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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Global crude steel production reached 1.6 billion tonnes in 2015, registering an increase of 41% from 2005 levels, half of which is 
produced by China alone. Amongst other low-carbon technologies, Carbon Capture and Storage (CCS) is identified as a key 
technology that will help achieve the much-needed emission reductions in the iron/steel sector. This paper delineates a techno-
economic analysis of a hypothetical first-of-its-kind CO2 capture and storage project with a 0.5-million tonne of CO2 per annum 
capture capacity, using amine capture technology, in a generic Chinese steel plant. The technical configuration of the project was 
modelled using the Advanced System for Process Engineering (ASPEN) accompanied by a financial model analysis. The cost of 
CO2 avoidance for the modelled project with transport and storage was estimated at CNY448/tCO2 (USD65.2/tCO2). The cost of 
CO2 avoidance is sensitive to a number of assumptions, including the discount rate and the cost of CO2 transportation and storage. 
There is also potential for cost reductions in transport and storage if the project were to share infrastructure with large stationary 
emission sources.  
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1. Introduction 

The 2015 Paris Agreement set out a global action plan to avoid dangerous climate change by limiting long-term 
global warming to levels below 2°C compared to pre-industrial levels, while pursuing best efforts to limit this increase 
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to 1.5°C [1]. In practice, the 2°C target reflects an urgent need for a deep and rapid reduction in global emissions per 
capita – from the current average of 7tCO2 per annum to 4tCO2 in 2030 and 2tCO2 in 2050 [2]. The International 
Energy Agency (IEA) projects Carbon Capture and Storage (CCS) technologies to contribute towards 13% of 
greenhouse gas emission reductions between 2010 and 2050 [3].  

Providing a fundamental structural component to society, the steel sector remains one of the most energy- and 
carbon-intensive industrial sectors and therefore a major contributor to global anthropogenic carbon dioxide emissions 
[4]. According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), the 
production of steel generated more than 2.6 billion tonnes of carbon dioxide (GtCO2) in 2006, equivalent to 
approximately 5% of global anthropogenic carbon dioxide emissions per year [5]. 

Global crude steel production reached 1.6 billion tonnes in 2015, of which China alone produced around half (804 
million tonnes). The application of environmentally-friendly and low-carbon technologies is anticipated to become a 
major trend within the global steel sector [6-11]. The EU Commission’s Low Carbon Roadmap aims for the sector to 
reach, by 2050, a global emission intensity of less than 0.2 tCO2 per tonne of crude steel produced – a significant 
reduction from the current global average (which is above 1.3tCO2 per tonne of steel produced) and China’s average 
sector in 2014 (around 2.18 tCO2/t). The Roadmap expects Carbon Capture and Storage (CCS) to play a key role in 
achieving the much-needed emission reductions in the iron/steel sector.  
There are currently only two large-scale integrated iron/steel CCS projects under development in the world: the Ultra-
Low CO2 Steelmaking (ULCOS) Blast Furnace Project and the Emirates Steel Industry CCS Project [12]. The ULCOS 
project aims to capture up to 700,000 tCO2/year from a blast furnace gas-fired boiler located in France. The Emirates 
Steel Industry CCS Project aims to capture 800,000 tCO2/year from a Direct Reduced Iron (DRI) facility. Although 
China is the largest global producer of crude steel, it does not yet have any steel sector CCS demonstration projects. 
In this, the Asian Development Bank (ADB) suggested that new-build steel mills in China should be designed to be 
CCS-ready [2]. This paper provides a techno-economic analysis of CO2 capture technologies at a hypothetical generic 
Chinese steel plant, preceded by an overview of typical steel manufacturing processes and routes to emissions 
reduction. 
 

2. Process of steel manufacturing and mechanisms for emissions reduction 

2.1. Steelmaking processes 

Steel is produced from iron ore via two major stages: 1) the ironmaking stage where raw iron is extracted from the 
iron ore and 2) the steelmaking stage where raw iron is purified to produce crude steel. The two stages can be further 
sub-categorised into four steps [3], as illustrated in Figure 2. 
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There are two types of iron ore preparation plants: sinter and pellet plants. Pellets are almost always made of one 
well-defined iron ore or concentrated at the mine to be transformed into this form. Sinter is generally produced at the 
ironworks from pre-designed mixtures of fine ores, residues and additives [13]. During the past two decades, around 
60% of steel has been derived from hot metal/pig iron, although the share of steel produced from DRI has steadily 
increased. Today, 5% of global steel is produced from DRI and around 35% is derived from steel scrap. These 
developments are important as they significantly affect energy use and CO2 emissions [3]. 

Globally, there are two main routes for the production of steel: the blast furnace-basic oxygen furnace (BOF) route 
and electric arc furnace (EAF) route. The key difference between them is the type of raw materials they consume. For 
BOF, these are predominantly iron ore, coal, and recycled steel, while the EAF route produces steel using mainly 
recycled steel (scrap). Based on plant configuration and availability of recycled steel, other sources of metallic iron 
such as DRI or hot metal can also be used in the EAF route. The BOF route always uses some scrap (up to 30%), 
while an EAF can be charged with 100% steel scrap. Another steelmaking technology, the open-hearth furnace (OHF), 
accounts for about 1% of global steel production. The OHF process is highly energy intensive and is in decline owing 
to its environmental and economic disadvantages. The majority of steel plants in China apply the BOF route. 

2.2. CO2 emission sources 

Steel manufacturing contributes the largest share of CO2 emissions of all global manufacturing sectors. The high 
CO2 emissions are due to the energy intensity of steel production, its reliance on coal as a main energy source and the 
large volume of steel produced [14]. The average CO2 intensity for the steel industry is 1.9 tCO2 per tonne of steel 
produced [3, 15-16]. The carbon intensity of iron and steel production varies considerably between the production 
routes, ranging from around 0.4 tCO2/t crude steel for scrap/EAF, 1.7-1.8 tCO2/t crude steel for the integrated BF-
BOF, up to 2.5 tCO2/t crude steel for coal-based DRI processes [14,17]. 

The ironmaking process is the most emissions-intensive part of steel production, contributing 70-80% of the carbon 
dioxide emitted. Producing iron involves reacting iron ore with a reducing agent – such as coking coal – which 
produces a large volume of CO2. There are several main streams featuring high concentrations of CO2 in a steel plant. 
The system boundary consists of the following processes: coking plant, sinter plant, ironmaking, steelmaking and 
rolling mills. Additionally, the system boundary of the site includes the energy unit producing electricity, process 
steam and heat at the mill site as well as the purchase and sale of energy. Process gases, such as coke oven and blast 
furnace gases, are used for energy production at the mill site [18-20]. Here, we do not account for other emissions that 
occur off-site, but a further consequential analysis for CO2 emissions from the steel sector would be beneficial. 

CO2 is emitted at a variety of points in the iron and steel production processes including: 1) direct emissions from 
on-site combustion of fossil fuels; 2) process-related (i.e. non-energy) emissions; and 3) indirect emissions from 
electricity consumed during the production process (Table 1). The main equipment resulting in direct CO2 emissions 
includes the sintering machine, coke oven, dry quenching furnace, blast furnace, converter, continuous casting 
machine, rolling mill, shaft kiln and rotary kiln, and power generation boiler. 

Table 1. Primary CO2 sources in the steel production process 

Processes CO2 Source 
Sintering/ Pelletizing Solid fuel, Ignition gas, Calcination 

Coking Washed coal, Coke oven heating fuel, etc. 
Ironmaking Coke reduced iron process, Consumption of hot blast stove 
Steelmaking Molten iron decarbonization 

Continuous casting – cold/hot rolling Heat treatment using fuel 
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2.3. CCS as an emission reduction technology 

The pathways to emission reduction in the steelmaking process can be categorised based on their sequence of 
occurrence: 1) Carbon source, i.e. switching to a fuel and/or reducing agent with lower carbon content. Carbon 
dioxide can be prevented from being emitted by using zero-carbon – or lower carbon – energy carriers (such as wind 
energy, nuclear energy, water power, biomass, fuel cells, etc.) instead of fossil fuels; 2) carbon emission minimization 
i.e. to minimize the CO2 emitted from steel plants by employing energy saving technologies. This involves 
improvements in the efficiencies of energy conversion, transportation and utilisation [16]. The principal measures for 
improving energy efficiency include enhancing continuous processes to reduce heat loss, increasing the recovery of 
energy and process gases, utilisation of by-product fuels and implementation of efficient design [14]; and 3) Carbon 
sink i.e. where the emitted CO2 can be either captured or recycled, then stored in permanent carbon sinks instead of 
being released back to the atmosphere. Beyond the aforementioned routes to emissions reduction, there is substantial 
potential for further reductions that could only be achieved by equipping plants with carbon capture and storage [21]. 

Applying CCS to all the stacks in a steel works is possible, provided there is space. This would not interrupt 
upstream and downstream processes but the cost for transporting and storing CO2 remains relatively high. This study 
assumes the employment of an amine-based technology for CO2 capture in a steel blast furnace. The amine-based 
technology remains one of the most popular global carbon capture technologies and is also recognised as a cost-
efficient method. It has been established for over 60 years in oil and chemical industries – for removal of hydrogen 
sulphide and CO2 from gas streams. Commercially, it is the most well-established of the techniques available for 
carbon capture, although practical experience exists mainly in gas streams (which are chemically-reducing as opposed 
to the oxidising nature of a flue gas stream). By using this technology, CO2 recovery rates of 98% and product purity 
in excess of 99% can be achieved [22]. There are other potentially-disruptive technologies investigated by researchers, 
such as ammonia capture, water gas shift technology, modified blast furnace with pre-combustion capture and calcium 
looping. However, the amine-based technology remains the best option for carbon capture in the steel sector, not only 
for its capture efficiency, but also its economic efficiency.

3. Case study 

3.1. Technical assumptions 

The study assesses the economics of CCS in a generic crude steel production plant that uses the BF technology, 
aided by process and financial assumptions from Bao Steel’s Zhanjiang plant [23]. The hypothetical retrofit project is 
assumed to capture 0.5 MtCO2/year from a slip stream from the BF. The study assumes the application of a mature 
amine CO2 post-combustion capture technology, and the major equipment of the hypothetical project are listed in 
Table 2. The blast furnace integrated steel-making process is assumed to include six modules, and ASPEN, a state-of-
the-art process simulator and economic evaluation package designed for use in engineering fossil energy conversion 
processes, was used to evaluate the project’s financial parameters. The methodology employed in this assessment is 
derived from IEAGHG [24-25] and Tsupari et al. [26-27] studies where modules were coded for simulation and cost 
analyses purposes. It is worth noting that the study did not assume an engineering design for CO2 storage.  

The study assumes a 20% CO2 concentration from the blast furnace flue gas [28]. The CO2 flue gas from the top of 
the blast furnace enters a gas cleaning process. ‘Clean’ flue gas enters the amine base chemical absorption module 
and the captured high-purity CO2 is compressed before being transported for storage. The remaining flue gas rich with 
H2 and CO is recycled to the bottom of the blast furnace via a gas heater. The composition of gas from the BF is listed 
in Table 3. 
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                      Table 2. Major equipment and facilities of the hypothetical project 
 

Equipment Scale Number of Units 
High Furnace  5050 m3 2 
Rotary Furnace  350t  3 
Two-strand Continuous Slab Casters 2300mm 1 
Two-strand Continuous Slab Casters 1650mm 1 
Hot Strip Mill 2250mm  1 
Hot Strip Mill 1780mm 1 
Think Board Casting Plant 4200mm 1 
Cold Strip Mill 2030mm 1 
Cold Strip Mill 1550mm 1 
Raw Material Loading Terminal  300,000t loading capacity 1 
Lime Plant  2 x rotary mills and 1 x fixed mill, 0.84 million tonne 1 
Coal and flue gas fired Power Plant 350MW subcritical  2 
Air Separation Unit 60,000 Nm3/h 3 
Sea Water Desalination 15,000 tonne / day 2 

                                         Table 3. Estimated composition of Blast Furnace Flue Gas Stream 

Treated BF Gases Units Composition 

CO2 % (v/v) dry basis 20% 
CO % (v/v) dry basis 25% 
H2 % (v/v) dry basis 3% 
N2 /Air % (v/v) dry basis 49% 
H2S mg/Nm3 10 
Particulate Matter mg/Nm3 5 
Mn mg/Nm3 0.2 
Pb mg/Nm3 0.05 
Zn mg/Nm3 0.05 

3.2. Economic assumptions 

The economic analysis focuses on the computation of two main outputs: 
a) Cost of CO2 Avoidance (CNY/tCO2), denoted COA, and is given by equation (1): 
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Where In is the investment cost at year n, On the fixed operating and maintenance cost at year n, Fn the variable costs 
(incl. fuel and solvent) at year n, Sn the transport and storage cost at year n, Qn the total amount of CO2 captured from 
the project at year n, An the total amount of CO2 generated from an auxiliary power plant for supplying steam and 
electricity for capturing and compressing CO2 at year n, r the discount rate (i.e. the required rate of return), and T the 
lifetime of the project. 

b) Incremental Cost for Steel Product (CNY/t), denoted CFP, is given by equation (2): 
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2.3. CCS as an emission reduction technology 

The pathways to emission reduction in the steelmaking process can be categorised based on their sequence of 
occurrence: 1) Carbon source, i.e. switching to a fuel and/or reducing agent with lower carbon content. Carbon 
dioxide can be prevented from being emitted by using zero-carbon – or lower carbon – energy carriers (such as wind 
energy, nuclear energy, water power, biomass, fuel cells, etc.) instead of fossil fuels; 2) carbon emission minimization 
i.e. to minimize the CO2 emitted from steel plants by employing energy saving technologies. This involves 
improvements in the efficiencies of energy conversion, transportation and utilisation [16]. The principal measures for 
improving energy efficiency include enhancing continuous processes to reduce heat loss, increasing the recovery of 
energy and process gases, utilisation of by-product fuels and implementation of efficient design [14]; and 3) Carbon 
sink i.e. where the emitted CO2 can be either captured or recycled, then stored in permanent carbon sinks instead of 
being released back to the atmosphere. Beyond the aforementioned routes to emissions reduction, there is substantial 
potential for further reductions that could only be achieved by equipping plants with carbon capture and storage [21]. 

Applying CCS to all the stacks in a steel works is possible, provided there is space. This would not interrupt 
upstream and downstream processes but the cost for transporting and storing CO2 remains relatively high. This study 
assumes the employment of an amine-based technology for CO2 capture in a steel blast furnace. The amine-based 
technology remains one of the most popular global carbon capture technologies and is also recognised as a cost-
efficient method. It has been established for over 60 years in oil and chemical industries – for removal of hydrogen 
sulphide and CO2 from gas streams. Commercially, it is the most well-established of the techniques available for 
carbon capture, although practical experience exists mainly in gas streams (which are chemically-reducing as opposed 
to the oxidising nature of a flue gas stream). By using this technology, CO2 recovery rates of 98% and product purity 
in excess of 99% can be achieved [22]. There are other potentially-disruptive technologies investigated by researchers, 
such as ammonia capture, water gas shift technology, modified blast furnace with pre-combustion capture and calcium 
looping. However, the amine-based technology remains the best option for carbon capture in the steel sector, not only 
for its capture efficiency, but also its economic efficiency.

3. Case study 

3.1. Technical assumptions 

The study assesses the economics of CCS in a generic crude steel production plant that uses the BF technology, 
aided by process and financial assumptions from Bao Steel’s Zhanjiang plant [23]. The hypothetical retrofit project is 
assumed to capture 0.5 MtCO2/year from a slip stream from the BF. The study assumes the application of a mature 
amine CO2 post-combustion capture technology, and the major equipment of the hypothetical project are listed in 
Table 2. The blast furnace integrated steel-making process is assumed to include six modules, and ASPEN, a state-of-
the-art process simulator and economic evaluation package designed for use in engineering fossil energy conversion 
processes, was used to evaluate the project’s financial parameters. The methodology employed in this assessment is 
derived from IEAGHG [24-25] and Tsupari et al. [26-27] studies where modules were coded for simulation and cost 
analyses purposes. It is worth noting that the study did not assume an engineering design for CO2 storage.  

The study assumes a 20% CO2 concentration from the blast furnace flue gas [28]. The CO2 flue gas from the top of 
the blast furnace enters a gas cleaning process. ‘Clean’ flue gas enters the amine base chemical absorption module 
and the captured high-purity CO2 is compressed before being transported for storage. The remaining flue gas rich with 
H2 and CO is recycled to the bottom of the blast furnace via a gas heater. The composition of gas from the BF is listed 
in Table 3. 
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                      Table 2. Major equipment and facilities of the hypothetical project 
 

Equipment Scale Number of Units 
High Furnace  5050 m3 2 
Rotary Furnace  350t  3 
Two-strand Continuous Slab Casters 2300mm 1 
Two-strand Continuous Slab Casters 1650mm 1 
Hot Strip Mill 2250mm  1 
Hot Strip Mill 1780mm 1 
Think Board Casting Plant 4200mm 1 
Cold Strip Mill 2030mm 1 
Cold Strip Mill 1550mm 1 
Raw Material Loading Terminal  300,000t loading capacity 1 
Lime Plant  2 x rotary mills and 1 x fixed mill, 0.84 million tonne 1 
Coal and flue gas fired Power Plant 350MW subcritical  2 
Air Separation Unit 60,000 Nm3/h 3 
Sea Water Desalination 15,000 tonne / day 2 

                                         Table 3. Estimated composition of Blast Furnace Flue Gas Stream 

Treated BF Gases Units Composition 

CO2 % (v/v) dry basis 20% 
CO % (v/v) dry basis 25% 
H2 % (v/v) dry basis 3% 
N2 /Air % (v/v) dry basis 49% 
H2S mg/Nm3 10 
Particulate Matter mg/Nm3 5 
Mn mg/Nm3 0.2 
Pb mg/Nm3 0.05 
Zn mg/Nm3 0.05 

3.2. Economic assumptions 

The economic analysis focuses on the computation of two main outputs: 
a) Cost of CO2 Avoidance (CNY/tCO2), denoted COA, and is given by equation (1): 
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Where In is the investment cost at year n, On the fixed operating and maintenance cost at year n, Fn the variable costs 
(incl. fuel and solvent) at year n, Sn the transport and storage cost at year n, Qn the total amount of CO2 captured from 
the project at year n, An the total amount of CO2 generated from an auxiliary power plant for supplying steam and 
electricity for capturing and compressing CO2 at year n, r the discount rate (i.e. the required rate of return), and T the 
lifetime of the project. 

b) Incremental Cost for Steel Product (CNY/t), denoted CFP, is given by equation (2): 
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Where Yn is the total amount of crude steel produced at year n andq  the percentage representing the fraction of CO2 
avoided divided by the steel total CO2 emissions from the steel plant without capture. 

The capital cost of the capture plant is estimated at CNY360 million with an additional 7% margin for owner’s cost. 
An additional CNY20 million is assumed for working capital for a company to oversee the development of the project 
and a CNY2 million as a one-off start-up cost. The modelling results show an electricity output penalty for the 
auxiliary power plant (to generate steam and electricity for capture, compression and storage) of 142kWh/tCO2 
captured. The coal price is assumed to be CNY27/GJ (approximately US$4/GJ), and the electricity price for 
calculating the cost of using auxiliary power is CNY0.48/kWh, approximately 10% above the benchmark wholesale 
electricity price in Guangdong Province. The cost of purchasing the solvent is CNY 40,000 per tonne of amine. The 
fixed O&M cost is assumed to be CNY 12 million per year. 

The discount rate of the capture project is assumed to be 12%. A sensitivity analysis was also conducted for 11% 
and 13% discount rate scenarios. The plant is currently assumed to emit 1.65tCO2/tonne steel produced as an average 
of reported emissions from major steel plants, with total CO2 emissions of 15.5MtCO2 per year. The auxiliary power 
plant has an emission factor of 743 gCO2/kWh. The total amount of CO2 avoidance capacity is 394,494 tonnes per 
annum with a CO2 capture capacity of 500,000 tonnes CO2 per annum. 

4. Results & Discussion 

The assessment estimates the cost of CO2 avoidance for the project at CNY448/tCO2 (USD65.2/tCO2) (Table 4). 
The project would capture 0.45MtCO2/year over 25 years, totaling 11.25MtCO2. However, this is offset by emissions 
from increased energy consumption so the project would only reduce aggregate emissions by 0.36 MtCO2/year, or a 
total of 8.88 MtCO2 over its lifetime. When the cost of the project is apportioned only to the amount of steel associated 
with 8.88 MtCO2 (2.5% of total steel production), the cost is CNY740 (USD 107.7) per tonne of steel produced. 
However, if the cost is spread over the entire production of the plant, the cost per tonne of total steel production is 
only CNY21/tonne (~USD 3). 

Table 4. Economic analysis results for a hypothetical 0.5 MtCO2 CCUS project in China 

Outputs Results 

Intermediate Outputs 
Discounted Quantity of CO2 Avoidance (t) 2784664 
Discounted Quantity of Zero Carbon Steel Production (t) 1685171 
Discounted Total Steel Production (t) 59590602 
Discounted Cost Cash Flow (million CNY, before tax) 1247 
Discounted Cost Cash Flow (million CNY, after tax) 1441 
Key Final Outputs 
Cost of CO2 Avoidance (CNY/tCO2) 448 
Incremental Cost for Zero Carbon Steel Production (CNY/tonne steel) 740 
Incremental Cost for Total Steel Production (CNY/tonne steel) 21 

 
The cost of CO2 avoidance is sensitive to a number of assumptions, including the discount rate and the cost of CO2 

transportation and storage. If a project is considered as a moderate-risk investment applying an 8% discount rate, the 
cost of CO2 avoidance (i.e. the abatement cost) would be reduced from CNY448/tCO2 to CNY417/tCO2. In contrast, 
the abatement cost would increase to CNY479/tCO2 at a 16% discount rate. If the CO2 storage and transport cost 
increased from CNY112/tCO2 to CNY123/tCO2, the abatement cost would be CNY449/tCO2 at an 8% discount rate. 

A study of CCS in the Australian steel sector [29] suggests that the cost of avoidance with conventional amine CO2 
capture technology could range from AU$70 to AU$250 excluding transportation and storage costs. In contrast, the 
estimated cost in China is significantly lower. The lower cost per tonne of CO2 abated is mainly due to the lower 
capital costs in China. Guangdong is China’s largest province with demand for more than 1 million tonnes of CO2 in 
industry and food processing [30]. Selling CO2 for local utilization could reduce transportation costs and eliminate 
storage costs, resulting in a breakeven price for selling CO2 to the market at CNY299/tCO2. However, the utilization 
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of CO2 for local consumption does not reduce anthropogenic CO2 emissions unless it can be demonstrated that the 
captured CO2 replaces naturally-mined CO2. 
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Where Yn is the total amount of crude steel produced at year n andq  the percentage representing the fraction of CO2 
avoided divided by the steel total CO2 emissions from the steel plant without capture. 

The capital cost of the capture plant is estimated at CNY360 million with an additional 7% margin for owner’s cost. 
An additional CNY20 million is assumed for working capital for a company to oversee the development of the project 
and a CNY2 million as a one-off start-up cost. The modelling results show an electricity output penalty for the 
auxiliary power plant (to generate steam and electricity for capture, compression and storage) of 142kWh/tCO2 
captured. The coal price is assumed to be CNY27/GJ (approximately US$4/GJ), and the electricity price for 
calculating the cost of using auxiliary power is CNY0.48/kWh, approximately 10% above the benchmark wholesale 
electricity price in Guangdong Province. The cost of purchasing the solvent is CNY 40,000 per tonne of amine. The 
fixed O&M cost is assumed to be CNY 12 million per year. 

The discount rate of the capture project is assumed to be 12%. A sensitivity analysis was also conducted for 11% 
and 13% discount rate scenarios. The plant is currently assumed to emit 1.65tCO2/tonne steel produced as an average 
of reported emissions from major steel plants, with total CO2 emissions of 15.5MtCO2 per year. The auxiliary power 
plant has an emission factor of 743 gCO2/kWh. The total amount of CO2 avoidance capacity is 394,494 tonnes per 
annum with a CO2 capture capacity of 500,000 tonnes CO2 per annum. 

4. Results & Discussion 

The assessment estimates the cost of CO2 avoidance for the project at CNY448/tCO2 (USD65.2/tCO2) (Table 4). 
The project would capture 0.45MtCO2/year over 25 years, totaling 11.25MtCO2. However, this is offset by emissions 
from increased energy consumption so the project would only reduce aggregate emissions by 0.36 MtCO2/year, or a 
total of 8.88 MtCO2 over its lifetime. When the cost of the project is apportioned only to the amount of steel associated 
with 8.88 MtCO2 (2.5% of total steel production), the cost is CNY740 (USD 107.7) per tonne of steel produced. 
However, if the cost is spread over the entire production of the plant, the cost per tonne of total steel production is 
only CNY21/tonne (~USD 3). 

Table 4. Economic analysis results for a hypothetical 0.5 MtCO2 CCUS project in China 

Outputs Results 

Intermediate Outputs 
Discounted Quantity of CO2 Avoidance (t) 2784664 
Discounted Quantity of Zero Carbon Steel Production (t) 1685171 
Discounted Total Steel Production (t) 59590602 
Discounted Cost Cash Flow (million CNY, before tax) 1247 
Discounted Cost Cash Flow (million CNY, after tax) 1441 
Key Final Outputs 
Cost of CO2 Avoidance (CNY/tCO2) 448 
Incremental Cost for Zero Carbon Steel Production (CNY/tonne steel) 740 
Incremental Cost for Total Steel Production (CNY/tonne steel) 21 

 
The cost of CO2 avoidance is sensitive to a number of assumptions, including the discount rate and the cost of CO2 

transportation and storage. If a project is considered as a moderate-risk investment applying an 8% discount rate, the 
cost of CO2 avoidance (i.e. the abatement cost) would be reduced from CNY448/tCO2 to CNY417/tCO2. In contrast, 
the abatement cost would increase to CNY479/tCO2 at a 16% discount rate. If the CO2 storage and transport cost 
increased from CNY112/tCO2 to CNY123/tCO2, the abatement cost would be CNY449/tCO2 at an 8% discount rate. 

A study of CCS in the Australian steel sector [29] suggests that the cost of avoidance with conventional amine CO2 
capture technology could range from AU$70 to AU$250 excluding transportation and storage costs. In contrast, the 
estimated cost in China is significantly lower. The lower cost per tonne of CO2 abated is mainly due to the lower 
capital costs in China. Guangdong is China’s largest province with demand for more than 1 million tonnes of CO2 in 
industry and food processing [30]. Selling CO2 for local utilization could reduce transportation costs and eliminate 
storage costs, resulting in a breakeven price for selling CO2 to the market at CNY299/tCO2. However, the utilization 
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of CO2 for local consumption does not reduce anthropogenic CO2 emissions unless it can be demonstrated that the 
captured CO2 replaces naturally-mined CO2. 
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