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The following document is the supporting information (SI) for the paper 

“Gasification of coal and biomass: a net carbon-negative power source for 

environmental friendly electricity generation in China”. Section S1 summarizes 

modeling parameters and results for the processes of gasification, CO2 capture and 

electricity generation using Aspen Plus software. Section S2 describes the method for 

evaluating the costs of collection, processing and transportation of crop-residue 

biomass in China. Section S3 discusses life-cycle GHG emissions measured in CO2-

equivalents (CO2-eq) for coal and crop-residue biomass during pre-treatment and 

thermal conversion in CBECCS (Coal-Biomass Energy with Carbon Capture and 

Storage) systems. A cash flow model and the relevant economic parameters to calculate 

levelized costs of electricity (LCOE) using different technologies are presented in 

Section S4. The methodology to quantify the potential reductions in air pollutant 

emissions through the CBECCS systems is included in Section S5. To identify 

provinces for prioritized deployment of CBECCS systems in China, the last section 

(Section S6) compares the top 10 provinces in terms of the availability of crop residue 

supply, and their local emissions of CO2 and air pollutants.  

S1 CBECCS System and Aspen Plus Modeling 

This study explores a new opportunity in China to use a mixture of coal and crop 

residues as input fuels for a CBECCS system, an integrated gasification combined cycle 

(IGCC) facility with carbon capture and storage (CCS), to produce electricity. The 

general diagram of a CBECCS system is presented in Fig. 5 in the main text, and the 
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design parameters for individual modules in the Aspen Plus simulation for CBECCS 

systems are listed in Table S1.  

The solid feedstocks of coal and biomass are first milled and then gasified with 

oxygen and steam. The resulting syngas, mainly H2 and CO, is further converted to 

hydrogen through the Water Gas Shift (WGS) process. The Acid Gas Removal (AGR) 

process is adopted to remove the CO2 and other acid gases from the syngas. After this 

process, the syngas with approximately 90% hydrogen by volume is channeled to a gas 

turbine for electric power generation. The high-concentration of CO2, as a by-product, 

can be either stored in suitable geological fields, utilized for Enhanced Oil Recovery 

(EOR) or potentially combined with hydrogen to produce a liquid fuel such as methanol 

(1).  

The CBECCS system is modelled and simulated using the Aspen Plus platform (2-

4), which is widely applied to simulate real plant operations. Aspen Plus software has 

the capacity to treat the engineering relationships including mass and energy balances, 

phase and chemical equilibria, as well as reaction kinetics. The key indicators of plant 

performance used in the Aspen Plus simulation are derived from existing literature (2, 

4). The modeling results are summarized in Tables S2-5 and Fig. 1. IGCC technology 

has been deployed at the Tianjin GreenGen power plant in China to continuously 

produce electricity since 2012 (5). However, estimates of CO2 storage capacity 

potential for China remain highly uncertain to date because of a lack of consistent 

evaluation models and a standardized assessment methodology, as well as limited data 

regarding the subsurface geological properties (5, 6).  
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S1.1 Gasification Process 

A representative steam coal (Inner Mongolia bituminous) and crop-residue 

biomass (wheat straw) in China are selected for this analysis (see in Table S6). The 

compositions of Inner Mongolia bituminous and wheat straw are summarized in Fig. 

S1 and compared to other types of coal and crop residues in China (4, 7). Raw coal and 

biomass feedstocks need to be crushed in a mill before feeding into the gasifier through 

a pressurized lock hopper system. The energy required for preparation of feedstocks of 

coal and biomass is presented in Table S1 (4).  

Solid feedstocks are converted into gaseous mixture by a gasification process in 

which coal and biomass are primarily decomposed into CO, H2, H2O and CO2. There 

are three typical gasification reactors, namely moving-bed, fluidized-bed and entrained-

flow (EF) reactors (8). This study examines particularly a water-and oxygen-blown, EF 

gasifier operating at 40 bar to emulate an operational Siemens gasifier (2). We choose 

EF gasification for a number of reasons: (1) this technology is commercially available; 

(2) it can realize large-scale and high-efficiency syngas production, with feedstocks 

converted almost completely to gases (more than 99% carbon conversion) within a 

short time due to the relatively high operational temperatures (1200-1500oC) (9); (3) it 

can tolerate heterogeneous coal/biomass fuel mixes (10-12) ; (4) due to its high 

gasification temperature, by-products such as other hydrocarbons and tars normally 

produced in lower-temperature gasification, can be avoided almost entirely; and (5) the 

gasifier can also be easily cleaned using conventional tar cleaning technologies (11, 12). 

Nearly pure oxygen is utilized in the gasification process to avoid introducing nitrogen 

into the syngas, ensuring a high concentration of CO2. The Aspen Plus Gibbs reactor, 
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RGibbs, is used to simulate gasification of the coal-biomass mixture and combustion 

of H2. The RGibbs module seeks the chemical equilibrium with minimum Gibbs free 

energy. Before feeding the coal-biomass into the RGibbs block, the fuels are 

decomposed into elemental forms through the RYield module based on their component 

yield specifications (13). 

The total heat value of coal and biomass mixtures are assumed to be similar among 

scenarios in the present analysis. Table S1 summarizes the key design parameters and 

assumptions for the processes of gasification. The main chemical reactions taking place 

in the gasifier can be expressed as follows: C + Oଶ → 	;ଶܱܥ ∆= −394	 2C (1)  ݈݉/ܬ݇ + Oଶ → 	;ܱܥ2 ∆= −221	 C (2)  ݈݉/ܬ݇ + Hଶܱ → ܱܥ + 	;ଶܪ ∆= 131	 C (3)  ݈݉/ܬ݇ + ଶܱܥ → 	;ܱܥ2 ∆= CO (4)  ݈݉/ܬ173݇ + ଶܱܪ → ଶܱܥ + 	;ଶܪ ∆= −41	  (5)  ݈݉/ܬ݇

Of these chemical reactions, equations (1) and (2) represent strongly exothermic 

reactions, which provide the energy required for the gasification process. Equations (3) 

and (4) denote the main chemical reactions contributing to the production of syngas in 

the gasifier, which are strongly endothermic. Equation (5) represents a slightly 

exothermic reaction, converting CO and H2O to CO2 and H2, which serves as the main 

reaction in the next step of the Water Gas Shift (WGS).  

S1.2 WGS Process 

The raw syngas produced from gasification is further processed through the WGS 
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to enrich the contents of H2 and CO2. The raw syngas is cooled to around 200°C by 

water quenching in order to facilitate the exothermic reaction of Equation (5) (4, 7). 

The reaction in the WGS converts the CO and H2O in syngas to H2 and CO2. To 

maintain a high conversion efficiency (>95%) from CO to CO2, the H2O/CO ratio in 

the WGS is adjusted to a minimum of 2 (2). The reaction temperature is controlled 

within 250℃and 300℃ to ensure the exothermic conversion proceeds forward to 

produce CO2 and H2. The heat is recovered and channeled for electric power generation 

in a Heat Recovery Steam Generator system (HRSG).    

S1.3 Acid Gases Removal 

A two-stage Rectisol® process is employed for acid gases removal (AGR). Around 

80% of the CO2 can be captured, and virtually all the air pollutants including sulfur 

dioxide (SO2) and carbonyl sulfide (COS), and Hydrogen sulfide (H2S) can be removed 

(2, 4). The syngas from the WGS process is first cooled through heat exchange with the 

lower-temperature and H2-rich gas treated previously by the AGR unit, and then flows 

into two-stage absorbers where H2S and COS are first preferentially removed using a 

methanol solvent. The sulfur-free syngas passes through the second absorber where 

CO2 is separated using a chilled methanol solvent. A portion of the CO2-loaded solvent 

is chilled and sent back to the first absorber, and the rest is pumped to a series of flash 

drums for CO2 regeneration. Through different levels of decompression, the CO2 stream 

is passed from high-pressure (HP), medium-pressure (MP) and low-pressure (LP) flash 

drums and the remaining methanol solvent is first chilled and then sent back to the 

absorbers. Similarly, the sulfur-rich solvent from the first absorber is heated through a 
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series of flash drums to regenerate the H2S and COS, which can be sent to a Claus plant 

for further processing to produce sulfur (14-17). The final hydrogen concentration in 

the syngas treated by AGR is around 90% by volume in a dry gaseous stream.  

The CO2 streams regenerated from the flash drums are compressed to a 

supercritical condition at 150 bar using a multiple-stage, intercooled compressor. Then 

the compressed CO2 is transported and injected into suitable saline formations or oil 

fields for sequestration (1). The major factors that influence the energy consumption 

during the CO2 capture process include recycled use of the chilled methanol solvent 

and the compression of CO2 for storage. The heat duty of pre-combustion CO2 capture 

ranges from 0.7 to 1.2 MJ/kg CO2, much lower than that of post-combustion capture 

(3-4 MJ/kg CO2) (1, 2).  

S1.4 Electricity Generation 

In the CBECCS system, electricity is generated by a gas turbine combined with 

the HRSG. The hydrogen-rich gas from the AGR unit is entrained into an M701G2, a 

state-of-the-art Mitsubishi gas turbine with a maximum output of 370 MW and a 

centrifugal compressor pressure ratio of 21:1 (2). The isentropic efficiency of the gas 

turbine is set at 90% (2, 4). Before combustion, the hydrogen is diluted with water steam 

and nitrogen from the ASU unit to control the hydrogen combustion temperature. The 

combustion system provides around 235% excess air and limits the flame temperature 

of the combustor to 1400℃  for the gas turbine (2). The stoichiometric flame 

temperature (SFT) in the combustor is maintained at approximately 2300 K (~2030℃) 

in order not to exceed NOx emission limits without end-of-pipe de-nitrification systems 
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(18). The exhaust gas from the turbine is sent to the HRSG with a capacity of 170 MW 

for additional generation of electricity. The isentropic efficiency of the steam turbine of 

the HRSG is set at 85% (2, 4). While a considerable portion of the gross electricity 

generated by the gas turbine and HRSG (about 23.9-24.2%) must be used for onsite 

ancillary functions, this leaves more than 75% to be delivered into the electric power 

grid.  

S2 Evaluation of the potential and cost for crop-residue biomass in China 

To evaluate the potential of crop residues, we first determine the amount of 

biomass produced annually and estimate then the amount that could be feasibly 

collected and utilized to produce electricity. Total cost of the crop-residue biomass 

supply is evaluated by accounting for separate costs of collection, processing and 

transportation. The 2015 exchange rate of 6.22 is adopted to convert between US dollars 

and RMB, and all costs are expressed in the US $ value of 2015. The biomass 

distribution data are collected from the National Bureau of Statistics of China (NBSC) 

and existing published reports (19-21). 

S2.1 Potential for crop residues 

Crop residue refers to the biomass left over after harvesting and processing of 

crops such as corn, rice and wheat, of which the availability was estimated on the basis 

of agricultural product yield (22). Following the methods reported by earlier studies 

(23-25), we evaluated the residue production for each province in China based on the 

residue to grain index (R/G index). Using the crop production data derived from the 

NBSC in 2016 (26), we estimated the total dry-basis crop residue production rate at 930 
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million tonnes per year in China, of which approximately 465-651 million tonnes per 

year are assumed to be sustainably recoverable for energy use, with an energy value of 

6.89-9.65 EJ/year (27-29). It is noteworthy that the production of crop residues 

increased at annual rate of 1.75% between 2006 and 2016 (26), reflecting the growth of 

agricultural production in China driven by the expanding population together with 

changes in dietary habits as living conditions improved. High production of crop 

residues occurs in multiple regions of China, including the east, north, northeast and 

south. In particular, the top three provinces in terms of crop-residue biomass potential 

are Henan, Shandong, and Heilongjiang.  

Climate-change may impact future agricultural production and thus potential 

residue supplies. On one hand, agricultural production may benefit from the fertilizing 

effect of elevated CO2  (30). Additionally, Wang et al. reported that the increase in 

temperature in late fall may promote later sowing of winter wheat and later harvesting 

of maize, resulting in an overall 4-6% increase in total grain yield of the wheat-maize 

cropping system of the North China Plain (31). On the other hand, extreme weather 

events like droughts and floods induced by climate change may adversely impact crop 

production (30). In a warming environment, pests and crop diseases may also expand 

their geographic ranges, harming agricultural productivity. Coping with these 

uncertainties may require remediation strategies such as optimization of the entire 

bioenergy supply chains (32-34).  

S2.2 Cost of crop residues 

In the present analysis, we assume that each CBECCS system would require 10–
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24 collection stations to process sufficient crop residues with an average collection 

radius of 10 km. The prices of crop residues ( ܲ) are determined primarily by collection 

costs (ܥ), processing costs (ܥ) and transportation costs (ܥ௧), as follows. 

S2.2.1 Collection cost 

Following the methods of an earlier study by Zhang et al. (35), the total cost for 

collecting crop residues, ܥ, can be calculated by: ܥ = [ ௦ܲ + ௪ଵܥ + ௗଵܥ) + (ଵܥ + ௩ௗଵܥ + [ଵܥ ∙ (1 + భܥ (6)   (ߠ = ଵݍ) + (ଵݍ ∙ ݀1 ∙ ௗܲ  (7) ݀1 =  (ଶగ∙∙ଵ.ହ)ௗೃబ  (ଶగ∙)ௗೃబ = గ∙ோయగ∙ோమ = ܴ	   (8) 

With terms defined as follows. We assume the average distance of crop residues from 

their collection stations, R is 10 km, in which we further assume that the transport 

distance (d1) is 1.5 times the direct distance (r) to take account of zig-zags of roads 

between the residue supplies and collection stations; D refers to the density of crop 

residues; the price of purchasing straw, ௦ܲ=150.0 RMB/t; the cost of labor for shipping 

straw ܥ௪ଵ =40.0 RMB/t; the quantity of diesel consumed by a full-loaded vehicle, ݍଵ=0.063 L/(km∙t), as summarized in Table S9) (36); the quantity of diesel consumed 

by an empty vehicle,	  ଵ=0.042 L/(km∙t) (36); the price of diesel, ௗܲ=6.5 RMB/L (seeݍ

Table S10); the cost of lubricant consumed for shipping straw,	  భ; the cost ofܥଵ=0.15ܥ

vehicle depreciation for transporting crop residues, ܥ௩ௗଵ =2.2 RMB/t; the cost of 

vehicle maintenance, ܥଵ=0.5ܥ௩ௗଵ; and the broker profit estimated as a percentage of 

all of the collection expenses above, ߠ =10%. The total cost of collecting residues is 

thus ܥ= 221.3 RMB/t (35.6 US $/t).  
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S2.2.2 Cost of Processing and storage in collection station 

The cost of processing and storage, ܥ	 (RMB/t), is calculated by: ܥ = ௦௪ܥ] + ܥ + ௦ܥ + ℎ] ∙ (1 + θ)  (9) 

Here, we adopted the cost parameters from a study by Zhang et al. (35): the cost 

of labor at collection stations, ܥ௦௪ =14.2 RMB/t; the cost of energy consumed in 

processing and storage, ܥ= 32.5 RMB/t; the cost of collection station maintenance, ܥ௦=2.0 RMB/t; the cost of holding inventory, ℎ= 17.8 RMB/t. This yields the cost of 

processing and storage, ܥ=73.0 RMB/t. 

S2.2.3 Transportation cost from collection station to CBECCS plants 

The cost of delivery of crop residues from the collection stations to CBECCS 

plants is expressed as ܥ௧ (RMB/t): ܥ௧ = ௪ଶܥ] + ௗଶܥ) + (ଶܥ + ௩ௗଶܥ + [ଶܥ ∙ (1 + మܥ (10)  (ߠ = ଶݍ) + (ଶݍ ∙ ݀2 ∙ ௗܲ   (11) 

Based on the same study (35), we assume that the distance for transporting crop 

residues, d2=70 km; the cost of labor for shipping crop residues ܥ௪ଶ=8.3 RMB/t; the 

quantity of diesel consumed by a full-loaded vehicle, ݍଶ=0.0125 L/(km∙t) (36); the 

quantity of diesel consumed by an empty vehicle,	  ଶ=0.0083 L/(km∙t) (36); the priceݍ

of diesel, ௗܲ =6.5 RMB/L; the cost of lubricant consumed for shipping crop 

residues, 	  ௩ௗଶ; and the broker profit estimated as a percentage of all of the transportationܥଶ=0.5ܥ ,௩ௗଶ =1.8 RMB/t; the cost of vehicle maintenance for shipping crop residuesܥ ,మ ; the cost of vehicle depreciation for shipping crop residuesܥଶ =0.1ܥ

expenses above, ߠ = 10%. The cost of transporting crop residues is thus	   = 23.6ܥ

RMB/t. 
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S2.2.4 Price of crop residues at CBECCS power plants 

The price at the power plant, ܲ, is: 

ܲ = ܥ + ܥ +  ௧   (12)ܥ

Based on the preceding estimation, ܲ = 317.9 RMB/t (51.1 US$/t). In practice, 

the price of biomass in China available for use at power plants has been observed to be 

310 RMB/t to 400 RMB/t, or 49.8 US $/t to 64.3 US $/t (35, 37). Compared with 70.0 

US $/t in US, the lower prices of biomass in China are attributed primarily to lower 

labor costs (38), as collection and processing of crop residues consist of very labor-

intensive activities. 

S3 Life-Cycle GHG Emissions 

S3.1 Goal and scope 

The scope for the life-cycle analysis (LCA) includes all operations required for 

the production of biomass, coal mining and processing, coal and biomass transportation 

and maintenance, as well as the operation of the CBECCS system. Here we take wheat 

straw as a representative case for the LCA evaluation of GHG emissions from use of 

crop residues for energy in China. The production of auxiliary equipment contributes 

negligible emissions compared to those of other included sources and are not taken into 

account the present analysis (39). The reference unit selected here is one kWh of 

generated electricity delivered to the grid. In addition, the R/G index on an energy basis 

is set as 1.2 following current literature (40). 

S3.2 Upstream GHG emission of crop-residues  

S3.2.1 Direct and indirect GHG emissions of crop (wheat) production 

The major direct GHG emissions associated with wheat production involve CO2 
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emissions associated with the loss of soil organic carbon (SOC) and N2O emissions 

resulting from application of nitrogen fertilizer. Using an SOC of 377.2 kg/(ha·yr), the 

average value for the three largest wheat-producing provinces (Hebei, Henan and 

Shangdong) in China (26, 41, 42), we estimate the direct CO2 emission factor for wheat 

production as 0.31 t CO2-eq /t wheat. According to IPCC 2006 Guidelines, the N2O 

emissions can be evaluated by using a combination of factors including nitrogen 

fertilizer usage for wheat cultivation (608.6 kg N fertilizer /(ha·yr)) (43), the nitrogen 

content of nitrogen fertilizer of 300 g/kg, the IPCC default value of conversion factor 

from nitrogen content to N2O emissions (0.01 kg N2O/kg N) in dry land, together with 

the wheat production per hectare crop field (43-45). The N2O emissions associated with 

wheat planting are estimated at 0.39 g/kg wheat, equivalent to 0.12 t CO2-eq /t wheat. 

The direct GHG emissions associated with crop production are summarized in Table 

S11.  

Indirect emissions refer to emissions resulting from the production of materials 

and energy required for agricultural activities, which include fertilizers, pesticides, 

equipment and diesel, as summarized in Table S11 (46-48). This study mainly considers 

three major GHGs associated with crop-residue biomass, namely CO2, CH4 and N2O. 

For global warming potential on a timescale of 100 years, 1 g of CH4 and 1 g of N2O 

are equivalent to 25 g and 298 g of CO2, respectively (48, 49).  

S3.2.2 GHG emissions during collection and transportation of crop residues  

Crop residues on farm land would be collected and transported to collection 

stations, and after initial processing, they would be finally delivered by trucks to 
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CBECCS power plants. The diesel consumption rate of trucks is listed in Table S9, and 

the associated GHG emissions during collection and transportation of biomass are 

summarized in Table S10. The present analysis differentiates the GHG emissions from 

the loaded and unloaded modes of trucks during their round trips.  

In addition, biomass is lost (wasted) during collection, storage and transportation 

and this would incur an increase of pre-combustion emissions per unit delivered 

biomass. The overall loss rates reported in literature vary from 3% to 10.9% during 

transportation and storage, relative to the initial dry matter (50, 51). In the present 

analysis, we adopted a loss rate of 5% of the crop residue under transport and storage 

conditions in the LCA of GHG emissions. As calculated in Table S11, the overall pre-

combustion GHG emissions of crop residue (wheat) would increase to 15.6 g CO2-

eq/MJ including consideration of the losses.  

S3.3 Upstream GHG emissions of coal 

The upstream GHG emissions for coal delivered to power plants include not only 

the CO2 emissions associated with the energy consumed in the mining, extraction and 

transportation processes, but also the methane released during mining and extraction 

(52). Data for coal mine commissioning and construction are from the Mining 

Engineering Design Handbook (53). Data for coal mining operations are collected from 

the China Coal Industry Yearbook (54). The average electricity consumption for mining 

processes is 26.7 kWh/t coal, and coal consumption is 10.9 kg/t coal (39). Data for coal 

transportation are based on the China Traffic Yearbook (39, 55). In 2005, diesel 

locomotives were used for 57.3% of total coal transportation, for which the diesel use 
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was 24.6 kg/(104t · km). The remaining 42.7% of coal is transported by electric 

locomotives, which consumes 111.8 kWh/(104t·km) (39). As calculated in Table S12, a 

value of 9.5 g CO2-eq/MJ is adopted for pre-combustion GHG emissions for coal in the 

present analysis, compared to a the range of 7.3 g CO2-eq/MJ to 29.0 g CO2-eq/MJ 

reported in existing literature (52, 56).  

S3.4 Combustion GHG emissions  

The combustion of crop residues in CBECCS systems is deemed not to contribute 

additional CO2 emissions, as their organic carbon was derived from CO2 in the 

atmosphere through photosynthesis in the growing process.  

Carbon emissions from coal combustion are calculated per kWh of electricity 

generation. The data of net generating efficiency, emissions before flue-gas cleaning 

systems, and the amounts of flue gas for a full load of coal fired power plants are derived 

from operational reports and feasibility studies of currently operating power plants (39). 

As summarized in Table S13, the operational data for IGCC and CBECCS systems used 

in this study are derived from the Tianjin IGCC power plant (39) . The CO2 emissions 

per kWh electricity generated by the CBECCS systems vary also as a function of 

biomass ratios and the associated net efficiency for electricity generation, and are 

estimated through the Aspen Plus simulation.  

S3.5 GHG emissions associated with plant construction 

The power plant construction data are collected from the Thermal Power 

Engineering Design Handbook (39, 57). The IGCC construction data are collected from 

U.S. National Energy Technology Laboratory reports (39, 58). Here, we assume that 
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the carbon emissions associated with CCS facility construction are the same as those of 

the IGCC system on the basis of per capital investment. With assumptions of plant 

lifetimes of 35 years and capacity factors of 80%, the CO2 emissions associated with 

plant construction are 0.55 g CO2-eq/kWh, 0.81 g CO2-eq/kWh, 0.88 g CO2-eq/kWh 

respectively for IGGC, supercritical pulverized coal plants (SC-PC), and CBECCS 

systems (see Table S13).   

S4 Economic analysis 

The levelized cost of electricity generation (LCOE) using the CBECCS systems 

is evaluated using a cash flow model with considerations of overnight capital 

investment, operational and maintenance (O&M) costs, and expense for fuel (14). The 

overnight capital cost includes both total plant cost (TPC) and owner’s cost (OC). The 

TPC here refers to expense for site preparation, and the costs of the equipment for fuel 

preparation, ASU, gasification, WGS, AGR, gas and steam turbines and their related 

devices. Given little literature discussing the ratio of the OC/TPC ratio in China, we 

opted to follow results reported by the US National Energy Technology Laboratory 

(NETL) and took 13.6% for the OC/TPC ratio in the present analysis (15). Following 

the financial parameters reported by the Asian Development Bank (ADB), we adopted 

the overnight capital cost of 2085.0 $/kW for the CBECCS-Br0 with a CO2 capture rate 

of 90%, and the capital costs of 234.1 $/kW and 214.0 $/kW respectively for CO2 

transport and storage (5). The construction period is assumed to be three years, with the 

first, second and third years allocated respectively with 20%, 60% and 20% of the total 

capital investments (see Table S14). 
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The O&M cost includes expenses associated with operating and maintaining the 

power plants over their expected lifetimes, which can be classified into fixed and 

variable O&M costs. Based on the ADB and NETL for IGCC-CCS system, the fixed 

and variable O&M costs are chosen as 113.5 $/kW/yr and 9.1 $/MWh respectively 

(Table S14). The fixed and variable O&M costs of CO2 transport and storage are also 

shown in Table S14. The higher the biomass ratio, the larger the volume of feedstock 

need to be handled, and therefore the larger the size of gasifier and the more labor that 

is required (59, 60). In particular, the capital investment and fixed O&M costs are 

assumed to increase respectively by 1% and 3% for every 10% increment of biomass 

ratio, due to the larger volume of feedstock (61, 62). In the case of biomass blends, 

more labor is required for the feedstock treatment and more oxygen is needed to reach 

a suitable temperature inside the gasifier. The price for coal is selected as US $ 80 /ton, 

reflecting the average coal prices in 2017 and 2018 for typical power plants in the Bohai 

region of China (63). The costs of biomass are discussed and estimated in section S2. 

The cash flow model (64) used to evaluate the LCOE for CBECCS systems is expressed 

through equations (13) and (14): ܥ௧௧ = ܥ ∙ ቂ (ଵା)(ଵା)ିଵቃ ∙ (1 + ௧(ݎ + Fைெ + ைܸெ + ௨ܥ + ௧௫  (13) LCOEܥ = ೌா    (14) 

where ܥ௧௧	 is the total annual cost; ܥ (US$) is the capital cost of the plant; ݎ is the discount rate; n (yr) is the operational lifetime; t (yr) is the construction time; Fைெ  (US $/kW/yr) and ைܸெ  (US$/MWh) indicate the annual fixed and variable 

O&M costs, respectively; ܥ௨ (US $) is the annual fuel cost; ܥ௧௫ (US $) is the 
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annual carbon tax expenditure; and E (MWh) is the annual electricity generation. The 

value of ݎ in this study is chosen as 7% to reflect the social return rate (65). The 

breakdown of LCOE for these cost elements is shown in Fig. S2 for coal-fired power 

plants and CBECCS systems with and without carbon taxes. Sensitivity analyses of the 

LCOE in response to variations in capital costs, fixed O&M, variable O&M social 

discount rate and fuel prices are illustrated in Fig. S3. 

S5 Potential co-benefits to air pollution  

The benefits of CBECCS system in reducing the emissions of air pollutants come 

from two aspects: one is rooted in the reduction of open field (OBB) and domestic 

(DBB) biomass burning, and the second is associated with the emissions mitigated 

through the CBECCS process.  

S5.1 Biomass burning  

Open and domestic biomass burning (OBB and DBB) are still common ways to 

dispose of crop residues after harvests in China. Previous studies estimated that 17-

25.6% and 40% of China’s crop wastes were burned directly in open field and in 

households, respectively, resulting in emissions of a number of air pollutants such as 

SO2, NOx, particulate matter (PM), and volatile organic compounds (VOCs) (66, 

67). The emissions from open field burning of crop residues can be estimated on the 

basis of crop yield, R/G index, burning efficiency and emission factors as follows:  M = ܯ ∙ C ∙ C ∙ C  (15) 

where ܯ  refers to the air pollutants emitted from the direct burning of crop 

residues; ܯ is the total crop yield in China (as discussed in section S2.1 on biomass 
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distribution); C is the R/G index for crops residues (Table S7); C (%) is the direct 

burning ratio for crop residues; and C (g/kg) is the emission factor for corresponding 

air pollutants produced in burning of crop residues. The open burning ratio (C) for 

crop residues is taken as 20% (68). Emission factors for biomass open burning, C, are 

derived from previous studies (66, 69, 70) and summarized in Table S15. When the 

crop residues are used in CBECCS systems, air pollutant emissions from OBB 

discussed above would be avoided.  

In addition, the demand for crop residues of CBECCS system is expected to 

reduce the burning for household use (i.e., DBB), contributing to an additional 

reduction in air pollutants should crop residues be replaced by clean energy. Here, the 

burning ratio of DBB is chosen as 40%.  

S5.2 CBECCS system  

In contrast to traditional pulverized coal-fired (PC) power plants, nearly all of the 

particulates, mercury, and compounds containing nitrogen or sulfur can be removed 

from syngas before combustion in CBECCS systems, offering an effective way to 

reduce emissions of air pollutants (14). As a result, per kWh emissions of SO2, NOx, 

PM2.5 and black carbon (BC) from a CBECCS plant are significantly lower compared 

to those of traditional PC plants (Table S16). The emission reduction in air pollutant k 

by CBECCS system (ܯாௌ ) can be calculated as follows:   ܯாௌ = ൫ܥ − ாௌܥ ൯ ∙  ாௌ   (16)ܧ

where ܥ  (g/kWh) and ܥாௌ  (g/kWh) are the emission factors of air 

pollutant k associated with production of one kWh of electricity respectively by PC and 
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CBECCS power plants; and ܧாௌ  (kWh) represents electricity generation by 

CBECCS displacing that of PC plants. In particular, k represents air pollution species 

of SO2, NOx, primary PM2.5 and BC. 

S6 Spatial distribution of crop residues, air pollution and carbon storage 

capacity in China 

The spatial patterns of crop residue availabilities and air pollutant emissions 

provide a preliminary guideline for the deployment of the CBECCS systems discussed 

in this analysis. The amount of crop residues by province is calculated based on crop 

yields from the NBSC and the R/G index for each type of crops derived from existing 

studies (23, 25). As illustrated in Table S17, crop residues especially concentrated in 

major grain producing areas one of which includes Henan, Shandong and Hebei 

provinces amounting respectively to 100.89 Mt, 84.39 Mt and 62.67 Mt annually. The 

annual yields of rice and wheat straw crop residues in Anhui and Jiangsu are also 

relatively high, amounting respectively to 44.17 Mt and 38.18 Mt. The northeast 

provinces of Liaoning, Jilin and Heilongjiang, as a main production area for corn and 

rice, respectively yield 36.61 Mt, 66.72 Mt and 86.87 Mt of crop residues annually. The 

potential storage capacity for CO2 is mainly distributed among seven regions of China 

(see Table S18), namely Huabei, Dongbei, Yuwan, Ordos, Jianghan-Dongting, Sichuan 

and Xinjiang basins (see Table S18). Huabei and Yuwan basins, covering the same 

Hebei, Henan, Shandong and Anhui provinces that produce a lot of crop residues, have 

abundant sequestration capacities of CO2, which are estimated at 264 Gt and 186 Gt. 

Given these capacities, the deployment of 116 CBECCS power plants in the proposed 
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provinces theoretically would not face limits of carbon storage capacity for more than 

2000 years. 

The highest pollution emissions occur in the eastern part of China, particularly in 

the North China Plain and the Yangtze River Delta (71). As shown in Table S17, 

Shandong, Henan, Hebei and Anhui are among the top ten provinces for emissions of 

SO2, NOx, PM2.5 and black carbon. Previous studies have demonstrated that burning of 

fossil fuel and biomass are the most important sources for air pollution in these regions 

(71-73). As shown in Fig. S4, large amounts of coal-fired power generation are found 

also in these four provinces, where locates the top ten provinces in terms of annual crop 

residue yield. Shandong, Henan, Hebei and Anhui thus appear to offer particularly 

strong potential for air pollution abatement with the deployment of CBECCS systems. 
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Appendix 1: Tables 
Table S1: Design parameters in Aspen Plus simulation for CBECCS systems.  

 

Unit Parameters 

Air separation unit (ASU) Oxygen purity: 95% (vol.) 

Oxygen and Nitrogen delivery pressure: 2.37 bar 

ASU power consumption: 225 kWh/ton O2 

Additional gas compression efficiency: 85% 

 

Coal and biomass preparation and handling Electric power consumption of coal: 0.29% of input coal 

Biomass handling: 20 kJ/kg biomass 

Aspen plus module: Crusher 

 

 

Gasification plant (Entrained-flow) Steam/coal ratio (kg/kg): 0.12 

Steam/biomass ratio (kg/kg): 0.068 

O2 pressure to gasifier: 40 bar 

Gasification pressure: 40 bar 

Gasification temperature: 1400 oC by adjusting O2 input 

Carbon conversion: 99% 

Pressure drop: 1.5 bar 

Electric power consumption: 1% of input fuel LHV 

The total amount of feedstock energy: ~1112 MW by adjusting biomass input

Aspen plus module: RYIELD, RGIBS, Separation column 
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Syngas quench  Cooling type: water scrubber 

Temperature after quench: ~ 210 oC 

 

 

Water gas shift (WGS) Sulfur tolerant catalyst (sour shift) 

Two shift stages (fixed-bed) 

First stage thermal mode: adiabatic 

Second stage thermal mode: Isothermal 

No external steam input required in either stage 

Pressure drop: 3 bar 

CO conversion: ~ 98% 

Aspen plus module: RStoic 

 

 

Acid gas removal (AGR) and CO2 compression Solvent: Rectisol® (low temperature methanol washing) 

Separate H2S and CO2 capture 

H2S removal rate: 99.9% 

CO2 removal rate: ~ 80% 

H2S recovery: Thermal processed and sent to Claus 

CO2 recovery: Pressure drop and compression (150 bar) 

Aspen plus module: Absorber, distillation, RStoic 

 

Gas turbine Turbine type: M701G2 

Isentropic efficiency: 90% 

Gas input temperature: 1400 oC  
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Gas outlet temperature: ~ 610 oC 

Aspen plus module: RGIBS, Compressor, Heater 

 

Heat recovery steam generator (HRSG)  Three pressure levels: 118 bar (HP); 34 bar (MP); 3 bar (LP) 

LP turbine exhaust pressure: 0.046 bar 

Steam turbine isentropic efficiency: 85% 

Aspen plus module: Heat exchanger, Compressor 

 

 

Heat exchangers Pressure drop: 1% of input pressure 

△Tmin = 10 oC (gas-liq), 20 oC (gas-gas) 
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Table S2: Key performance indicators for the five CBECCS systems.  
 

System name CBECCS-Cr CBECCS-CrB1 CBECCS-CrB2 CBECCS-CrB3 CBECCS-CrB4 

Biomass mass ratio % 0 20 35 70a 100 

Gross electricity efficiency (%) 48.88 49.09 49.16 49.44 46.82 

Net electricity efficiencies (%) 37.06 37.28 37.35 37.67 34.92 

Carbon capture rate (%) 87.71 87.70 87.69 87.65 87.58 

Life-cycle GHG emission (kg/MWh) 214.94 105.40 14.73 -261.45 -650.94 

Comments Pure coal yields high 

CO2 emissions

20% biomass ratio 

yields zero CO2 

emissions

35% biomass ratio 

yields almost zero 

life-cycle CO2-eq 

emissions

70% biomass ratio 

yields negative CO2 

emissions

Pure biomass yields 

negative CO2 

emissions 

a This biomass ratio considers the size of the availability of feedstock and road congestion issue in feedstock supply (74). 
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Table S3: Main characteristic of plant streams for CBECCS-CrB0.  

Steam Coal Biomass Oxygen 

(gasification) 

Water 

(gasification) 

Raw 

syngas 

Quenched 

syngas 

Shifted 

syngas 

H2-rich gas Nitrogen 

(to GT) 

Flue gas 

(ex.GT) 

Temperature 

(ºC) 
Ambient Ambient 411.59 15.14 1399.96 205.48 305.01 30.00 339.78 612.21 

Pressure  

(bar) 
Ambient Ambient 40.00 40.00 38.50 37.50 31.50 28.00 25.50 1.00 

Molar flow 

(kmol/h) 
  3231.54 1092.24 14027.02 25895.41 29751.65 13255.76 7100.00 88009.41 

Mass flow 

(kg/h) 
163975  104222 19677 279218 493026 562497 79721 199147 2404550 

Composition  

(% vol.): 
    

  N2             1.96 0.73 0.40 0.35 0.73 99.59 75.39 

  H2             31.21 16.91 40.06 89.69 0 0 

  O2             93.88 0 0 0 0 0.17 9.02 

  H2O           100 7.90 50.11 31.24 0 0 13.51 

  AR            4.16 0.96 0.52 0.45 0.91 0.24 0.76 

  CO            54.85 29.71 0.52 1.07 0 0 

  CO2           4.25 2.30 27.35 7.54 0 1.30 

  SO2            0.01 0 0 0 0 0 

  COS           0.02 0.01 0.01 0 0 0 

  H2S            0.07 0.04 0.04 0 0 0 
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Table S4: Main characteristic of plant streams for CBECCS-CrB2  

Steam Coal Biomass Oxygen 

(gasification) 

Water 

(gasification) 

Raw 

syngas 

Quenched 

syngas 

Shifted 

syngas 

H2-rich gas Nitrogen 

(to GT) 

Flue gas 

(ex. GT) 

Temperature 

(ºC) 
Ambient Ambient 411.59 15.11 1400.84 214.03 304.98 30.00 339.78 608.71 

Pressure  

(bar) 
Ambient Ambient 40.00 40.00 38.50 37.50 31.50 28.00 25.50 1.00 

Molar flow 

(kmol/h) 
  3373.03 1055.79 15416.75 29232.39 32578.44 12938.43 7100.00 86250.40 

Mass flow 

(kg/h) 
118000 78245 108749 19020 308716 557609 617889 78730 199147 2357390 

Composition  

(% vol.): 
    

  N2             1.88 0.68 0.36 0.32 0.75 99.59 75.44 

  H2             29.78 15.71 35.64 89.53 0 0 

  O2             94.14 0 0 0 0 0.17 9.04 

  H2O           14.97 55.16 38.22 0 0 13.43 

  AR            3.99 0.87 0.46 0.41 0.91 0.24 0.76 

  CO            46.45 24.50 0.44 1.01 0 0 

  CO2           7.14 3.77 24.92 7.73 0.00 1.31 

  SO2           0.01 0 0 0 0 0 

  COS           0.01 0 0 0 0 0 

  H2S            0.09 0.05 0.04 0 0 0 
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Table S5: Key performance indicators for CBECCS CrB0-CrB4  

Main Plant Data Units CBECCS-CrB0 CBECCS-CrB1 CBECCS-CrB2 CBECCS-CrB3 CBECCS-CrB4 

Coal flow  kg/h 163975 142500 124500 69000 0.1 

Crop residue flow  kg/h 0 36548.63 67182.88 161639.00 279070 

Coal energy rate  % 100.00 86.90 75.93 42.08 0 

Crop residue energy rate  % 0 13.10 24.07 57.92 100.00 

Coal mass rate  % 100.00 79.59 64.95 29.92 0 

Crop residue mass rate  % 0 20.41 35.05 70.08 100 

Feedstock thermal energy LHV (A) MW 1100 1100 1100 1100 1100 

  

Thermal energy of syngas (B) MW 899.84 886.74 877.21 856.48 827.48 

Cold gas efficiency (B/A*100) % 81.80 80.61 79.75 77.86 75.23 

Thermal energy of syngas exit AGR (C) MW 814.44 804.21 796.92 780.79 757.04 

Syngas treatment efficiency (C/B*100) % 90.51 90.69 90.85 91.16 91.49 

  

Gas turbine output  MW 373.13 368.69 365.56 358.81 348.78 

Steam turbine output MW 164.58 171.29 175.19 185.03 166.29 

Gross electric power output (D) MW 537.72 539.98 540.75 543.84 515.07 

  

ASU consumption and O2 compression MW 34.36 35.08 35.57 36.57 38.06 

Gasification island power consumption MW 14.05 13.92 13.80 13.43 12.87 

AGR and CO2 compression MW 62.47 61.77 61.32 60.31 60.89 

Power island power consumption MW 19.19 19.18 19.17 19.16 19.16 

Total ancillary power consumption (E) MW 130.07 129.94 129.86 129.47 130.97 

   

Net electric power output (F=D-E) MW 407.65 410.04 410.89 414.37 384.09 
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Gross electrical efficiency (D/A*100) % 48.88 49.09 49.16 49.44 46.82 

Net electric LHV efficiency (F/A*100) % 37.06 37.28 37.35 37.67 34.92 

Net electric HHV efficiency % 35.70 35.60 35.43 35.18 32.16 

Carbon capture rate % 87.71 87.70 87.69 87.65 87.58 

CO2 specific emissions kg/MWh 122.75 6.53 -89.98 -383.75 -807.66 
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Table S6: Feedstock characteristics for coal and biomass (24). 

 Inner Mongolia

bituminous 

Wheat straw

Proximate Analysis (% wt. as-received) 

Fixed Carbon 53.19 13.92

Volatile Matter 28.29 59.50

Ash 4.24 11.58

Moisture Content 14.29 15

Lower Heating Value (MJ/kg) 24.15 14.19

 

Ultimate Analysis (% wt. dry basis) 

Carbon 70.65 40.39

Hydrogen 4.69 6.26

Oxygen 19.38 38.85

Nitrogen 0.79 0.56

Chlorine 0 0

Sulfur 0.25 0.31

Ash 4.94 13.63

 

Calorific value (MJ/kg, dry basis) 

  

Lower Heating Value (MJ/kg) 28.18 16.69

Higher Heating Value 29.25 18.12



  31

 
Table S7: The Residue to Grain index and LHV for crops residues (23-25). 

Agriculture groups Rice Wheat Corn Beans Tubers Cotton  Oil crops Sugarcane Other grains

Residue to Grain index (R/G index, dry-basis) 0.62 1.2 2 1.5 1 3 2 0.1 2.5

LHV  

(MJ/kg, dry-basis) 
14.61 16.69 16.99 17.19 16.72 17.89 19.06 16.65 16.26
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Table S8: The crop production, crop residue resource, electric generation capacity, number of plants, and crop residue collection area in China for the CBECCS-CrB2 system. 

Region Crop  

(Mt, dry-basis) 

Available crop 

residues  

(Mt, dry-basis) 

Crop residues 

requirement  

(Mt, dry-basis) 

CBECCS-CrB2 

capacity (GW) 

Number of Plants Capacity factor 

(%) 

Crop residue  

collection area  

 (100 km2) 

North China 86.01 148.44 36.08 24.32 59 80 16.98 

Northeast  120.84 190.20 46.23 30.71 75 80 14.41 

East China  163.66 196.81 47.84 31.43 77 80 24.27 

South Central 

China  252.12 197.91 48.11 31.73 77 80 26.93 

Southwest  103.15 108.64 26.41 17.45 43 80 29.98 

Northwest  55.48 87.26 21.21 14.36 35 80 22.33 

Total 781.26 929.26 225.88 150 366 80  
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Table S9 Diesel consumption rate by trucks in China (36). 

 
Unit 0-2t 2-4t 4-8t 8-20t 20t + 

Average load capacity t 1.2 3.2 5.7 14 28 

Load capacity utilization rate 90% 110% 120% 130% 140% 

Fuel consumption (loaded) L/100 km 15.1 20.2 25.1 30.7 35 

Fuel consumption (unloaded) L/100 km 10.1 13.5 16.7 20.5 23.3 
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Table S10 Energy, GHGs and price of diesel consumed directly in agricultural transport (75). 

Fuel 

type 

Energy 

(MJ/L) 

CO2 (kg/L) CH4 (g/L) N2O 

(g/L) 

GHG 

intensity (kg 

CO2-eq/L) 

Cost 

(RMB/L) 

Cost 

(US$/L) 

Diesel 35 2.7 0.14 0.14 2.78 6.5 1.05 
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Table S11 GHG emissions in agricultural processes and transportation. 

Agricultural processes GHG intensity ((t CO2-eq/t)) Consumption per wheat ((t/t wheat)) GHG emission ((t CO2-eq/t wheat a)) 

Indirect    

Nitrogenous fertilizer (40, 49) 1.64 2.97E-02 4.87E-02 

Phosphatic fertilizer (40, 49) 1.05 1.40E-02 1.47E-02 

Potash fertilizer (40, 49) 0.03 3.09E-03 9.26E-05 

Pesticide (40, 49) 3.00 4.20E-04 1.26E-03 

Equipment (76) 1.39 1.16E-03 1.61E-03 

Diesel (76) 0.45 2.37E-03 1.07E-03 

Direct (26, 41-45)    

CO2   3.08E-01 

CH4   0.00E+00 

N2O   1.17E-01 

Subtotal   4.87E-01 

Subtotal with allocation based on energy   2.41E-01  

Collection and transportation processes 

(75) 

GHG intensity (t CO2-eq/ 

(t∙km)) 

Distance (km) GHG emission (t CO2-eq/t wheat straw) 

Collection    

Diesel 2.9E-04 10  2.93E-03 

Transportation    

Diesel 5.8E-05 70  4.09E-03 

Subtotal   7.02E-03 

Total processes    

Total emission (t CO2-eq/t)   2.48E-01 
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Total emission (g CO2-eq/MJ)   1.48E+01  

Total emission (g CO2-eq/MJ)b   1.56E+01  

 

a. The quantity of wheat straw based on dry-basis. 

b. The total emission considering the loss during transportation and storage.  
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Table S12 Upstream GHG emissions of crop residue as compared with coal (39).  

 Biomass  Emission intensity 

(g CO2-eq/MJ) 

Coal  Emission intensity 

(g CO2-eq/MJ) 

 Indirect agricultural processes 2.00 Mine commissioning 0.00 

 Direct agricultural processes 12.38 Mine construction 0.03 

 Collection processes 0.18 Mine operation 7.85 

 Transportation processes 0.26 Transport construction 0.04 

 Biomass loss 0.78 Transportation of coal 1.56 

 Total 15.60 Total 9.49 

 
  



  38

Table S13 GHG emission during construction and operation for IGCC, SC-PC and IGCC-CCS (39). 

 

Process (g CO2-eq/kWh) IGCC SC-PC IGCC-CCS 

Plant construction 0.55 0.81 0.88 

Plant operation 723 774 122 

Capacity factor (%) 80 80 80 

Total 723.55 774.81 122.88 
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Table S14 Economic parameters different power generation systems.  

 

 SC-PC (5) IGCC (5) CBECCS-

CrB0 (5, 15)

CBECCS-

CrB2 (5, 15) 

IGCC from NETL (15) IGCC-CCS from 

NETL(15) 

 

Total plant cost ($/kW) 690 1395 2229 2306 2578 3860 

Owner’s cost ($/kW) 94 190 304 315 351 526 

Overnight Capital cost ($/kW)a 784 1585 2533 2621 2929 4386 

Fixed O&M ($/kW/yr) 31.35 68.32 113.53 125.45 94.78 133.96 

Capacity factor (%) 80 80 80 80 80 80 

Variable O&M ($/MWh)b 3.62 3.69 9.09 9.09 9.23 22.73 

Coal cost ($/MJ, LHV basis) 3.31 3.31 3.31 3.31 2.90 2.90 

Biomass cost ($/MJ, LHV basis) 3.52 3.52 3.52 3.52 4.93 4.93 

Construction time/Lifetime (yr)c 3/35 3/35 3/35 3/35 3/35 3/35 

Net power LHV efficiency (%) 42.56 45.56 37.06 37.35 41.20 32.20 

a The overnight capital cost includes both total plant cost (TPC) and owner’s cost (OC). 

b The variable O&M for SC-PC, IGCC, CBECCS-CrB0 and CrB2 in China are assumed as 60% of the NETL data (77).  
c The construction period is assumed to be three years and 20%, 60% and 20% of the capital costs are allocated respectively for the first, second and third years. 
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Table S15 Emission factors for open biomass burning (OBB) and domestic biomass burning (DBB) (69). 

 

Sample (kg/t) SO2 NOx PM10 PM2.5 BCa 

Domestic burning (DBB) 

Rice 0.53 0.42 3.32 1.66 0.066 

Wheat 0.53 0.86 11.22 5.61 0.22 

Corn 0.53 0.76 4.90 2.45 0.098 

Cotton 0.53 1.29 12.08 6.04 0.24 

Sugarcane 0.53 0.90 12.54 6.27 0.25 

Other 0.53 1.29 7.88 3.94 0.16 

      

Opening Burning (OBB) 

Rice 0.53 1.29 19.3 9.65 0.37 

Wheat 0.85 3.30 15.2 7.60 0.30 

Corn 0.44 4.30 23.4 11.7 0.47 

Cotton 0.53 1.29 19.3 9.65 0.39 

Sugarcane 0.53 1.29 19.3 9.65 0.39 

Other 0.53 1.29 19.3 9.65 0.39 
a The emission factor of BC is evaluated based on the emission factor of PM2.5. 
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Table S16 Emission factors of air pollutants for different power generation technology (78).  

 Sub-critical PCa

(g/kWh)

Supercritical  PCa

(g/kWh)

Ultra-supercritical PCa

(g/kWh)

IGCCa

(g/kWh)

CBECCS-CrB2b 

(g/kWh) 

SO2 0.982 0.934 0.870 0.054 0.008 

NOx 0.771 0.733 0.683 0.228 0.180 

PM 0.298 0.283 0.264 0.049 0.026 

Net power LHV 

efficiency (%) 
40.48 42.56 45.67 45.56 37.35 

a. The pollutant emissions for PC and IGCC are calculated from the average emissions in China in 2015 

b. The pollutant emissions for CBECCS-CrB2 are derived from the NETL 
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Table 17 Top ten provinces for electricity demand, thermal power generation, coal consumption, available biomass, and air pollutant emissions.  

 

Ranking 
Electricity 

demand 

Thermal 

generation 

Coal 

consumption 

Available  

crop residue 

SO2  

emissions  

NOx  

emissions  

PM2.5  

emissions  

BC  

emissions  
 

1 Guangdong Jiangsu Shandong Henan  Shandong Shandong Shandong Shandong  

2 Jiangsu Shandong Shanxi Shandong Guizhou Guangdong Hebei Hebei  

3 Shandong Inner Mong. Inner Mong. Heilongjiang  Henan Henan Henan Henan  

4 Zhejiang Guangdong Hebei Jilin  Shanxi Hebei Jiangsu Jiangsu  

5 Hebei Henan Jiangsu Hebei  Inner Mong. Jiangsu Anhui Anhui  

6 Henan Shanxi Henan Inner Mong.  Sichuan Anhui Hunan Hunan  

7 Inner Mong.  Zhejiang Shanxi Anhui  Hebei Inner Mong. Heilongjiang Heilongjiang  

8 Liaoning Hebei Liaoning Sichuan Hubei Zhejiang Inner Mong. Inner Mong.  

9 Sichuan Anhui Guangdong Xinjiang  Hunan Sichuan Shanxi Shanxi  

10 Xinjiang Xinjiang Xinjiang Jiangsu  Jiangsu Liaoning Guangxi Guangxi  
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Table S18 Regional CO2 storage capacity, biomass supply and the number of CBECCS-CrB2 power plants envisaged in this study, the electricity supply, and pollutant 

emissions. 

a. data source from Li et al. b with assumption of CO2 capture rate at 90%; c. covering Hebei, Beijing, Tianjin, Sanxi, Liaoning, and Shandong provinces; d. covering Jilin and 

Heilongjiang provinces; e. covering Henan and Anhui provinces; f. covering Inner Mongolia and Shanxi provinces; g. covering Hunan and Hubei provinces; h. covering 

Chongqing and Sichuan province; and i. covering Xinjiang.  

Region 

Total 

CO2 

storage 

capacity 

(Gt) a 

Oil field  

CO2 storage 

capacity 

(Gt) 

Biomass supply 

(PJ) 

Number of 

CBECCS-

CrB2 power 

plant b  

Biomass 

required for  

CBECCS-

CrB2 (PJ) 

CO2 storage 

capacity 

required for  

CBECCS-

CrB2 (Mt) 

Electricity 

demand 

(TWh) 

Percentage 

of thermal 

power (%)

SO2  

emissions

 (kt) 

NOx  

emissions

 (kt) 

PM2.5  

emissions 

 (kt) 

Huabei 

basin c 
264.18 1.90 3611.17 175 880.77 186.42 1431.81 80.1 4393.06 5399.30 2315.75 

Dongbei 

basin d 
360.19 1.60 1323.57 124 322.82 68.33 156.43 123.0 593.44 1040.72 827.84 

Yuwan 

basin e 
186.07 0.07 2569.91 119 626.81 132.67 478.41 86.0 1584.78 2343.78 1175.00 

Ordos 

basin f 
258.47 0.36 2450.97 64 597.80 126.53 396.21 92.8 1550.96 1416.83 650.47 

Jianghan-

Dongting 

basin g 

52.82 0.02 950.73 46 231.89 49.08 325.88 51.0 1733.81 1445.97 858.41 

Sichuan 

basin h 
78.67 0.02 1009.05 49 246.11 52.09 302.59 29.2 1620.99 1225.81 541.27 

Xinjiang 

basin i 
998.15 0.39 1286.55 31 313.79 33.21 231.65 88.9 418.34 623.94 269.28 
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Appendix 2: Figures 

Fig. S1 The composition of various coal and crop fuels in China with respect to the proximate and 

ultimate analysis. (a): coal; (b): biomass. (FC: Fixed carbon; VM: volatile matter; MC: Moisture content) 
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Fig. S2 Levelized cost of electricity (LCOE) of building and operating SC-PC, IGCC, and CBECCS 

power plants without a carbon tax (bars) and with a carbon tax at $40/t CO2 (purple squares) and 

$52.0/t CO2 (red circles). The costs for plants without a carbon tax are broken down for capital cost, the 

fixed and variable O&M costs, and coal and crop residue costs.  
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Fig. S3 Sensitivity analyses of various input parameters including capital cost, fixed O&M cost, variable 

O&M cost, social discount rate, coal price and biomass price, for (a): CBECCS-CrB2; (b): CBECCS-

CrB3; (c): CBECCS-CrB4. 
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Fig. S4 Electricity generation and demand of the top ten provinces in terms of total annual yield of crop 

residues. (HeN: Henan; SD: Shandong; HLJ: Heilongjiang; HeB: Hebei; JiL: Jiling; AnH:Anhui; IM: 

Inner Mongolia; SiC: Sichuan; LN: Liaoning) 
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Fig. S5 Reductions in annual total CO2 emission achieved by the by the CBECCS-CrB2 with a mixing 

ratio of biomass of 35%.  
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