarios, namely 9062 to 22,100 kJ kg�1.
(b) The fluctuation range of the LCOE of a single CFU caused by the LHV of sludge after the retrofitting of SCs.
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minimum values. Fig. 10 shows the variation of specific indicators
for the highest and lowest sludge calorific value scenarios. When
the calorific value is set to a maximum of 22,100 kJ kg�1, the fuel
properties of the sludge are closer to those of fuel coal and more
coal can thus be saved. A unit's coal consumption rate is also an
influencing factor. As shown in Table 1, we have selected the
average value for estimation among the coal consumption rate data
obtained statistically for each type of unit.
10
5.2. The scale effect and subsidy

The implementation and large-scale use of PVs and PVSCs can
help reduce the use of carbon-based energy and ease the pressure
of emission reduction through the nationwide decarbonization of
CFUs, facilitating the gradual integration of the thermal power in-
dustry with renewable energy sources. With SC-only retrofits
alone, only 2.16% of urban CFUs have an LCOE above the national
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average tariff, but the coupling of SCs and PVs for urban CFUs raises
that percentage to 62.96%. Moreover, we expect this percentage to
keep increasing as it becomes stimulated by subsidies for sludge
treatment. In order to make more urban CFUs profitable in decar-
bonization, a high priority therefore needs to be set for the role of
PV assistance and subsidized incentives. Although our analysis
shows that our new program design looks profitable overall, mul-
tiple leaders may not be agree to a unified pace of transformation
due to the scattered locations of urban CFUs and their affiliation
with different enterprises. Therefore, we also recommend that the
Chinese government should encourage the thermal power com-
panies in the region to negotiate a joint installation program by
means of public bidding that we expect to from a scale effect that
can help reduce costs.

5.3. Selection of pilot provinces

The provinces with high PV power potential and low STP should
be prioritized for CFU retrofitting. Nearly 50% of PV power potential
is concentrated in six provinces: Shandong, Nei Mongol, Xinjiang,
Jiangsu, Shanxi, and Henan. Therefore, more PV power can be ob-
tained by retrofitting in these areas. In addition, the focus should be
on the provinces where the economic and environmental benefits
are expected to be high, especially in Shandong and Nei Mongol.
We therefore recommend that provinces with PV power generation
capacity be used as construction pilots for the photovoltaic-assisted
power system. Shanghai (133.46MWh), Fujian (1247.24MWh), and
Anhui (1221.99 MWh) are among the top three provinces in terms
of single CFU PV power generation, and the construction of
demonstration bases in these provinces may help to realize the
transformation results more quickly. The purpose orientation of SCs
is different from the PV system, and to solve the disposal problem of
urban sludge the provinces with high sludge production, Guang-
dong (2.98 Mt), Jiangsu (2.36 Mt) and Shandong (1.56 Mt), should
be enlisted first to help meet the actual demand. To consider the
appropriate blending ratio is also of great importance. For example,
Nei Mongol can treat all its sludge by choosing a 1% blending ratio.
Furthermore, with a highest, 10% blending ratio, the sludge treat-
ment capacity of urban CFUs in some provinces still does not cover
all sludge production and the focus in these areas should therefore
be on other sludge treatment location options, such as Chongqing,
Sichuan, and Guangxi.

5.4. Selection of optimal CFUs

Since the cumulative power generation potential of PVs is
affected by remaining operating time and since the implementa-
tion effect of the decommissioning policy varies widely among
different CFUs, in order to promote the retrofit of CFUs sustainably
and scientifically, provincial policymakers should plan a reasonable
transition path based on the decommission policy of CFUs and the
remaining life of their CFUs. When the policy environment is
relaxed, except for Shandong and Nei Mongol, which should focus
on CFUs of the Y3, Y4, and Y5 gradients, and Xinjiang, which should
focus on CFUs of the Y4 and Y5 gradients, the remaining provinces
should give priority to CFUs of the Y3 and Y4 gradients as the
optimal transformation target. However, when the policy envi-
ronment is tight, all provinces should focus on CFUs of the Y4
gradient as the optimal target, except for NeiMongol and Shandong
where the target CFUs should be chosen first from the Y5 gradient.

The selection of optimal targets for SCs should consider the
payback period and sludge treatment capacity. First, the average
payback period for all types of urban CFUs is over 5 years, and we
exclude Y1 CFUs from selection. From a national perspective, the
CFUs of Y3 and Y4 are the main contributors for sludge treatment.
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Second, the payback period of CFUswith different installed capacity
varies greatly across administrative divisions; all types of urban
CFUs (X1, X2, X3, X4, and X5) are targets for retrofitting of SCs in
East China and South Central China. In conclusion, in the case of
taking into account the payback period, the CFUs with largest ca-
pacity should be preferentially selected as much as possible.

6. Conclusions

This paper evaluates the potential benefits of PVSCs for urban
CFUs and PVs for nonurban CFUs, respectively. We find that the
cumulative annual emission reduction of CO2 from the PVs will
reach 2.13 Mt and that the fixed asset investment will be reduced
by 7.51 billion RMB by using the existing power infrastructure of
CFUs for transmission, distribution, and substation of PV power.
Furthermore, retrofitting can solve the problem of transferring at
least 1821 employees and directly save 341 million RMB in salary
expenses. In addition, if all the PV power generated is uploaded to
the grid, the total revenue of PV power generation can reach 16.57
billion RMB. Without considering the difficulty of technical trans-
formation, the existing urban CFUs are set to be transformed and
SCs to be added. As we find that the drying and blending process
saves 28.12 Mt of coal, the annual emission reduction of CO2 is
estimated to be 68.90 Mt. The heat provided by sludge blending
alone can provide 11.68 billion RMB of revenue when converted to
electricity. Therefore, we expect the decarbonization retrofit
method for CFUs to generate both economic and environmental
benefits not only for China but possibly for other countries as well.

Without considering subsidies, we estimate the LCOE of PVSCs
to be 0.044 to 4.436 RMB kWh�1, which is mostly influenced by the
cost of the SCs. When the subsidy is about 100 RMB per ton of wet
sludge treatment, we find that more than 80% of CFUs have good
economic benefits after retrofitting. The results of our scenario
analysis show that under the slow policy, more than 30% of the PV
power potential originates from Shandong, Nei Mongol, and Xin-
jiang and that CFUs with Y3, Y4 and Y5 are optimal targets for
retrofitting of PVs. Under the fast policy, the national PV power
potential contributed by Shandong, Nei Mongol, and Xinjiang de-
creases to 27.68%, and the CFUs with Y4 and Y5 become the optimal
targets for retrofitting PVs. In addition, when we consider the
payback period, we find that the urban CFUs with installed capacity
with X3, X4, and X5 and remaining lives in the Y3 and Y4 gradients
are more suitable as the optimal target for SCs.
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