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EERC DISCLAIMER 
 

LEGAL NOTICE This research report was prepared by the Energy & Environmental 
Research Center (EERC), an agency of the University of North Dakota, as an account of work 
sponsored by the U.S. Department of Energy (DOE) National Energy Technology Laboratory 
(NETL) and the North Dakota Industrial Commission (NDIC). Because of the research nature of 
the work performed, neither the EERC nor any of its employees makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed or represents that its use 
would not infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement or recommendation by the EERC. 
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employees, makes any warranty, express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to 
any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government or any 
agency thereof. 
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accuracy, completeness, or usefulness of the information contained in this report or 
that the use of any information, apparatus, method, or process disclosed in this report 
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(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 
use of, any information, apparatus, method, or process disclosed in this report. 

 
 

Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the North Dakota Industrial Commission. The views and opinions 
of authors expressed herein do not necessarily state or reflect those of the North Dakota Industrial 
Commission. 
 
 
RESOLUTE ENGINEERING DISCLAIMER 
 
 Resolute assisted in preparation of this research report at the request of the EERC. Resolute’s 
input in, and services for, this research report were based on Resolute’s experience and knowledge 
in the oil and gas industry, and Resolute’s services were provided in accordance with applicable 
law and all professional standards and practices applicable to the nature of the services provided 
by Resolute hereunder. In providing input for this report, Resolute made certain assumptions and 
estimations as are reasonably prudent and in line with professional standards; however, in practice, 
such assumptions and estimations could, in fact, be incorrect. Where data, statements, or estimates 
were provided to Resolute by third-parties, Resolute accepted such data, statements, and estimates 
at face value without further inquiring into the accuracy or validity of such data, statements, or 
estimates. Neither Resolute nor any of its employees makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement or recommendation by Resolute.  
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PIPELINE COST AND CO2 TRANSPORT CONSIDERATIONS BASED ON THREE 
HYPOTHETICAL PIPELINES IN THE PCOR PARTNERSHIP INITIATIVE REGION 

 
 
EXECUTIVE SUMMARY 
 
 The Energy & Environmental Research Center’s (EERC’s) Plains CO2 Reduction (PCOR) 
Partnership Initiative investigated the scale-up challenge in the commercial deployment of 
pipelines for the transport of captured CO2 to the storage site through three hypothetical pipelines 
within the PCOR Partnership Initiative region. Each pipeline targeted the delivery of CO2 to either 
enhanced oil recovery (EOR) projects or for geologic storage in a saline reservoir.  
 
 The results of the investigations confirmed that several items can affect the cost of the 
pipeline—both in terms of installed cost and future operational costs associated with the pipeline—
and developed a better understanding of the magnitude of these impacts. The items investigated in 
the hypothetical routes include the following: 
 

i. Pipe sizing (16-, 20-, 24-, 30-, 36-, or 42-in.)  
ii. Change in elevation 

iii. Pipeline length 
iv. Number of booster pumps (0, 1, 2, 3 for Routes A and B, 4+ for Route C) 
v. Pipeline operating pressure (2190 or 2700 psig) 

 
 Items ii through v above impact the sizing of the pipe necessary to deliver the amount of 
CO2 on each pipeline system and must be considered in concert to determine the most cost-
effective option.  
 
 To aid with the investigation, Resolute Engineering (Resolute), through its membership in 
the PCOR Partnership, provided detailed analysis of three hypothetical projects in terms of routes, 
cost of the pipeline and associated pump stations, and pipeline hydraulics. Resolute provided four 
options for each of the pipeline routes: baseline, direct, colocation, and avoid impacts. 
 
 Through Resolute’s work, a detailed picture of the routing of the three hypothetical pipelines 
was obtained that provided pipe sizing; estimate of the duration and spend rate for major items 
associated with pipeline construction, such as estimated project schedule, cost schedules for client 
costs, engineering, environmental permitting and compliance, right of way (ROW) acquisition, 
survey, pipeline construction and inspection, material delivery, lidar and photography, 
geotechnical study, and nondestructive testing (NDT); as well as an overall cost versus schedule. 
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 In addition, the EERC supplemented Resolute’s information with the U.S. Department of 
Energy Fossil Energy/National Energy Technology Laboratory CO2 transport cost model to 
complete the evaluation of each pipeline investigated (National Energy Technology Laboratory, 
2018). This study on the pipeline systems revealed challenges that a pipeline system will face: 
 

• Pipeline cost estimates and the cost drivers  
• Cost and hydraulics optimization 
• Temperature effects on the pipeline capacity and maximum injection pressure at an 

injection well 
 
 For a base volume, i.e., the expected amount of CO2 to be transported through the pipeline, 
the major cost drivers for a CO2 pipeline system were determined by the volume of the CO2 being 
transported, the length and elevation changes throughout the pipeline route (not necessarily the net 
change in elevation between the inlet and terminus that the pipeline has), the initial and final 
conditions of the CO2 stream being transported, and the price of steel. Each of these items impacts 
the cost of a CO2 system and needs to be evaluated to determine the optimum design with the least 
cost. A summary of the recommended designs for each of the hypothetical pipeline routes are 
shown in Table ES-1. 
 
 
Table ES-1. Recommended Pipeline Sizing Routes to Transport the Base Capacity on 
Three Hypothetical Pipelines 

Hypothetical 
Pipeline 
Route 

Minimum 
Cost  

(millions of 
dollars)  

CO2 Transport 
Capacity, 

million metric 
tons per year 

(MMtpy) 

Inlet 
Pressure, 

psig 
Length,  

miles 

Pipeline 
Outside 

Diameter 
(OD), in.  

No. of 
Pump 

Stations 
A $167 4.3 2700 110 16 0 
B $252 10 2190 110–120 20 2 
C $4560 20 2700 1000 30 6 

 
 
 Also, consideration should be given to upsizing the pipeline to handle additional volumes of 
CO2. To this point, and using the findings from Route A as an example, the costs for upsizing the 
pipeline from the baseline of 16-in. OD to 20-, 24-, or 30-in. OD with the corresponding increase 
in CO2 transport capabilities are reflected in Table ES-2. 
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Table ES-2. Pipeline Cost and Transport Capabilities as Compared to Baseline  
System 

Nominal 
Pipeline OD, 
in. 

Max. CO2 
Transport 
Capacity, 
MMtpy 

Pipeline 
Cost, 
$MM  

% Cost 
above 

Baseline 

% Max. CO2 
Transport 
Capacity 

above 
Baseline 

Cost per MMtpy 
of CO2 

Transported 
16 5.0 167.1 Baseline Baseline $33.42 
20 8.9 195.8 17.2 78 $22.00 
24 14.1 247.2 47.9 182 $17.53 
30 25.3 372.0 122.6 406 $14.70 

 
 
 To minimize the cost of the pipeline system while optimizing the hydraulics of the system, 
the addition of pump stations should be considered. With the installation of pump stations, the 
pipeline diameter may be reduced, which would save on the capital cost of the pipeline system. 
However, the cost of the pump stations and their corresponding operating cost should be 
considered over the life of the project to determine the best overall options for the pipeline system. 
Also, special considerations on the pump stations will need to provide for the dry nature of the 
CO2 stream—both in terms of the water content and lubricity of the CO2 stream. Seasonal ground 
temperatures will change the dew point of the CO2 stream, and the CO2 stream will need to be 
dehydrated to the extent that free water will not condense out of the CO2 stream regardless of the 
season. In addition, special bearings will need to be used in the pump systems to provide the 
operation of the pumps without a lubricating fluid as CO2 is considered a dry or nonlubricating 
fluid. 
 
 Since the exit temperature of the CO2 stream from the pipeline may not reach the ground 
temperature at the terminus of the pipeline, especially during the heat of the summer, additional 
consideration should be given as to how the exiting conditions of the CO2 stream may impact the 
downstream operations such as injectivity into the injection wells. The addition of pump stations 
further compounds the possibility of hotter exiting temperatures of the CO2 stream as the pump 
will add heat back into the pipeline from the pressurization process of the pumps. The temperature 
change will greatly depend on the density of the CO2 stream into the pump system but will 
ultimately add heat back into the pipeline system. 
 
 Based on this study, the design of a CO2 transport pipeline requires the balancing of many 
factors affecting the pipeline system. In this way, the overall cost and operational expenses 
associated with the pipeline system will yield the most cost-effective solution.   
 
Reference 

National Energy Technology Laboratory, 2018, FE/NETL Transport Cost Model: U.S. 
Department of Energy, Last Update 2018 (Version 2b), www.netl.doe.gov/research/energy-
analysis/search-publications/vuedetails?id=543 (accessed 2021). 
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PIPELINE COST AND CO2 TRANSPORT CONSIDERATIONS BASED ON THREE 
HYPOTHETICAL PIPELINES IN THE PCOR PARTNERSHIP INITIATIVE REGION 

 
 
INTRODUCTION 
 
 The Plains CO2 Reduction (PCOR) Partnership Initiative is one of four projects operating 
under the U.S. Department of Energy (DOE) National Energy Technology Laboratory (NETL) 
Regional Initiative to Accelerate CCUS (carbon capture, utilization, and storage). The PCOR 
Partnership Initiative region encompasses ten U.S. states and four Canadian provinces in the upper 
Great Plains and northwestern regions of North America. The PCOR Partnership Initiative is led 
by the Energy & Environmental Research Center (EERC) with support from the University of 
Wyoming and the University of Alaska Fairbanks and includes stakeholders from the public and 
private sectors. The goal of this joint government–industry effort is to identify and address regional 
capture, transport, use, and storage challenges facing commercial deployment of CCUS throughout 
the PCOR Partnership region. A subtask in the project includes identifying the region’s scale-up 
challenges (i.e., financial, technical, and policy) and areas where technology breakthrough and/or 
advancement could provide significant improvement for geologic CO2 sequestration projects 
(storage projects). One such scale-up challenge is the commercial deployment of pipelines for the 
transport of captured CO2 to the storage site. 
 
 This white paper reviews the objectives and findings from three hypothetical pipeline 
systems targeted to deliver anthropogenic CO2 from potential capture sources to enhanced oil 
recovery (EOR) or sequestration projects within the PCOR Partnership region. Each of the pipeline 
systems targets a CO2 volume, starting location (inlet), and destination (delivery point). These 
theoretical systems provide detailed pipeline system characteristics and costs from which cost 
drivers associated with commercial-scale CO2 pipeline transport for CCUS projects may be 
identified.  
 
 A key assumption for this review of the pipeline systems is that the CO2 delivered to the 
inlet of the pipeline will meet industry standards for CO2 pipeline systems, such as those specified 
by Kinder Morgan (Ricketson, 2020) and others, and will meet the designed inlet pressures of 
2190 and 2700 psig. No additional cost was included for the CO2 to meet industry standards, and 
the reviews only include the costs associated with the pipeline system: from inlet to delivery point. 
Additional considerations such as pressurization of the CO2 stream to match inlet conditions of 
2190 or 2700 psig were not included, nor were any costs included for the delivery of the CO2 
downstream of the delivery point or pressurization above the designed exit pressure of 1700 psig.
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Project Goals and Objectives 
 
 The two goals of this work are to i) examine pipeline costs for the transport of anthropogenic 
CO2 from potential capture sources to delivery points located in the PCOR Partnership region and 
ii) perform a sensitivity analysis of the estimated pipeline costs to several critical design variables 
(inputs). 
 
 The objectives of this work are to provide detailed CO2 pipeline cost estimates and perform 
hydraulic reviews for three hypothetical pipeline routes within the PCOR Partnership region and 
summarize the CO2 pipeline capital and operating costs for pump stations as a function of the 
following design constraints: 
 

• Pipe sizing (16-, 20-, 24-, 30-, 36-, or 42-in.)  
• Change in elevation 
• Pipeline length 
• Number of booster pumps (0, 1, 2, 3 for Routes A and B, 4+ for Route C) 
• Pipeline design pressure (2190 or 2700 psig) 

 
 The CO2 pipeline cost estimates and hydraulic reviews were performed by Resolute 
Engineering (Resolute) through the PCOR Partnership and further supplemented by the EERC 
using the DOE Fossil Energy (FE)/NETL CO2 transport cost model (“NETL Model”) (National 
Energy Technology Laboratory, 2018). Selected design and cost estimates for pump systems were 
provided by third parties. 
 

Pipeline Routes 
 
 Three hypothetical pipeline routes were selected for this review to target the effect that 
pipeline length, change in elevation, effects of design pressure, number of booster pump 
installations, and length of pipeline would have on the volume capability and cost of the pipeline. 
In addition, several runs were made focusing on the criteria shown in Project Goals and Objectives 
to highlight the impact that pump installations would have online-sizing, transport volume, and 
cost.  
 
 Each of the three pipeline routes are discussed individually in respective sections of this 
report and each reflects a total of four potential routes: i) baseline, ii) direct route, iii) colocation 
with other lines, and iv) avoid impacts. These routes are indicated in the following figures by red, 
green, yellow, and blue lines, respectively. The baseline route provided the initial review of the 
line for comparisons to the other potential routes. The direct route, as its name implies, was the 
most direct path found while honoring the commitment of bypassing critical or congested areas 
such as cities or other areas of concern. The colocation route looked for opportunities to adjoin 
previously constructed pipelines, utility corridors, or other similar construction where a pipeline 
could be installed within the affected area and limit the exposure of disturbing new ground. Finally, 
the avoid impacts route was to provide a pipeline route that bypassed as many sensitive areas as 
possible to reduce the impact to these areas. While each route was based on public information, a 
detailed review of the pipeline route would be required prior to the selection of any specific route 
for implementation. As noted above, these three hypothetical pipeline systems were created to 
illustrate detailed costs associated with commercial-scale CO2 pipeline transport for CCUS 
projects and do not reflect actual pipeline routes currently under consideration. 
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Route A – Center, North Dakota, to Watford City, North Dakota 
 
 Route A targeted the transport of 4.3 million metric tons per year (MMtpy) of anthropogenic 
CO2 through a 110-mile pipeline to supply the Bakken petroleum system area near Watford, North 
Dakota (Figure 1). Two (2) of the four potential routes encountered and passed through the Little 
Missouri National Grasslands (LMNG) within an existing pipeline corridor, shortening the 
distance by approximately 2 to 3 miles as compared with bypassing LMNG. The net change in 
elevation1 for this route was approximately 35 feet lower at the delivery point as compared to the 
elevation at the inlet.  
 
 This pipeline also shows distinct elevations through the route that warrant review. First, the 
pipeline has a low point of 1794’ at approximately 25 miles from the inlet. With the inlet elevation 
at 2165’, the inlet pressure to the pipeline would need to be reduced by approximately 120 psig, 
or a heavier wall thickness pipe would need to be installed in this section to compensate for the 
hydrostatic head of the CO2 at the low point to ensure that the pressure of the pipeline does not 
exceed the design rating at this juncture.  
 
 Second, this route also has a high point of approximately 2577’ at approximately 80 miles 
from the inlet to the pipeline. The high point is in an area where the pipeline has an incline of 
approximately 415 feet over ~60 miles from the low point of the pipeline. Since this high point 
will reduce the pressure of the pipeline in this area, it should be investigated to ensure that the CO2 
remains in a supercritical phase.  
 
 Third, a second low point of approximately 1900’ at ~90 miles downstream of the pipeline 
inlet corresponds to the crossing of the Little Missouri River. The change in elevation seen in this 
area from the high point a few miles upstream to this low point warrants consideration because of 
the sensitive area of the crossing as well as the change in the pressure of the pipeline that occurs 
within this area.  
 

Route B – Killdeer, North Dakota, to Baker, Montana 
 
 Route B targeted the transport of 10 MMtpy of anthropogenic CO2 as a take-off from Route 
A near Killdeer, North Dakota, and delivering the CO2 to the Baker, Montana, area for possible 
use in EOR operations or further transport. All but the direct route followed similar paths and had 
lengths of approximately 120 miles, while the direct path had a length of approximately 110 miles. 
The net change in elevation for this route was approximately 780 feet, with a maximum elevation 
of approximately 3330 feet before dropping down to an elevation of approximately 3070 feet at 
the terminus of the line (Figure 2).  

 
1 Net change in elevation refers to the difference between the elevation at the terminus less the elevation at the inlet 
of the pipeline. However, because the net change in elevation is based only on the elevations of the inlet and terminus 
of the line, the entire pipeline route should be reviewed for high or low points or other areas of concern (crossings, 
corridors, etc.) as these can affect the design and operation of the line. 



 

4 

 
 

Figure 1. Pipeline routes and elevation of Baseline system in Route A – Center, North 
Dakota, in the south to Watford City, North Dakota, in the north. The Center elevation is at 
the right end of the elevation profile.  

 
 
 Like Route A, this pipeline route had a low point elevation below the inlet elevation. At 
approximately 4.5 miles from the inlet, the elevation of the pipeline is approximately 56’ lower 
than the inlet. Although this low point is not as drastic as the low point in Route A, it still warrants 
consideration on limiting the inlet pressure by approximately 20 psig. 
 
 In addition, the pipeline has a maximum elevation of 3330 feet at approximately 112 miles 
from the inlet. This change in elevation of approximately 1060 feet results in a loss of pressure in 
the pipeline of ~335 psig because of the increase in elevation alone. 
 
 In addition, two of the pipeline routes passed within ~15 miles of oil fields that may hold 
EOR potential and, therefore, could offer the ability to offtake some of the CO2 from this line.  
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Figure 2. Pipeline route elevation profile for Baseline system in Route B – Killdeer, North 
Dakota, in the north to Baker, Montana, in the south. Killdeer elevation is at the right end of the 
elevation profile. 

 
 

Route C – Missouri to Montana 
 
 Route C targeted the transport of 20 MMtpy of anthropogenic CO2 from sources beginning 
near Kansas City, Missouri, and other industrial sources along the route, for delivery near Lambert, 
Montana, for use in EOR operations or storage in geologic formations in the area. This line is the 
longest and largest of the three pipeline routes considered, having a length of approximately  
1064 miles and a net change in elevation of approximately 1605 feet. This line does climb to an 
elevation of 5316 feet at approximately 677 miles from the inlet, before dropping back down to an 
elevation of 2338 feet at the terminus of the line (Figure 3). 
 
 As with Routes A and B, this pipeline path showed a low point elevation below the inlet 
elevation. For this route, the low elevation is at approximately 2.2 miles from the inlet. However, 
as compared to other two routes, the elevation change from the inlet at 735 feet to the low point is 
not as steep, resulting in only an approximately 11’ reduction in elevation. Because of the limited 
amount of elevation change, this low point is not as drastic as in the other routes, resulting in a 
potential increase in pressure of approximately 3.5 psig higher than the inlet; nevertheless, further 
consideration regarding this potential change is warranted. 
 
 In addition, this pipeline route has a maximum elevation of 5316 feet at approximately  
688 miles from the inlet. This change in elevation of approximately 4581 feet results in a loss of 
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Figure 3. Pipeline routes for Route C – Kansas City, Missouri, in the south to Lambert, 
Montana, in the north. Kansas City elevation is at the right end of the elevation profile. 

 
 

pressure in the pipeline of ~1450 psig because of the increase in elevation alone and may allow 
the CO2 stream to no longer be in a supercritical state. However, since this pipeline is anticipated 
to require pumps to limit the OD (outside diameter) and cost of the pipeline, a detailed evaluation 
on the location of the pumps and the hydrostatic change of the CO2 would be required to fully 
assess the change in the CO2 stream through this change in elevation. 
 
 
METHODS 
 
 After identifying the pipeline Routes A, B, and C, engineering calculations were conducted 
to quantify pipeline costs based on the design constraints for each route. 
 

Pipeline Cost Estimates and Hydraulic Reviews 
 
 Through their membership in the PCOR Partnership, Resolute provided the pipeline routes, 
cost estimates, and hydraulic reviews for each of the pipelines under consideration. Resolute used 
public data and in-house and commercial software to provide the route selection, modeling, and 
cost estimates for the each of the pipelines. In addition, Resolute provided detailed project 
summaries and cost estimates for pump stations based on the size of the pipeline, design pressures 
(2190 or 2700 psig), and CO2 volume for each route.  
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 The detailed project summaries included the following throughout the design and 
construction of the project:  
 

• Estimated total project cost  
• Estimated project schedule  
• Estimated client internal costs  
• Estimated cost and schedule for engineering support 
• Estimated cost and schedule for environmental work  
• Estimated cost and schedule for the right-of-way (ROW) acquisition 
• Estimated cost and schedule of survey work on ROW 
• Estimated cost and schedule for pipeline inspection work  
• Estimated cost, design, and schedule for materials utilized in project (mainline pipe, bore 

pipe, pipe bends, valve stations and valving required, power drops for motor-operated 
valves (MOVs), and sites or launchers and receivers)  

• Estimated cost and schedule for construction activities  
• Estimated cost and schedule for lidar/photography required for the pipeline  
• Estimated cost and schedule for geotech study  
• Estimated cost and schedule for nondestructive testing (NDT) 
• Estimated overall cost versus schedule  

 
 An example of these reports is included in Appendix A. The reports provided a preliminary 
and detailed examination of the needs of the pipeline for each of the routes considered. 
 

Supplemental Calculations 
 
 While Resolute provided much of the information concerning the pipeline routes and 
estimated cost, some supplemental information was provided by the EERC. For example, the 
EERC supplemented Resolute information using the NETL Model (National Energy Technology 
Laboratory, 2018). The NETL Model was used to provide the additional information required to 
complete the review of the pipeline sizes and pump station requirements set out earlier.  
 

NETL Model 
 
 The NETL Model supports the DOE mission advancing the energy security of the United 
States. Within this model, equations were developed in prior years to provide a cost estimate for 
pipelines based on reviews of previous pipeline installations for a geographic area within the 
United States. The NETL Model corrects the cost estimates to 2018 dollars by using industrial 
inflation factors. For the routes that are included in this report, the NETL Model was updated to a 
2019 cost estimate to provide a better estimate for a future project than the current or past years. 
The NETL Model was not updated to 2020 or 2021 because of the unique impacts of the COVID-
19 pandemic. Regarding 2020, the COVID-19 pandemic both reduced the workload and depressed 
the pricing of materials and labor. Throughout 2021, the beginning of the recovery from the 
pandemic resulted in a surge of work that produced a spike in pricing from a higher cost of labor 
and shortage of materials.
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Additional Calculations 
 
 In addition to the modeling that Resolute provided, third-party vendors were contacted and 
provided cost estimate and capacity for pumps used within the pipeline systems. The information 
provided by the third-party vendors is included in the pipeline designs and cost estimates. 
 
 
RESULTS 
 
 For all pipeline routes considered, the “no-pump” option for each of the pipeline pressures 
was used as the baseline for comparisons. In this way, the effect of using pumps could be evaluated 
both in terms of total cost for the construction of the line as well as a comparison with the 
operational cost of the pumps included for each of the design pressures considered. 
 

Route A Costs and Hydraulics 
 
 The path of Route A, an estimate of its cost, and a summary of the hydraulics associated 
with it were determined. Table 1 summarizes the Route A results for the required inlet pressure 
and maximum CO2 capacity based on a pressure of 1700 psig at the terminus of the line. 
 
 For Route A, the recommended pipe sizing would be16-in. OD with a 2700-psig design 
pressure for the rate of 4.3 MMtpy with no pumps installed on the pipeline (green highlighted row 
in Table 1). However, if there is a need for a volume greater than 5 MMtpy, then a larger line size 
or the addition of pump stations should be considered for this route. Since the 16-in. OD 
specifications and all larger pipeline sizes achieved the target CO2 volume of 4.3 MMtpy, Table 1 
does not include additional cases for pump stations. Additionally, the maximum volume shown 
for each line reflects the volume that the line can transport based on a maximum inlet pressure of 
2700 psig. 
 
 In addition, this system highlights the finding that the amount of CO2 that a pipeline can 
transport is magnified with larger OD pipe. However, the cost difference and amount of CO2 
transported between the 16-in.-OD line and the larger OD lines are presented in Table 2 both in 
terms of cost and as a percentage increase over the 16-in.-OD baseline. 
 
 

Table 1. Summary of the Results from the Hydraulic Review for Route A 

Pipe 
OD 

Number 
of 

Pump 
Stations 

Required 
Inlet 

Pressure1 

Net 
Change 

in 
Pressure 

Inlet 
Temp. 

Exit 
Temp. 

Net 
Temp. 

Change 

Estimated 
Cost of 
Pipeline 

Max. 
CO2 

Volume2 
in.  psig psig °F °F °F $MM  MMtpy 
16 0 2434 734 115 83.9 31.1 167.1 5.0 
20 0 1942 242 115 89.8 25.2 195.8 8.9 
24 0 1792 92 115 92.1 22.9 247.2 14.1 
30 0 1721 21 115 92.6 22.4 372.0 25.3 
1 Required inlet pressure reflects pressure required to transport the base volume of 4.3 MMtpy for the OD of the line. 
2 Max. CO2 volumes reflect the maximum amount of CO2 that can be transported at 2700 psig.
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Table 2. Pipeline Cost and Transport Capabilities as Compared to Baseline System 

Nominal 
Pipeline 
OD, in. 

Max CO2 
Transport 

Capacity, MMtpy 

Pipeline
Cost, 
$MM 

% Cost 
above 

Baseline 

% Max. CO2 
Transport 
Capacity 

above Baseline 

Cost per MMtpy 
of CO2 

Transported 
16 5.0 167.1   $33.42 
20 8.9 195.8 17.2 78 $22.00 
24 14.1 247.2 47.9 182 $17.53 
30 25.3 372.0 122.6 406 $14.70 
 
 

Route B Costs and Hydraulics 
 
 Information from Resolute and data from the NETL Model were used for the hydraulic 
evaluation of this route. Table 3 summarizes the Route B results for a pressure of 1700 psig at the 
terminus of the line. 
 
 

Table 3. Summary of the Results from the Hydraulic Review for Route B 

Pipe OD, 
Number 
of Pump 
Stations 

Required 
Inlet 

Pressure,1 

Net 
Change in 
Pressure, 

Inlet 
Temp., 

Exit 
Temp., 

Net Temp. 
Change,  

Estimated Cost 
of Pipeline and 
Pump Stations, 

Max. 
CO2 

Volume,2 
in. psig psig °F °F °F $MM  MMtpy 
16 0 EMDP3      4.1 
20 0 EMDP3      7.3 
24 0 2526 826 115 83.3 31.7 340.9 11.5 
30 0 2146 446 115 86.9 28.1 447.2 20.7 
16 1 EMDP3      5.9 
20 1 2380 680 115 90.9 24.1 270.8 11.2 
24 1 1954 254 115 94.4 20.6 307.7 10.0 
30 1 1737 37 115 97.3 17.7 452.6 17.8 
16 2 EMDP3      7.6 
20 2 2190 409 115 97.1 17.9 252.0 10.0 
24 2 1810 110 115 99.1 15.9 312.8 13.7 
30 2 1669 -315 115 100.6 14.4 458.0 24.5 
16 3 27464 1046 115 103.6 11.4 231.0 9.8 
20 3 2012 312 115 99.5 15.5 256.7 10.4 
24 3 1779 79 115 100.3 14.7 317.8 16.7 
30 3 1660 -40 5 115 101.1 13.9 463.4 29.8 
1 Required inlet pressure reflects pressure required to transport the base volume of 10 MMtpy for the OD of the line with the  

number of pumps indicated. 
2 Max. CO2 volumes reflects the maximum amount of CO2 that can be transported at either 2190 or 2700 psig based on the required 

inlet pressure or the maximum volume the pipeline can handle at 2700 psig if the inlet pressure exceeds 2700 psig. 
3 EMDP: line pressure for this run exceeds the maximum design pressure considered of 2700 psig to deliver 10 MMtpy. 
4 This run is shown since the required inlet pressure is <100 psig over the design pressure of 2700 psig. Detailed review or cooling of 

the CO2 may reduce the pressure needed to a value that would make this design a viable alternative.  
5 Negative pressures shown for the Net Change in Pressure is the result of spacing pump stations along the pipeline to provide a 

pressure at the terminus of 1700 psig. In these cases, the required inlet pressure for these runs was lower than the exiting  pressure, 
which resulted in a negative net change in pressure. 
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 For Route B and a rate of 10 MMtpy, the recommended pipe sizing would be a 20-in.-OD 
line with a 2190-psig design pressure and two pump stations if only 10 MMtpy is required (green 
highlighted rows in Table 3). However, regarding the 20-in. OD and one pump for the 2380-psig 
required pressure (blue highlighted row in Table 3), an evaluation should be considered to 
determine the cost associated with pressurizing the CO2 stream to this pressure, designing the 
pipeline to 2700-psig criteria, and whether the additional CO2 capacity of the line would warrant 
the additional cost of the line. Additionally, if there is a need for a volume greater than 
approximately 11 MMtpy, then a larger line size or the addition of more pump stations should be 
considered for this route. 
 

Route C Costs and Hydraulics 
 
 Information from Resolute and data from the NETL Model were used for the hydraulic 
evaluation on this route. Because of the large volume and the length of the line, this route requires 
large-diameter pipe in comparison to the other two routes. While a no-pump installation is 
achievable using a minimum of 48-in.-OD pipe, the cost of the line is very high, at an estimated  
$8B. With the addition of pump stations, the OD of the line is reduced along with the total 
estimated cost for the line, although the cost is still in the range of $4B to $7B. A summary of the 
results from the hydraulic study is shown in Table 4. 
 
 Based on the required inlet pressure and the overall cost of the line, the recommended pipe 
sizing would be 30-in. OD with a 2700-psig design pressure and six pump stations to deliver the 
CO2 volume 20 MMtpy (green highlighted row in Table 3). However, because of the high cost of 
this line and the number of pump stations required to minimize the OD of the line, a detailed 
evaluation will need to be performed that includes the operational cost of the pump systems as 
well as the maximum capacity of the line for that application.  
 
 
DISCUSSION 
 

Key CO2 Transport Cost Drivers 
 
 The design of any system requires a detailed evaluation that honors the parameters that the 
design must meet. For the CO2 pipeline systems reviewed in this report, several design 
considerations affect the cost of the pipeline system: volume of CO2 transported, length of the 
pipeline, elevation changes along the pipeline route, initial and final conditions of the CO2 stream, 
and the price of steel. Each of these items is discussed further below. 
 

Volume of CO2 Transported 
 
 The volume of CO2 transported (along with the elevation change in the line and conditions 
of the CO2) greatly dictates the size of the pipeline that is required. With higher CO2 volumes, a 
larger OD pipeline would be required to move the volume of CO2 down the pipeline and limit the 
associated pressure drop. Ultimately, each pipeline size has its limitations, with and without pumps 
installed, where the pipeline reaches its maximum capacity to transport CO2 through the pipeline.  
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Table 4. Summary of the Results from the Hydraulic Review for Route C 

Pipe 
OD, 

Number 
of Pump 
Stations 

Estimate 
of Pump 

HP1 

Required 
Inlet 

Pressure,2 

Net 
Change 

in 
Pressure, 

Inlet 
Temp., 

Exit 
Temp.,3 

Net 
Temp. 

Change, 

Estimated 
Cost of 

Pipeline and 
Pump 

Stations, 
Max. CO2 
Volume,4 

in. psig psig °F °F °F $MM  MMtpy 
48 0 – 2690 990 115   7,965 20.1 
42 1 10,058 2452 752 115   7,718 24.3 
36 2 23,041 2617 917 115   6,775 20.9 
36 3 26,642 2393 693 115   6,813 24.8 
30 4 51,100 27895 1089 115 85 30 4,547 20.0 
36 4 29,739 2257 557 115   6,822 28.3 
42 4 23,668 2142 442 115   6,180 27.7 
30 5 66,778 2745 5 1045 115   4,554 20.0 
36 5 32,038 2164 464 115   6,831 20.6 
30 6 74,868 2601 901 115   4,561 21.2 
36 6 40,753 2142 442 115   5,517 22.6 
1 Estimate of pump HP based on power costs provided by NETL Model or as provided by Resolute. 
2 Required inlet pressure reflects pressure required to transport the base volume of 20 MMtpy for the OD of the line with the number of  
 pumps indicated. 
3 Exit temperature shown is based on modelling from Resolute. Because of time limitations, no further results were obtained. 
4 Max. CO2 volumes reflects the maximum amount of CO2 that can be transported at either 2190 or 2700 psig based on the required inlet  
 pressure, or the maximum volume the pipeline can handle at 2700 psig if the inlet pressure exceeded 2700 psig. 
5 These runs are shown since the required inlet pressure is <100 psig over the maximum design pressure of 2700 psig. Detailed review or  
 cooling of the CO2 may reduce the pressure needed to a value that would make this design a viable alternative.  



 

12 

 Figure 4 shows the estimated maximum CO2 volumes for Routes A, B, and C as a function 
of pipe OD and number of pump stations. For Route A, while the 16-in. pipe OD achieved the 
design target of 4.3 MMtpy, expanding the pipeline OD to 20, 24, or 30 in. would increase the 
maximum CO2 volumes from 5.0 to 8.9, 14.1, and 25.3 MMtpy, respectively (an increase of 78%, 
182%, and 406%, respectively). Similarly, for Route B, expanding the pipeline OD from 16 in. to 
20, 24, or 30 in. would increase the maximum CO2 volumes from 4.1 to 7.3, 11.5, and  
20.7 MMtpy, respectively, when there are zero pump stations. Adding pump stations increases the 
maximum CO2 volume within each pipe OD size. For example, the 24-in. Route B line with zero 
pumps and the 20-in. Route B line with two pumps both have a maximum CO2 volume of  
10 MMtpy. Lastly, as shown in the figure, the interplay between inlet pressure and number of 
pump stations also affects the maximum CO2 volumes. For example, for Route C, the 36-in. pipe 
OD with four pump stations (28.5 MMtpy) had a greater maximum CO2 volume than the 42-in. 
pipe OD with four pump stations (27.7 MMtpy) because the inlet pressure for the 36-in. pipe OD 
(2257 psig) was greater than the inlet pressure for the 42-in. pipe OD (2142 psig) (Table 4). 
However, there are additional cost considerations for the pump stations to provide the higher 
pressure and should be included within the review of the system. 
 

Pipeline Length and Elevation Changes 
 
 The length of the pipeline limits the volume of CO2 transported because of longer lengths of 
line and the resulting differential pressure (dP) between the inlet and the delivery point. In general, 
as the line lengthens, the volume that the pipeline could transport decreases, and larger pipeline 
sizes are required for the volume of CO2 under consideration. 
 
 In each of the three pipeline routes considered in this study, topographic relief between the 
inlet and terminus of the line, as well as throughout the length of the pipeline, was evident (see 
Figures 1–3). Some of the elevation changes may require adaptions to the operation of the line (see 
Pipeline Routes). For example, a low point in the line could limit the maximum pressure at the 
inlet, while high point elevations can dictate a limit to the operating pressure of the line or for the 
selection of pipe used. This is especially true for Route C, which reached the highest elevation 
before dropping down and reducing the net elevation change based on the terminus of the line. 
Like a low elevation, the high point in elevation would need to be considered during the design of 
the line such that the pressure to lift the CO2 to the high point both during the initial fill of the line 
and during routine operations, as well as when the line is static, can be accommodated by the pipe. 
 
 The interplay of pipeline length and elevation changes along the route both factor into the 
maximum CO2 volumes that can be supported by the pipeline system. For example, Routes A and 
B were similar lengths of approximately 120 miles. However, Route B had 780 feet of net elevation 
change (rise) as compared to −35 feet of net elevation change (fall) for Route A. Consequently, 
similar pipe OD lines for Routes A and B had different maximum CO2 volumes. The maximum 
CO2 volumes, without pumps installed on the pipeline, for Route A pipe ODs of 24 and 30 in. were 
14.1 and 25.3 MMtpy, respectively, while the maximum CO2 volumes for Route B pipe ODs of 
24 and 30 in. were 11.5 and 20.7 MMtpy, respectively (Figure 5). Therefore, Route B had an 
approximately 18% reduction in the maximum CO2 volumes for the equivalent Route A pipe ODs. 
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Figure 4. Maximum CO2 volumes for Route A (top), Route B (middle), and Route C 
(bottom) as a function of pipe OD and number of pump stations.2 The orange horizontal 
line in each panel shows the design targets of 4.3, 10, and 20 MMtpy for Routes A, B, and 
C, respectively. Solid bars reflect a design pressure of 2190 psig; crosshatched bars reflect 
a design pressure of 2700 psig.  

 
2 Max. CO2 volumes reflects the maximum amount of CO2 that can be transported at either 2190 or 2700 psig based 
on the required inlet pressure, or the maximum volume the pipeline can handle at 2700 psig if the required inlet 
pressure exceeds 2700 psig. 
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Figure 5. Comparison of maximum CO2 volumes for Routes A and B for equivalent pipe 
OD sizes and zero pump stations. Solid bars reflect a design pressure of 2190 psig, and the 
crosshatched bar reflects a design pressure of 2700 psig.  

 
 

Initial and Final Conditions of the CO2 Stream 
 
 The inlet conditions of the CO2 will also affect the size of the pipeline used. For example, if 
the inlet pressure is too low, then a larger pipeline OD or the addition of pump stations may be 
required to transport the required volume of CO2, both of which will increase the cost of the line. 
Similarly, if the inlet temperature of the CO2 is too high, for example during summer conditions, 
a larger pipeline diameter may be required because of the lower density of the CO2. This is 
particularly true for Route C, where the volume of CO2 transported through the line is reduced as 
the temperature becomes elevated, as referenced in Figure 6 (based on NETL CO2 Transport 
Model with average pipeline temperatures shown). For Route C, an average pipeline temperature 
of 65°F provides an estimated maximum rate of approximately 22.7 MMtpy, whereas an average 
pipeline temperature of 100°F provides an estimated maximum rate of approximately 21.0 MMtpy 
(7.5% decrease). 
 
 The exiting conditions of the CO2 at the delivery point will also dictate the size of the line 
required. If the exiting pressure is too high (resulting in a lower dP through the line as compared 
to the inlet conditions), then the size of the line may need to be larger to handle the volume of CO2 
required. Additionally, if the pressure is too low where the CO2 is no longer in a dense phase (for 
the exiting temperature), then the pipeline may not have the ability to transport the required volume 
of the CO2. 
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Figure 6. Effects of average pipeline temperature of maximum rate transported for Route C 
(based on NETL Model with average PL temperatures shown).3 

 
 

Price of Steel 
 
 Figures 7 and 8 provide a summary on the historical price of plate steel and scrap, 
respectively, since 2002 (as provided at SteelBenchmarking.com, 2021). Because of the reduced 
demand for steel associated with the shutdowns from the COVID-19 pandemic in 2020, the price 
of steel has seen a dramatic uptick in 2021 resulting from the subsequent surge in demand for steel 
products during recovery from the pandemic. For example, the price of plate steel in 2018–2019 
was less than $1200 per metric ton; however, in October 2021, the price increased to $2013 per 
metric ton – an increase of about 68%.  
 
 Similarly, the price of scrap steel rose from $225, $273, and $320 per ton for heavy melting, 
shredded scrap, and #1 busheling, respectively, delivered to a U.S. mill in May of 2020 and reached 
a peak of $466, $503, and $655 per ton in June and July of 2021, resulting in an increase of 207%, 
184%, and 205% as compared to the pricing in May 2020 for these products. Prices as of  
October 11, 2021, have since declined to $422, $463, and $586 per ton, but remain elevated as 
compared to the previous 10 years of pricing (2011 to 2021) for these products.  
 
  

 
3 Figure 6 reflects the estimated maximum volume for Route C based on the NETL Model and the average temperature 
shown in the graph. Figure 6 is for reference only based on the parameters of Route C to highlight the effect that 
temperature can have on the volume of CO2 transported through a pipeline. 
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Figure 7. Price of plate steel – January 2002 to October 2021 (as provided at 
SteelBenchmarking.com, 2021). 

 
 

 Because of the recent spike in the price of steel and the uncertainty of when the pricing 
would return to normal levels, consideration should be given to the price and the delivery of steel 
pipe when evaluating the cost of a pipeline. 
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Figure 8. Price of scrap steel – January 2002 to October 2021 (as provided at 
SteelBenchmarking.com, 2021). 

 
 

Cost–Hydraulics Optimization Considerations 
 
 As demonstrated for Route C, the installation of pump stations can reduce the overall cost 
of the pipeline system and, possibly, provide a buffer to allow for a higher volume of CO2 to be 
transported in the event additional volumes become available or demand increases. In addition, 
with the variations in ambient temperatures from summer to winter, using pumps with variable-
frequency drives (VFDs) will enable the pumps to operate efficiently and deliver the CO2 at the 
lower overall power cost throughout the year. 
 

Pipeline OD Versus Pump Installations 
 
 As demonstrated in Routes B and C, pipeline booster pump installations generally allow for 
reducing the OD of the pipeline. This is due to a higher pressure drop realized through the system, 
which, in turn, allows for a higher volume being transported through the pipeline. Additionally, 
since the CO2 stream is transported as a supercritical fluid, some heating of the CO2 stream will 
be realized with the addition of pump stations. The amount of heat generated in the pumps depends 
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greatly on the inlet density of the CO2 stream to the pumps. The higher the density of the CO2 that 
is delivered to the pumps, the lower the temperature increase that would be realized.  
 
 Pump station installations should be considered for optimizing the pipeline system but will 
need to be evaluated based on the cost of the pump stations, the added heat load to the system, and 
the added operational expense and upkeep of the pumps. In many cases, the savings from the 
reduction in the OD of the pipeline will more than pay for the operational expenses associated with 
the pumps throughout the life of the project. However, each system is different and will require a 
detailed analysis on what the best option is for the system in consideration. 
 
 Figure 9 shows an example for Route B, where the pipe OD and number of pumps are sorted 
in order of maximum CO2 volume (least to greatest maximum CO2 volume going from left-to-
right, left-hand y-axis) and the total pipeline system cost (pipeline plus pump stations) divided by 
the maximum CO2 volume to express “cost per metric ton of CO2” on the right-hand y-axis. Based 
on the NETL Model and as shown in the figure, the addition of pump stations can lead to a lower 
relative cost with comparable maximum CO2 volume. For example, a 20-in. pipe OD with one 
pump station has an estimated maximum CO2 volume of 11.2 MMtpy and a cost per metric ton of 
$24.18, whereas a 24-in. pipe OD with zero pump stations has an estimated maximum CO2 volume 
of 11.5 MMtpy (2.7% increase) and a cost per metric ton of $29.64 (22.6% increase). A similar 
phenomenon occurs between a 24-in. pipe OD with three pump stations and a 30-in. pipe OD with 
one pump station. These examples highlight the interplay between pipe OD and pump stations and 
its importance in optimizing pipeline system costs and hydraulics. 
 
 

 
 

Figure 9. Line plot showing the Route B estimates of the maximum CO2 volume (left y-axis) 
and cost per metric ton of CO2 (right y-axis) as a function of the pipe OD and number of 
pumps. Solid bars reflect a design pressure of 2190 psig, and the crosshatched bar reflects a 
design pressure of 2700 psig. 
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Pipeline Installation Cost Versus Operational Cost with Pumps 
 
 A major theme of this report focuses on the volume of the CO2 that can be transported in the 
pipeline system. In general, the volume of CO2 that the pipeline can transport will increase with 
an increase in the OD of the pipe or the addition of pump stations along the route. However, with 
higher flow, the operational cost of the pumps installed will be higher. Also, the higher the pipeline 
pressure, the higher the operational cost of the pumps will be. In the cases evaluated in this report, 
2190 or 2700 psig, the operational cost of the pumps at the higher pressure of 2700 psig was 
approximately double that at 2190 psig. The operational cost of the pump system(s) does impact 
the long-term cost of the project, and as a result, the total cost of the system should be fully 
evaluated over the life of the project to determine the optimal system for the project under 
consideration. 
 

Pump Considerations 
 
 Pumps have been used to pressurize CO2 streams for many years. While different styles of 
pumps can be used for pressurizing CO2, centrifugal pumps are generally used for this service 
because of their ability to accept a varying range of densities and to operate effectively with the 
use of VFDs. The centrifugal pumps are generally constructed in a horizontal arrangement which 
allows for easy access to the major pieces of the equipment: motor, pump staging, and/or thrust 
chambers. Because of this, the downtime associated with changing out equipment is minimized 
and generally completed with 1 or 2 days. 
 
 A concern for pressurizing CO2 streams is that they are inherently dry: both in terms of the 
water content and lubricity. Specifically, the CO2 streams are required to be dehydrated (typically 
30 lb per MMscfd as indicated by Kinder Morgan, but each project will require an assessment to 
determine the maximum water content allowed) to ensure no free water will be condensed out of 
the stream, which would pose a risk of corrosion to the carbon steel equipment because of the 
formation of carbonic acid. The pipeline system being evaluated should include a detailed analysis 
on the temperatures of the stream to determine how dry the CO2 stream will need to be to ensure 
water is not condensed out during operation or shut in of the line.  
 
 In terms of lubricity, CO2 streams do not offer the lubricity of other fluids such as water or 
oils. Because of this, the bearings within centrifugal pumps require special materials that will allow 
the bearing faces to rotate against each other without the overheating that can result in failures of 
the bearings. Resulting from the low lubricity of a CO2 stream, special bearings are required to 
utilize pumps in CO2 applications. 
 

Lessons Learned for the PCOR Partnership 
 
 Overall, any pipeline design requires the careful consideration of many factors–detailed 
design parameters such as the CO2 volume, pipeline pressure, and pipeline inlet and exit conditions 
and the effects to the CO2 stream, elevation changes throughout the length of the line, route 
considerations, and pumping needs, to name a few. Each of these factors can affect the choice of 
pipe size and pressure rating and will need to be reviewed together to define the optimum line 
sizing, i.e., the line size necessary for the transport of the required volumes of CO2 volume while 
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minimizing the overall cost of the line both in terms of construction cost and long-term operational 
cost of installed pumping equipment. This study identified the key CO2 transport cost drivers and 
cost–hydraulics optimization considerations. Two additional insights gained by this study, which 
provide valuable “lessons learned” for the PCOR Partnership, include i) pressure–temperature 
effects on pipeline sizing and maximum injection pressure and ii) an understanding of the 
similarities and differences between the NETL Model and the more detailed engineering estimates 
performed by Resolute. These lessons learned are discussed in more detail in the remainder of this 
section.  
 

Pressure–Temperature Effects  
 
 The investigation of the pipeline routes used an inlet CO2 temperature of 115°F. This 
temperature was used to model the maximum temperature during summer conditions. Integral to 
this temperature selection was the assumption that the captured CO2 from an anthropogenic source 
would be delivered at elevated temperature and cooled with aerial coolers with a 10°F approach4 
to the ambient temperature. What became evident through the detailed designs provided by 
Resolute was that the exiting temperature of the CO2 from the pipeline did not reach the estimated 
ambient ground temperature of 60° to 65°F anticipated during the peak of the summer for this 
section of the PCOR Partnership region. The modeling data that Resolute provided showed the 
following key relationships: 
 

1. The larger the OD of the pipeline, which required a lower inlet pressure, the higher the 
exiting temperature of the CO2.  
 

2. Increasing the number of pump stations resulted in a higher exit temperature of the CO2. 
This is due to the pumps adding heat to the CO2 stream from pressurization which can 
ultimately result in a higher exiting temperature. 

 
 Figure 10 summarizes the results from Resolute’s model runs and shows the exit temperature 
of the CO2 (outlet temperature) from the pipeline based on pipe OD, flow rate, number of pump 
stations, and inlet pressure. As shown in the figure, the outlet temperatures for Routes A and B, 
range from 83.9° to 92.6°F and 83.3° to 103.6°F, respectively. Route C shows an outlet 
temperature of 84.7°F for the model run provided by Resolute. In all cases, the outlet temperatures 
are significantly greater than the estimated ground temperature of 60° to 65°F anticipated during 
the peak of the summer for the North Dakota area. Because the temperature of the CO2 may not 
reach the ground temperature upon exiting the pipeline at the delivery point or, possibly, even at 
the injection wells, special consideration to the density of the CO2 at the wellhead of the injection 
well is necessary. If the temperature is too high, the density of the CO2 will be reduced and may 
affect the volume of the CO2 injected. Because of this, the maximum injection pressure set for the 
 

 
4 A 10-degree approach refers to how cool the fluid will be exiting the coolers as compared to the maximum ambient 
design temperature. For example, if the maximum ambient temperature is 90°F, then the fluid exiting the coolers 
would be 100°F at this temperature. The difference between the exiting temperature of the fluid from the coolers and 
the maximum ambient temperature defines the approach to ambient conditions. Also, when the ambient temperature 
is cooler than the designed maximum temperature, the fluid being cooled can show a higher temperature drop at the 
exit of the coolers, resulting in a higher degree of cooling of the fluid stream.  
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1 This run is shown since the inlet pressure is <100 psig over the maximum design pressure of 2700 psig. Detailed review or  

  cooling of the CO2 may reduce the pressure needed where this design would be a viable alternative. 
 

Figure 10. Estimated exit temperature from model runs made by Resolute. 
 
 
injection well(s) should account for the seasonal temperature effects of the CO2 stream and how 
the density of the CO2 may impact the injection rate to the well. In some cases, the reduced density 
of the CO2 stream because of the higher temperature may require reduced injection rates to remain 
within the injection pressure constraints. Higher injection pressure may offset some of the 
reduction in density associated with higher temperatures, but increasing the injection pressure 
would require further evaluation to determine how much additional pressure may be allowed in 
the injection pressure authorized by the regulating body. 
 
 In addition to wellhead impacts, Figure 11 illustrates the effect that the average pipeline 
temperature has on the volume of CO2 that the pipeline can transport, as calculated by the NETL 
Model, for Routes A, B, and C. While the temperature effects would not be expected to 
significantly affect Routes A and B (essentially a constant maximum CO2 rate from 65° to 105°F), 
temperature would make a significant difference for Route C. For example, at 65°F, Route C would 
have a maximum CO2 rate of 22.7 MMtpy, while at 105°F, the maximum CO2 rate would decrease 
to 20.7 MMtpy (8.8% decrease). 
 
 To estimate the addition of heat to the CO2 stream from pressurization, the commercial 
program HYSYS was used to estimate the discharge temperature rise from the pressurization using 
a pump or compressor for the method of pressurization and with two different equations of state. 
The extent of these temperature increases is shown in Figure 12. The HYSYS data highlight the 
need to consider the effect that pressurization will have on the CO2 stream and how the higher 
discharge temperatures will affect the flow of the CO2 stream through the pipeline system. 
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Figure 11. Effect of CO2 temperature on flow in pipeline Route C (NETL Model results,  
2700-psig pipeline pressure). 

 
 

 
 

Figure 12. Estimated discharge pressure from inlet temperatures from 1500 to 2700 psig. 
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Pipeline Sizing 
 
 The sizing of a pipeline system will depend on the differential pressure that the line will 
undergo. The differential pressure that the line experiences is impacted by the volume of the 
transported fluid, length of the line, elevation changes, temperature and pressure of the fluid, and 
pump station siting. Each of these items impacts the differential pressure that the fluid will undergo 
while it courses through the line, which dictates the size of the line to utilize the available 
differential pressure. Some general statements can be made regarding these effects as provided 
below. 
 
 
Design Challenge Solution or Result from Design Challenge 
Higher Transport Volume Possibly larger diameter of pipe, addition of 

pump stations 
Longer Pipeline Length Possibly larger diameter of pipe, addition of 

pump stations 
Net Elevation Increase (rise) along Pipeline 
Route 

The entire pipeline route will need to be fully 
reviewed to determine the true impact that the 
elevation change will have on the pipe design 
used in the pipeline as a rise in elevation will 
result in a reduction in the pressure of the 
pipeline as the pipeline increases in elevation. 
In addition, in the section(s) of pipe that have 
a net elevation rise, a detailed review on the 
pressure of the pipeline at the apex(es) of the 
rise will need to be reviewed to ensure that the 
CO2 remains in a supercritical phase during 
static and dynamic pipeline conditions. 

Net Elevation Decrease (fall) along Pipeline 
Route 

Possibly smaller diameter of pipe. The entire 
pipeline route will need to be fully reviewed to 
determine the true impact that the elevation 
change will have on the pipe design used in the 
pipeline as a fall in elevation will result in an 
increase in the pressure of the pipeline as the 
pipeline decreases in elevation. In addition, in 
the section(s) of pipe that have a net elevation 
fall, a detailed review on the pressure of the 
pipeline at the low point(s) of the line will need 
to be reviewed to ensure that the pressure of 
the CO2 stream does not overpressure the 
section of the pipeline where the low point 
occurs during static and dynamic pipeline 
conditions 

Continued . . . 
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Design Challenge Solution or Result from Design Challenge 
Higher Temperature of the Transported Fluid Possibly larger diameter of pipe. Depending on 

the temperature, the strength of the pipe may 
need to be modified to accommodate the 
temperature. 

Low Temperature of the Transported Fluid Detailed design review for pipe diameter as it 
may require larger or smaller diameter of pipe 
dependent on the conditions of the fluid. 

Higher Pipeline Operating Pressure Possibly smaller diameter of pipe due to the 
availability of higher differential pressure 
through the pipeline. 

Lower Pipeline Operating Pressure Possibly larger diameter of pipe due to the 
availability of a lower differential pressure 
through the pipeline. 

Incorporating Pump Stations Possibly smaller diameter of pipe 
Pump Station Operating Costs Balance of pipeline OD with the addition of 

pump stations to optimize the flow through the 
pipeline while minimizing the overall cost of 
the pipeline that includes the cost for the 
construction of the line and the operational 
expenses associated with the pump stations for 
the life of the project. 

 
 

Comparisons Between NETL (2018) and Resolute Estimates 
 
 The NETL Model is a generic, scoping-level estimation tool, whereas the Resolute modeling 
estimates represent engineering-level cost details based on the project-specific considerations. The 
estimates and details that Resolute presented incorporate their knowledge and cost information, 
supported by in-house and commercial software, while the NETL Model reflects calculations 
based on a multitude of regional projects, representing both short and long distances and varying 
pipeline diameters. 
 
 The NETL Model provides a good scoping level for a pipeline review. However, the NETL 
Model may not reflect accurate costs of some major items such as pipe and ROW costs; it does 
provide a good overall cost estimate for the overall cost estimate of a pipeline system. 
 
 Resolute provided a highly detailed report concerning the particulars of the pipeline systems 
under consideration. Similar to the NETL Model, Resolute provided cost estimates for the major 
items of the pipeline such as materials, labor, ROW, and other costs associated with a pipeline 
project. However, Resolute provided much more detailed information such as timelines for work 
and expenditures associated with construction, ROW acquisition, surveying, etc. An example of 
the level of detail provided by Resolute is shown in Appendix A. For this review, Resolute 
provided a total of 24 detailed reports for the three pipeline routes of interest. For each pipeline 
route, these reports provide information for a range of pipeline diameters at pipeline pressures of 
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2190 and 2700 psig. The detailed information provided by the Resolute analysis provides an 
excellent foundation for specifying an optimal pipeline system design for the transport of captured 
CO2 to a geologic storage site.  
 
 
SUMMARY 
 
 Cost estimates and hydraulic reviews were performed for three hypothetical CO2 pipeline 
routes, varying in lengths from approximately 100 to 1100 miles, with the capability of 
transporting from 4.3 million to 20 million metric tons per year of CO2. This study was conducted 
by Resolute Engineering through the PCOR Partnership and further supplemented by the EERC 
using the FE/NETL CO2 Transport Cost Model. The conclusions of this study are summarized 
here regarding the pipeline cost estimates and cost drivers, the cost–hydraulics optimization, and 
pressure–temperature effects on pipeline sizing and maximum injection pressure. Lastly, the 
similarities and differences between the NETL Model and the more detailed engineering estimates 
performed by Resolute are briefly documented.  
 

Pipeline Cost Estimates and Cost Drivers 
 

 The minimum costs for the three hypothetical pipeline routes ranged from $167 MM to 
$4,560 MM, as summarized in Table 5.  
 
 
Table 4. Summary of Findings on Hypothetical Pipeline Routes 

Hypothetical 
Pipeline 
Route 

Minimum 
Cost, $MM  

CO2 
Transport 
Capacity, 
MMtpy 

Inlet 
Pressure, 

psig 
Length, 

miles  

PL OD, in./no. 
of pump 
stations 

A 167 4.3 2700 110 16/0 
B 252 10 2190 110–120 20/2 
C 4,560 20 2700 1000 30/6 

 
 

 The primary cost drivers for these pipelines were the volume of CO2 transported, the length 
of the pipeline, elevation changes along the pipeline route, initial and final conditions of the CO2 
stream, the number of pump stations required, and the price of steel. The relative impacts of these 
various drivers are as follows: 
 

• Volume of CO2 transported – ultimately, each pipeline size has a maximum capacity to 
transport CO2, which increases with pipeline diameter. For example, while the 16-in. pipe 
OD achieved the design capacity of 4.3 MMtpy for Route A, expanding the pipeline OD 
to 20, 24, or 30 in. would increase the maximum CO2 capacity to 8.9, 14.1, and 25.3 
MMtpy, respectively (representing increases of 78%, 182%, and 406%), while requiring 
an additional capital spend of $28.7 MM, $80.1 MM, and $204.9 MM, respectively 
(representing increases of 17%, 48%, and 123%). Adding pump stations would generally 
increase the maximum capacity for each pipe OD.  
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• Pipeline length and elevation changes – the interplay of pipeline length and elevation 
changes along the pipeline routes both factor into the maximum CO2 volumes that can be 
transported by the pipeline system. For example, Routes A and B were similar in length, 
i.e., approximately 110 to 120 miles. However, Route B had 780 feet of net elevation 
change compared to -35 feet of net elevation change for Route A. Consequently, similar 
pipe OD lines for Routes A and B had different maximum CO2 volumes: Route B had 
approximately 18% lower maximum CO2 volumes for the equivalent Route A pipe ODs. 

 
• Initial and final conditions of the CO2—the inlet pressure and temperature of the CO2—

will also affect the size of the pipeline that is needed. For example, if the inlet pressure is 
too low, then a larger pipeline or pump stations may be required to transport the required 
volume of CO2, both of which will increase the cost of the line. Similarly, if the inlet 
temperature of the CO2 is too high, for example during summer conditions, a larger 
pipeline diameter may be required because of the lower density of the CO2. This impact 
is demonstrated for Route C, where the volume of CO2 transported through the line is 
reduced as the temperature becomes elevated. More specifically, an average pipeline 
temperature of 65°F provided an estimated maximum rate of approximately  
22.7 MMtpy, whereas an average pipeline temperature of 100°F provided an estimated 
maximum rate of approximately 21.0 MMtpy (i.e., a decrease of 7.5%). 

 
• Number of pump stations required – the volume that a pipeline can transport is increased 

with the addition of pump stations. Based on the planned volume for a pipeline, the cost 
of the pump stations will add cost to the pipeline (initial capital cost and ongoing 
operational costs) but, in many cases, allows for the reduction in pipeline OD. The 
reduction of the OD of the pipeline may more than offset the cost of adding pump stations 
to the pipeline system. Therefore, to determine the optimum design of the pipeline 
system, the capital cost and lifetime operational cost of the use of pump stations should 
be performed as part of the evaluation of the design of the pipeline system. 

 
• Price of steel – the price of steel has fluctuated dramatically in 2020 and 2021 because of 

the reduced demand of steel during the height of the COVID-19 pandemic and the 
subsequent surge in demand as recovery from the pandemic began to occur. For example, 
the price of plate steel increased about 55% from 2018 to 2019 (less than $1200 per metric 
ton) to July 2021 ($1856 per metric ton). Similarly, the price of scrap (i.e., heavy melting, 
shredded scrap, and #1 busheling) delivered to a U.S. mill increased 207%, 184%, and 
205% for these products, respectively, from May of 2020 to June/July of 2021. These 
swings in the price of steel are significant when the cost of a CO2 pipeline is estimated.  

 
Cost–Hydraulics Optimization 

 
 The installation of pump stations can reduce the overall cost of the pipeline system and, 
possibly, provide a buffer to allow for a higher volume of CO2 to be transported in the event 
additional volumes become available or demand increases. In addition, with the variations in 
ambient temperatures from summer to winter, the use of pumps with VFDs will enable the pumps 
to operate more efficiently and deliver the CO2 at a lower overall power cost throughout the year. 
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Some key considerations to be considered during the optimization of the costs and hydraulics of a 
CO2 pipeline were addressed in this report and are summarized below:  
 

• Pipeline diameter versus pump installations – the interplay between pipe OD and pump 
stations and its importance in optimizing pipeline system costs and hydraulics were 
demonstrated in this report. For Route B, it was shown that the addition of pump stations 
can lead to a lower relative cost with comparable maximum CO2 volume: 1) a 20-in. pipe 
OD with one pump station had an estimated maximum CO2 volume of 11.2 MMtpy and 
a cost per metric ton of $24.18, whereas a 24-in. pipe OD with zero pump stations had an 
estimated maximum CO2 volume of 11.5 MMtpy (2.7% increase) and a cost per metric 
ton of $29.64 (22.6% increase) and 2) a similar result was observed when comparing a 
24-in. pipe OD with three pump stations and a 30-in. pipe OD with one pump station. 

 
• Pipeline installation costs versus operational cost with pumps – in general, the volume of 

CO2 that the pipeline can transport will increase with the addition of pump stations along 
the route. However, with higher flow, the operational cost of the pumps will be higher. 
Also, the higher the pipeline pressure, the higher the operational cost of the pumps will 
be. In the cases evaluated in this report, i.e., inlet pressures of 2190 or 2700 psig, the 
operational cost of the pumps at 2700 psig was almost double that at 2190 psig. This 
result demonstrates that the operational cost of the pump system(s) will impact the long-
term cost of the pipeline.  

 
• Pump considerations – a general concern associated with pressurizing CO2 streams is that 

they are inherently dry, both in terms of the water content and lubricity. Specifically, the 
CO2 streams are required to be dehydrated (typically to 30 lb per MMscfd) to eliminate 
corrosion risks resulting from the condensation of free water from the stream. In addition, 
because the CO2 stream does not provide lubricity, pump bearings should be made of 
materials that will allow the bearing faces to rotate against each other without overheating 
and resulting in the galling of the bearings. With regard to pump selection, centrifugal 
pumps are generally preferred for CO2 pipelines because of their ability to accept a 
varying range of densities and to operate effectively with the use of VFDs. Furthermore, 
these pumps can be arranged such that downtime associated with changing out the 
equipment can be minimized. Because of the need to keep projects online as much as 
possible, redundant pumps or critical spares for the major equipment on the pumps should 
be considered as part of the project to minimize downtime with the pumps. Finally, a rise 
in the temperature of the CO2 stream should be expected with the addition of pumps. The 
magnitude of the temperature rise will be greatly determined by the inlet conditions of 
the CO2 stream at the suction of the pumps, along with the discharge pressure required.  

 
Additional Insights Regarding Pressure–Temperature Effects 

 
 Additional insights regarding pressure–temperature effects on pipeline sizing and maximum 
injection pressure were also observed as part of this pipeline study.  
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Temperature Effects 
 
 For the design consideration of a constant inlet temperature of 115°F, the Resolute reviews 
predicted that the exiting temperature of the CO2 from the pipeline would not reach the estimated 
ambient ground temperature of 60° to 65°F that was anticipated during the peak of the summer for 
these areas of North Dakota. More specifically, the model results of Resolute predict outlet 
temperatures for Routes A, B, and C that range from 83.9° to 92.6°F, 83.3° to 103.6°F, and 84.7° 
to 103.6°F, respectively. More generally, these modeling data revealed the following key 
relationships: 
 

• The larger the OD of the pipeline, which requires a lower inlet pressure, the higher the 
exiting temperature of the CO2 will be. 
 

• Increasing the number of pump stations will yield a higher exit temperature of the CO2 
because of heating of the CO2 stream during pressurization (see Figure 10).  

 
 In addition to wellhead impacts, the study illustrated the effect that temperature has on the 
volume of CO2 that a pipeline can transport. As calculated by the NETL Model, for Routes A, B, 
and C, the temperature effects are not expected to significantly affect Routes A and B (essentially 
a constant maximum CO2 rate from 65° to 105°F); however, the temperature is projected to make 
a significant difference for Route C, where a maximum CO2 rate of 22.7 MMtpy is projected at  
65°F versus 20.7 MMtpy at 105°F (8.8% decrease). 
 

Maximum Injection Pressure 
 
 Because the temperature of the CO2 may not reach the ground temperature upon exiting the 
pipeline at the delivery point or, possibly, even at the injection wells, special consideration to the 
density of the CO2 at the wellhead of the injection well is necessary. If the temperature is too high, 
the density of the CO2 will be reduced and may affect the volume of the CO2 injected. These 
observations suggest that the maximum injection pressure set for the injection well(s) should be 
adjusted to account for the seasonal temperature effects of the CO2 stream and the impact of these 
temperature effects on the maximum CO2 injection rate. In some cases, the lower density of the 
CO2 stream because of the higher temperature may require reduced injection rates to remain within 
the injection pressure constraints of any permits. Higher injection pressure may offset some of the 
reduction in density associated with higher temperatures, but increasing the injection pressure 
would require further evaluation to determine how much additional pressure may be allowed in 
the injection pressure authorized by the regulating body. 
 

Comparisons Between NETL (2018) and Resolute Model Estimates  
 
 The NETL Model provides a generic scoping-level estimation for a pipeline route. The 
NETL Model is based on a multitude of regional projects, both short and long distances, and with 
varying diameters. The NETL Model escalates the cost of the major items based on various 
inflation factors – through public and subscription services. 
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 Resolute provided detailed reports that represent engineering-level cost details based on 
pipeline-specific considerations. The estimates and level of detail that Resolute presented 
incorporate Resolute’s in-house knowledge, cost information, and commercial software. Resolute 
provided a total of 24 detailed reports for the three hypothetical pipeline routes chosen for this 
review. Because of the detail provided, Resolute’s analysis provides an excellent foundation for 
an initial review for the pipeline system design for the transport of captured CO2 to a geologic 
storage site or enhanced recovery project. 
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