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Abstract  
 
It is well documented that a concerted effort is required to reduce the threat of climate change. 

One vital component in this portfolio of solutions – carbon capture and utilization – has been 

stalled by significant economic and technical barriers. To overcome these obstacles, it is 

necessary to identify economically viable capture opportunities – targets that can serve as a 

driver to lower life cycle costs, increase commercialization efforts and provide an impetus for 

development in the utilization arena. This study presents a methodology for assessing the 

levelized cost of CO2 capture, compression, and transport from industrially-sourced capture to 

regional utilization (sink) opportunities. Industrial sources are targeted over coal and gas-fired 

power plants given industrial sources often have exhausts with higher CO2 purity, a factor that 

lends to a lower minimum work of separation and, hence, lower cost of capture. The greater 

concentration in CO2 results from  combination of process emissions with those associated with 

stationary combustion. These industrial sources, together with a full inventory of geo-referenced 

utilization opportunities, serve as inputs to a robust cost model that accommodates for 

differences in source exhaust composition, flow rate, and source-sink geographical relationships. 

A case-study conducted for the US state of Pennsylvania yields a cost-based ranking of 47 

industrial sites, whereby steel and cement manufacturing dominated the least levelized cost 

options, anchored by high CO2 exhaust content (14 – 33% CO2). Further, we find truck transport 

is cost-competitive with pipeline for small volumes (< 100 kt CO2/a); such small volumes 

dominate non-EOR based utilization demand. 

 
 
Significance Statement 
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This work represents a techno-economic analysis of CO2 emissions from industrial processes, 

identification of regional CO2 utilization opportunities, and a method to estimate the levelized 

cost of CO2 capture, compression, and transport. Targeting industrial CO2 emissions allows for 

the exploitation of exhaust streams typically richer in CO2 content than those found in power 

generation – a factor that lends to lower separation costs.   A thorough geo-inventory of CO2 

emission supply and demand, combined with a cost model that accommodates for site, size, and 

process-dependent inputs can relate information pertaining to the region-specific economic 

viability of CO2 capture.  The method and results presented here can assist industry leaders and 

policy makers alike in the development of early strategies for CO2 capture integration.  

 
 

 
1. Introduction 
 
 In 2013, the US industrial sector emitted approximately 1.4 gigatonnes of carbon dioxide 

(Gt CO2), or 21% of total US CO2 emissions – the third highest figure for any economic sector 

behind transportation (27%) and electricity (31%) (1).  These industrial emissions can be 

categorized as direct (on-site fuel combustion), indirect (attributed to electricity purchased for 

power and off-site steam generation) and process (CO2 liberated as a reaction by-product, see 

Figure S1). Direct and indirect emissions generally constitute ca. 80% of total industrial 

emissions, with process emissions making up the balance, though the relative contribution of 

process emissions to total emissions varies by industry. Process emissions constitute a relatively 

small percentage of industrial emissions (2); they are the by-product of the production of 

commodities like glass, cement, ammonia and steel – commodities that form the irreplaceable 

fabric of industrialized nations. Unlike the electricity sector, where mitigation might be achieved 
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through a transition to technologies that do not emit CO2 such as wind and solar power, there are 

no economic pathways that lead to zero CO2 emissions for most industrial commodity 

fabrication. Therefore, these irreplaceable industrial processes (IIPs) represent CO2 emissions 

that largely cannot be abated. While overall production from such IIPs has declined in the US, it 

is projected to increase globally 45-60% by 2050 to meet the demands of a rising global 

population and economic activity (3). Provided that global industrial CO2 emissions eclipsed 13 

Gt in 2010(4), presently, such growth ought to be a cause for concern. 

 

 For an industrial process to be considered an IIP, it must meet the following conditions: 

1) the process must produce CO2 as a reaction by-product; 2) there is no economic/industrially 

relevant alternative routes to production (5); and 3) there either exists no viable product (e.g. 

cement, steel, glass, etc.) substitute, or the manufacturing of such a replacement results in CO2 

process emissions of an equivalent or greater amount than the original. Based on these criteria, 

this study identifies and examines the following as IIPs: aluminum, ammonia synthesis, mixed 

carbonate use, cement, ethanol production, ferroalloys, glass, iron and steel, lead, lime, 

magnesium, petrochemicals, phosphoric acid, pulp and paper, refining, silicon carbide 

manufacturing, soda ash production, titanium oxide, and zinc smelting. These IIPs are important 

for two reasons: 1) process stoichiometry makes CO2 creation unavoidable, and perhaps more 

importantly 2) they often yield exhaust streams containing higher CO2 content than the flue 

exhausts from fossil-fuel fired electricity production (e.g. coal and natural gas)

*.  Given that the cost of CO2 separation scales inversely with initial dilution of a mixed feed 
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stream (6, 7), carbon capture technology retrofits have the potential to efficiently and 

economically divert emissions from industrial exhaust streams to viable CO2 utilization 

opportunities. Such opportunities include enhanced oil recovery (EOR), food processing, 

refrigeration, and fertilizer production (8). To assess the economic potential of carbon capture 

applied to irreplaceable industrial processes, this work provides a novel cost analysis across the 

three major components of the carbon capture supply chain: capture, compression, and transport. 

Given levelized costs (measured in dollars per tonne of CO2 captured), this study employs a geo-

referencing approach which links industrial sources to current and potential future CO2 sinks 

(utilization opportunities) to identify least cost pathways for abatement, given a local mix of 

supply and demand (9). The aim is to classify these IIPs based on carbon-capture “readiness”, 

which is ultimately a combination of the industry- and site-specific factors listed above. This 

study provides an approach whereby emissions from irreplaceable industries may be 

significantly reduced. As the ordering of lowest cost abatement opportunities are identified in a 

given region, it raises the idea of new entrants within an expanded CO2 commodity market, 

potentially displacing carbon dioxide production from natural reservoirs and/or specialty 

chemical manufacturing facilities. This replacement would have the effect of reducing the net 

CO2 emissions from an overall economy (10). While prices from current CO2 commodity 

markets are low, public policy would need to play a strong role to provide a signal for investors 

to build capture facilities at industrial sites.  

 

 

2. CO2 Utilization Opportunities 
                                                                                                                                                       
* Consequently, the high volume power sector has seen the majority of attention in regards to the implementation of 
CO2 abatement technologies. 
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 In 2011, the US EPA estimated the scale of US CO2 utilization at 67 Mt/a (11), 

approximately 1% of total US emissions, and 10% of the available CO2 emissions from the 

aforementioned IIPs. Currently, the scale of CO2 utilization is small, limiting its current impact 

as an emissions abatement strategy. Yet, continued research and development, coupled with 

expanded demand in current technologies leads to optimistic projections of near to mid-term CO2 

utilization growth (12). For example, the US (and global) CO2 reuse market is dominated by 

enhanced oil recovery (EOR), with most within the US Permian basin, the majority of which is 

located in West Texas (13). Though current demand stands at ca. 62 Mt CO2/a (101 US 

operations) some estimates believe this number could rise to as high as 500 Mt CO2/a (8).  

 

 Outside of EOR, CO2 utilization opportunities are much smaller in scale, numerous and 

dispersed (Figure 2). Growth in non-EOR applications is anticipated as more captured CO2 

becomes available. For example, CO2 is currently being explored extensively as a chemical 

feedstock (a partial listing of the industrial reactions of CO2, sorted by the free energy of 

reaction, is provided in Table S2). Another option involves the use of CO2 as a solvent or 

technological fluid. In particular, CO2 has been thoroughly investigated as a replacement for 

organic solvents, as a refrigerant, in chemical extractions (14, 15), and as a substitute for 

potentially harmful solvents such as phosgene (16). A detailed discussion of these and other 

viable CO2 utilization options is presented in the supporting document.  

 

In most cases, CO2 is sourced naturally or created intentionally. Unfortunately, these 

sources offer no direct reduction to CO2 emissions as it is additive to anthropogenic emissions. A 

direct impact on emissions abatement could be realized if these natural and intentionally 
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generated sources were replaced with IIP-sourced CO2. For example, the CO2 used for EOR is 

mainly supplied via natural reservoirs delivered by an extensive CO2 pipeline network at a 

collective rate of ca. 145 tonnes CO2/day (85% of total demand) (17, 18). Jackson Dome and 

McElmo Dome each supply roughly 20 MtCO2 per year to the Gulf and Permian Basin regions, 

respectively (Figure S3). Currently, industrial processes account for only 4% of the EOR CO2 

supply chain (CO2 sourced from natural gas processing accounts for the remaining 11%). Given 

an average industrial output of approximately 0.8 MtCO2 per year, these natural sources could be 

replaced with the combined output of 25 such facilities. However, in high-output regions like the 

Gulf Coast, IIPs from refining and petrochemical production can yield greater than 6 MtCO2 per 

year , thus as few as three industrial sources could effectively replace the naturally-sourced CO2.  

 

For the purposes of this study, only existing utilization sites are considered. Further, this 

study considers only those opportunities where CO2 demand is directly quantifiable (refer to 

supplementary information for methodology). The total addressable CO2 demand market can be 

split into two groups: first order opportunities (EOR, urea manufacturing, soft-drink 

manufacturing, soda bicarbonate production, fireproofing and decaffeination) are characterized 

as mature processes that currently accept CO2 as a commodity feedstock. Industrial facilities 

would be motivated to install and operate appropriate capture facilities only if the captured CO2 

is cost-competitive with the incumbent provider. †  Second-order opportunities (refrigeration, 

polymers, methanol, gum and wood chemicals and gas manufacturing) can potentially accept 

CO2, but additional considerations serve to complicate deployment and may require substantial 

investment in the receiving facility. For example, CO2 is known to produce methanol via 
                                                
† In most cases, a policy mechanism such as a tax credit, carbon tax or other incentive would be required to achieve 
cost-competitiveness of such captured CO2. 
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hydrogenation; however, the CO2 route to methanol requires one additional mole of H2 per mole 

of methanol produced when compared to the CO route. In this case, a reliable low-carbon source 

of H2 is necessary to ensure that CO2 substitution in methanol production is carbon negative. 

CO2 in refrigeration applications is another example whereby equipment retrofitting may be 

required. 

 

 

3. Industrial CO2 Capture: Predicting Separation Cost 
 
 The chemistry of the IIPs makes CO2 release unavoidable. An inventory of the reactions 

for each IIP where CO2 is a by-product is provided in Table 1. Together, these processes released 

just short of 400 Mt CO2 emissions in the United States in 2014, roughly 30% of total emissions 

from the industrial sector. Typical IIP conditions are summarized in Table 2. When compared to 

power generation, these industrial processes can produce exhaust streams with higher CO2 

content, a factor that lends to a lower theoretical minimum work of separation. 

Thermodynamically, this work is defined as the change in Gibbs free energy of product streams 

(separated CO2 and residual, B and C) and reactant stream (gas mixture, A) (19): 

 

𝑊"#$ = 𝑅𝑇 𝑛)
*+,ln 𝑦)

*+, + 𝑛)
)–𝐂𝐎,ln 𝑦)
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This principle was illustrated in the works of Thomas Sherwood, whereby separation cost was 

shown to scale inversely with target dilution(20). We use this principle to build a cost model 

based on current capture costs and conditions (Figure 1). Here, the Carnegie Mellon Integrated 

Environmental Control Module (IECM)(21) is used to first estimate the capital and operating 
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costs of carbon dioxide capture operation chain for the capture component alone (minus 

compression, storage and transportation costs) for natural gas combined cycle (NGCC), sub-

critical pulverized coal (PC) and integrated gasification combined cycle (IGCC) systems of 

various capacities (net power outputs). Based on the methodology described in the 

Supplementary Information, these model output costs are used to determine the levelized cost of 

carbon dioxide capture (LCOC) for each generation technology, peak capacity and flow rate.‡ A 

multi-variate regression is used to express levelized capture costs as a function of CO2 exhaust 

dilution, capture efficiency, and gas flow rate.  This relationship is applied to each IIP to estimate 

levelized capture only costs based on known flow rates, assumed capture rates (90% in this 

study) and assumed CO2 exhaust dilution (Table 2, column 2). As indicated, IIP costs are 

strongly correlated to the initial CO2 dilution which supports the Sherwood approach to cost 

estimation. Flow rate is expected to play a smaller role as 1) industrial flow rates are comparable 

in scale and 2) variations in flow rate become less important to cost as the CO2 concentration 

increases. 

 

This study has identified and characterized 875 IIPs in the US. Figure 3 displays the 

geographical spread of US IIPs. The scale and location of these industrial facilities creates 

regional CO2 opportunities to be explored in the context of CO2 utilization (Fig. 2). The majority 

of these industries (83% by count, representing 79% of all IIP emissions) have exhaust streams 

                                                
‡ The levelized cost of carbon dioxide (LCOC) is similar in concept as the more familiar levelized cost of electricity 
(LCOE), used to compare the economics of alternative electricity generation technologies. The LCOC unit of 
measure is cost (in dollars) per unit mass of CO2 (in tonnes). The LCOC considers the fixed, variable and capital 
costs, in addition to cost of capital, tax rates and depreciation schedule of systems used to capture, compress and 
transport CO2. The LCOC is modular by construction and thus can be calculated for each element the carbon dioxide 
value chain (capture, compression and transport). The LCOC is essentially a break-even metric, that is, the average 
price that would need to be received over the lifetime of the system (capture, compression, transport) to yield a net 
present value (NPV) of zero. 



10 

that fall between 0 – 40% CO2 purity; this range is within that used to derive the adjusted 

Sherwood plot, lending to more reliable levelized cost estimations. The remaining industries 

such as ammonia and ethanol production, produce near-pure streams of CO2 and account for 

21% of all IIP emissions. Currently, many of these facilities already sell captured CO2; for 

example in 2011, 115 facilities employed carbon capture technologies to produce 16 Mt/a of CO2 

(11). Costs for high purity capture are expected to deviate from the relationship derived in Figure 

1, as the separation component typically involves only dehydration and compression (to be 

addressed later); thus, as CO2 purity approaches 100%, the cost of separation§ should approach 

zero(22, 23).  

 

Figure 4 illustrates the relative CO2 offset potential for IIPs based on the cumulative 

utilization demand within a 100-mile radius of the source. A plant ‘stranded’ geographically in 

terms of regional sink opportunities is colored blue, while a plant situated to potentially offset all 

CO2 emissions via regional pairings is colored red.  Naturally, regions of high CO2 offset 

correspond with dense clusters of high-demand CO2 reuse opportunities (EOR, urea, etc.) and 

carry the potential to form a regional market or exchange. 

 

 

4. Compression and Transport Cost Elements of the LCOC 

                                                
§ The cost of separation here refers to capture only. Costs associated with compression, dehydration, and flow 
directors are included in the compression estimate. 
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 After capture, CO2 must be compressed to a level suitable for transport. The two methods  

of transport considered in this study are pipeline and tanker delivery.** The IPCC report on CO2 

transport (24) dismisses tanker delivery, and other similar studies focus mainly on pipeline 

transport (25, 26). This is likely due to the noted economies of scale related to high volume CO2 

transport via pipeline. However, this assumes a high volume source (power generation, large 

industries) and high capacity sink (EOR, for example) while failing to account for smaller scale 

opportunities where pipeline transport may be cost prohibitive. Situations exist where the volume 

of CO2 is simply too low to avoid high cost pressurization of the stream. For these low-volume 

CO2 applications (< 0.1 Mt CO2 per year.), trucking is more cost effective for any distance, 

compared to an appropriately sized piping infrastructure (Figure S4).  Therefore, tanker delivery 

is the preferred choice where CO2 is to be transported in small volumes to multiple locations. 

Given the foreseeable low volumes of CO2 production from IIP capture processes, and the 

relative dispersion of sources relative to sinks, this transportation method assessed in detail this 

work. The standard cost model of Berwick and Farooq (27) is used as the basis for trucking 

transport estimates (a full methodology is included in the supporting document).  

 

 For pipeline transport, CO2 must be compressed to a liquid dense phase, typically at 

pressures ranging from 9–15 MPa and temperatures between 10–35oC (19). For tanker delivery, 

liquefied CO2 is stored in cryogenic vessels and transported by tank trucks with a capacity range 

of 2-30 tonnes. Here, CO2 is compressed to 1.7 MPa and -30oC (28). Generally, the theoretical 

power required to compress CO2 to a suitable level for transport can be calculated (Table S5). 

                                                
** In the context of transport, tanker indicates both sea (merchant vessel) and land (trucking) modes. Here, we 
unambiguously define tanker as land (trucking) transport. Please refer to the Supplementary Information for details 
on the truck transport model. 
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However, several factors can influence compression costs from case to case, including the 

volume of CO2 processed and the assumed electricity prices used in the compression process; 

thus, it is important to develop a compression model that can scale with plant size (output). Here, 

IECM baseline data for compression capital expenditures and fixed and variable operating and 

maintenance costs are inventoried for PC, NGCC, and IGCC processes, similar to the procedure 

used to determine the capture-only component. A regression is applied such that levelized 

compression costs (measured in $/tCO2) are expressed as a function of CO2 flow rate.†† 

 

5. Case-Study: Ranking Irreplaceable Industrial Processes in Pennsylvania 

 We provide an illustrative example of our cost methodology through an assessment of the 

levelized cost of source/sink scenarios in a region of Pennsylvania. Pennsylvania has a range of 

IIPs and sink opportunities, and a geographical mix of urban and rural areas that make it well 

suited for an example approach which could be generalized to other regions. The average IIP 

CO2 output is approximately 800 kt CO2 per year, while the average sink demand is far smaller 

(ca. 15 kt CO2 per year); thus on average ~50 sinks of equal capacity would be required to accept 

all CO2 captured. To define these source/sink relationships, a service area encompasses all sink 

opportunities within a 100-mi driving radius. These individual CO2 transportation routes serve as 

the input to the transport model, and taken together with the capture and compression cost 

models, define a physically viable scenario for each IIP (see SI for a full description of the 

methodology). Locations for all 47 Pennsylvania IIPs, as well as the 772 first- and second-order 

utilization opportunities within the 100-mile radius are presented in Figure 5. Levelized capture, 

compression, and transport costs are calculated for delivering captured industrial CO2 to 

                                                
†† It is understood that the CO2 product is H2O saturated and dehydration cost are included within compression. 
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surrounding utilization opportunities, and the 20 lowest LCOCs are reported in Table 4 (column 

8). A large-scale iron and steel plant represents the lowest-cost ($36.77/tCO2).‡‡ Not surprisingly, 

the options with the lowest LCOC correspond to higher CO2 exhaust purities. Some factors act to 

increase the LCOC of a source/sink scenario, including the maximum deliverable CO2 for each 

100-mile IIP service area (Table 4, column 6). This quantity is limited by either the amount of 

CO2 captured or the cumulative sink demand. When this number is small, transport costs can 

become quite large, increasing the levelized cost of CO2.§§ For a given source, the best-case 

scenario occurs when all captured CO2 can be sunk, subject to a minimization of transport 

costs.*** We note that in a given region, the CO2 supply with the lowest LCOC would be fully 

absorbed by the sink(s), and in the event there is excess sink capacity available, the next lowest 

LCOC – subject to transportation constraints and quantity of CO2 produced – would be made 

available. To more fully account for supply and demand within a region, and to understand what 

opportunities would arise should adjacent regions become available, a dynamic model is 

required. Such a formulation is beyond the scope of the current study and should be the focus for 

future work. 

 

6. Conclusions 

This study introduces a methodology for estimating capture, compression, and transport 

costs for CO2 captured from irreplaceable industrial sources of varying exhaust rates and 

                                                
‡‡ The LCOC is based on a given source (in this case an iron and steel plant) being able to fully transfer its supply to 
the available sink(s) within the defined region. 
§§ Given fewer units of CO2 in which to spread the cost over, the levelized unit cost would increase. 
*** We note that in the case where captured CO2 is not delivered to an appropriate sink, it becomes “stranded” and, 
assuming no alternative disposal, may be released (curtailed). If it is anticipated that – on average, over the lifetime 
of the capture unit – a portion of the captured carbon dioxide will not be transferred to a sink, the decision ceteris 
paribus, could be to either (i) idle the capture process or (ii) build a smaller unit at the outset. The result of either 
could have the implication of higher unit cost of carbon capture. 
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composition. With robust models that can accommodate industry and site-specific parameters, an 

order can be generated for any region for the identification of early targets for CO2 capture 

installation. The major contributions of this model over previous cost models are as follows: i) 

this model adds two additional dimensions to the original Sherwood-model: flow rate and 

capture efficiency. These additional degrees of freedom allow for a more accurate application of 

the power-plant derived Sherwood curve to facilities with far lower gas flow rates, while the 

inclusion of capture efficiency is applicable to cases where a tailored approach for capture 

technology implementation is desired, such as emission targets based on mass opposed to rates; 

and, ii) a bi-modal approach to transportation allows for the simultaneous consideration of large 

volume (EOR) applications via pipeline, as well as smaller volume CO2 transport via trucking. 

Our calculations indicate that trucking is the cost-effective transportation method for small 

volumes (i.e. the majority of non-EOR IIP utilization cases) compared to pipeline. The inclusion 

of truck transport model challenges the conventionally favored pipeline model by showing that 

truck transport could play a significant role in low volume, short distance transport scenarios. 

Results from our case study suggest that the LCOC of IIP is meaningfully below that of the 

power sector, which has received the majority of interest regarding carbon capture technology 

implementation. This in turn raises the potential of an accelerated timeline for the adoption of 

carbon capture technologies at scale.   

There are several promising avenues for future research. First, an understanding of the 

supply/demand dynamics within a region with endogenous boundaries would provide greater 

insight regarding costs and producer behavior. Second, an exploration of how policy mechanisms 

such as tax incentives or a price on CO2 could alter source and sink preferences, subject to 

differing regulations. Third, a study on how existing processes which currently do not use carbon 
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dioxide as an input may be altered given sufficient supply (and related reduction in lifecycle 

cost) CO2. 
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Figure Legends 
 

 
Figure 1. Adjusted Sherwood plot for the prediction of capture costs from power (black circles) of varying gas flow rates (low to high). This data 
is used to predict levelized costs of capture for several irreplaceable industries (colored circles and diamonds). Not shown are cost points for 
streams of 100% CO2 purity, for which the cost of capture is assumed to approach zero. 
 
Figure 2. National distribution of CO2 utilization opportunities. Graduated symbology denotes CO2 demand. Enhanced oil recovery dominates 
demand but is geographically isolated from industrial emitters in the Northeast and West coast, where smaller scale opportunities may play a 
more prominent role. 
 
Figure 3. National distribution of irreplaceable industrial processes. Graduated symbology denotes potential CO2 capture volume (at 90% capture 
rate). 
 
Figure 4. Offset potential of industrial sources, defined by the volume of CO2 reuse demand within a 100-mile radius. Red indicates full offset 
potential; blue indicates reuse-isolated source. 
 
 
Figure 5. Geographic distribution of IIP sources and viable sink opportunities in Pennsylvania and surrounding markets. 
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TABLE 1. Chemistry and scale of US irreplaceable industrial processes.a  

Commodity Chemistry CO2 (Mt/a) 
  Process Combinedb 
Aluminum 2Al9O; + 3C → 4Al + 3CO9 2.79 3.33 
Ammonia 0.88CHD + 1.26air + 1.24H9O → 0.88CO9 + N9 + 3H9 14.67 24.40 
Carbonates Ca/MgCO; + heat	 → Ca/MgO	 +	CO9 0.48 1.48 
Cement CaCO; + heat → CaO + CO9 65.79 68.22 
Ethanol CRHS9OR + yeast → 2C9HVOH + 2CO9 + heat 40.80 40.80 
Ferroalloys Fe9O; + 2SiO9 + 7C → 2FeSi + 7CO 

Fe9O; + 2MnO + 5C → 2FeMn + 5CO 
Fe9O; + 2CrO + 5C → 2FeCr + 5CO 

2.09 2.13 

Glass various	components + heat → CO9 + glass 1.18 5.34 
Iron and Steel 2C + O9 → 2CO 

3CO + Fe9O; → 2Fe + 3CO9 
30.71 83.03 

Lead 2PbO + C → 2Pb + CO9 0.75 1.06 
Lime CaCO; + heat → CaO + CO9 18.94 38.37 
Magnesium 2MgO + C → 2Mg + CO9 0.71 0.71 
Petrochem. C9HD + 3O9 → 2H9O + 2CO9 15.73 80.14 
H3PO4  CaCO; + H9SOD + H9O → CaSOD ∙ 2H9O + CO9 1.72 2.72 
Pulp and Paper wood	organics + O9 → CO9; CaCO; + heat → CaO + CO9 121.96 143.33 
Refining CHS.;;Of.D; + 0.26O9 → 0.65CHS.S9 + 0.27H9O + 0.34CO9 69.34 188.05 
SiC SiO9 + 3C → SiC + 2CO 0.12 0.12 
Soda Ash 2Na9CO; ∙ NaHCO; ∙ 2H9O → 3Na9CO; + 5H9O + CO9 1.40 5.44 
TiO2 2FeTiO; + 7Cl9 + 3C → 2TiClD + 2FeCl; + 3CO9 1.44 2.47 
Zinc ZnO + CO → Zn + CO9 0.63 0.69 

 Total 391.25 691.84 
a Source: EPA Greenhouse Gas Reporting Program, 2014  
b Combined emissions = process + stationary combustion 
 
TABLE 2.  Minimum work and Sherwood-derived cost of capture estimations for various industries.  

Source CO2 Content 

(mol %)a 
Min. Work 

(kJ/mol CO2 Captured)b 
Cost (US$/tonne 
CO2 Captured) 

Average Emissions 

(kt CO2/a) c Ref. 

Aluminum 4 – 10 8.2 – 10.8 45.8 – 65.6 281 (9, 29, 30) 
Ammonia 30 – 100 0.0 – 5.0 0.0  – 29.0 757 (31) 
Carbonates 20 6.2 36.0 95 (32) 
Cement 14 – 33 4.7 – 7.3 28.1 – 39.2 646 (33, 34) 
Ethanol 100 0.0 0.0 399 (35) 
Ferroalloys 8 – 10 8.3 – 8.9 46.3 – 50.6 192 (36-38) 
Glass 7 – 12 7.7 – 9.3 44.4 – 54.9 67 (36, 39) 
Iron and Steel 20 – 27 5.5 – 6.2 31.4 – 34.2 588 (33, 40) 

Lead 15 7.1 40.5 80 (41) 
Lime 20 6.2 34.4 493 (36) 
Magnesium 15 7.1 40.7 71 (36, 42) 
Petrochemicals 30 – 100 0.0 – 5.0 0.0 – 28.6 1,173 (40, 43) 
Pulp and Paper 8 8.9 48.0 1,173 (44) 
Refining 3 – 20 6.2 – 11.7 33.5 – 70.4 1,240 (45, 46) 
Silicon Carbide 8 8.9 51.4 110 (47) 
Soda Ash 36 – 40 4.0 – 4.4 25.6 – 26.7 1,224 (48) 
TiO2 13 7.5 41.2 317 (49) 
Zinc 15 7.1 40.2 104 (41, 50) 

Natural Gas 3 – 5 10.3 – 11.7 57.2 – 69.9 1,607 (19, 43) 
Petroleum 3 – 8 8.9 – 11.7 47.0 – 69.0 2,554 (19, 33) 
Coal 10 – 15 7.1– 8.3 36.5 – 42.7 

 
3,338 (43, 51, 52) 

a Range in composition due to different processes or different capture points within the same process. When not directly reported, values were 
estimated from a complete mass balance assuming NG fuel and 15% excess air.  
b Calculated assuming 99.5% purity and 90% capture, Ref. (19). 
c Average CO2 emissions reported to the Greenhouse Gas Reporting Program, Ref. (53). 
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d Calculated as cost per tonne CO2 captured × average annual CO2 emissions, assuming 90% capture 

 
 
 
TABLE 3. Statistics and cost estimation (capture, compression, and transport) for Pennsylvania-based irreplaceable industrial sources 
(top 20 most economical options). 
     Levelized Costs (US$ / tCO2) 

Industry 
Output*0.9  
(ktCO2/a)a 

Regional 
Demand 

 (ktCO2/a)b (count)c 
Average Distance  

(source to sink) (mi.)  

Maximum 
Deliverable 
(ktCO2/a)d 

Capture/ 
Compression Transport  Total  

Iron and Steel 3033.9 43.3 (76) 40.4 43.3 30.58 6.19 36.77 
Iron and Steel 342.6 44.9 (78) 41.9 44.9 32.52 6.22 38.75 
Iron and Steel 196.9 207.4 (268) 59.1 196.9 33.04 6.34 39.37 
Cement 622.8 332 (433) 70.3 332.0 31.98 7.75 39.73 
Cement 600.5 332.3 (435) 71.0 332.3 32.01 7.78 39.79 
Iron and Steel 194.5 43.4 (75) 47.3 43.4 33.05 6.89 39.94 
Iron and Steel 234.9 111.1 (145) 67.3 111.1 32.87 7.34 40.21 
Iron and Steel 154.0 178.3 (238) 63.8 154.0 33.27 7.01 40.27 
Cement 606.2 176.4 (256) 69.3 176.4 32.00 8.34 40.34 
Cement 374.0 320.9 (410) 71.6 320.9 32.44 7.97 40.41 
Iron and Steel 48.5 50.4 (82) 43.3 48.5 34.37 6.04 40.41 
Iron and Steel 137.0 44.9 (77) 49.3 44.9 33.38 7.06 40.43 
Iron and Steel 79.8 50.5 (88) 56.2 50.5 33.89 7.06 40.95 
Cement 328.0 286 (394) 73.2 286.0 32.56 8.39 40.95 
Cement 120.8 41.1 (73) 53.2 41.1 33.50 7.53 41.03 
Iron and Steel 70.3 54.3 (95) 57.7 54.3 34.01 7.05 41.07 
Cement 57.5 165 (195) 70.5 57.5 34.21 6.90 41.11 
Iron and Steel 56.6 52.4 (94) 59.4 52.4 34.22 7.20 41.43 
Iron and Steel 33.7 44.6 (76) 39.6 33.7 34.73 6.76 41.49 
Iron and Steel 59.5 41.4 (73) 54.0 41.4 34.17 7.84 42.01 
a CO2 available assuming 90% capture. 
b Sum of CO2 demand for all sinks identified within the 100-mile distance matrix. 
c Number of sink opportunities within a 100-mile radius of source. 
d Taken as the lesser of Column 2 (90% source output) and Column 3 (Regional Demand). Bold indicates full source offset potential.  
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CO2 Sinks
Plastics/Polymers Manufacturing
Fire Proofing
Refrigeration
Industrial Gas Manufacturing
Beverage Carbonation
Enhanced Oil Recovery
Soda Bicarbonate Manufacturing
Urea Manufacturing
Gum and Wood Chemicals

Sink Demand 
(kt CO2  per year)
< 150
150.01 – 600
600.01 – 1200
>1200

Source Output
(kt CO2 )
15,000

0.0

5,000

Sink Demand
(kt CO2 )
500

0.0

250

Industrial Source

Aluminum
Ammonia
Carbonate Use
Cement
Ethanol
Ferroalloy
Glass 
Iron and Steel
Lead 

Lime
Magnesium
Petrochemicals
Pulp and Paper
Refining
Silicon Carbide
Soda Ash
Titanium Dioxide
Zinc 

Source Output 
(kt CO2  per year)
< 500
150.01 – 1250
1250.01 – 3000
3000.01 – 6250
> 6250

Industrial Source
CO2 Output (kt per year)

< 500
150.01 – 1250
1250.01 – 3000
3000.01 – 6250
> 6250

     CO2 Offset Potential
1 – (Source CO2/a – Σ(100 mi. r) Sink CO2/a)

(Source CO2/a)

0.0 1.0+
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