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Abstract 

ION Clean Energy’s (ION) advanced solvent is one of the leading solvent systems currently under development for 
post-combustion carbon dioxide (CO2) capture. ION has partnered with Nebraska Power Public District (NPPD), 
Sargent & Lundy (S&L), Koch Modular Process Systems (KMPS), and Siemens to design a commercial-scale 
(700 MW) capture system utilizing ION’s advanced solvent, ICE-21, retrofitted onto NPPD’s Gerald Gentleman 
Station unit 2 (GGS) in Sutherland, Nebraska, USA. The capture system was designed to take full advantage of the 
solvent benefits including an efficient physical plant layout, reduced energy requirements, less solvent degradation, 
lower emissions, and lower capital costs relative to systems built with DOE BBS case benchmark solvents. This 
Front-End Engineering Design (FEED) study also included an investigation of utilizing biomass co-combustion with 
the aim of reaching near-zero emissions for this coal-fired power generating unit. The targeted biomass was from 
local resources in Nebraska tied to the production of ethanol.  
 
The overall objective of this project was to provide a detailed design resulting in an accurate cost estimate for a 
commercial-scale carbon dioxide capture facility retrofitted onto a 700 MW existing coal-fuelled power station. The 
engineering design and costing was provided at an Association for the Advancement of Cost Engineering (AACE) 
Class 2 estimate, which results in a cost accuracy in the range of -15 to +20%, supported by the completion of up to 
70% of the engineering effort. This paper reviews the engineering work completed to support the cost estimate, 
including process flow diagrams, utility flow diagrams, and general arrangement drawings. Balance of plant 
engineering design was also completed to support the costing effort and includes the necessary tie-ins to the power 
station for steam, electricity, cooling water, makeup water, and flue gas. The culmination of this engineering effort 
was a 3D model of the carbon capture system as integrated at Gerald Gentleman Station. The 3D model incorporates 
the capture island and all the balance of plant modifications and necessary subsystems to include the CO2 capture 
plant and ensure that the necessary level of detailed engineering has been achieved to support the cost estimate. A 
cost evaluation is discussed, including the expected capital cost, operations and maintenance cost, and cost of 
capture outcome based on the above engineering work. 
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This paper also discusses the design and engineering challenges encountered while striving to integrate a CO2 
capture system into an existing power station. These challenges are not unique to this installation and include:  

• Sizing of the carbon capture system to best match the power station demands in a flexible power market 
• Designing a steam supply system that covers operations at all load conditions 
• Designing a hybrid cooling water system which was limited by the availability of resources and other site-

specific factors. 
 
In addition to the FEED study, the project team executed a sensitivity study for the incorporation of Bio-Energy 
with Carbon Capture and Sequestration (BECCS) as an avenue for further reduction of CO2 emissions, where the 
project team was tasked to investigate offsetting the combustion of 10% coal with biomass at the power generating 
station. The capture of the resulting CO2 in the already designed carbon capture system would result in a near-zero 
CO2 emission profile at the plant. With this work completed, the paper provides an overview of the front-end 
systems required for this modification to GGS, including sourcing the biomass feedstock, logistics, gasification, and 
combustion. ION has also completed the performance evaluation from the CO2 capture system on this new flue gas. 
 
Keywords: Water-lean solvent; FEED; Post-combustion capture of CO2; BECCS; Corn-stover; Redwood 

1. Introduction 

ION and NPPD are working to complete a FEED for the installation of the carbon capture system to be installed 
at NPPD’s GGS. This FEED is composed of two parts, where the pre-FEED study “Commercial Carbon Capture 
Design & Costing”, termed C3DC, was completed in 2019 to design and cost a 300 MW capture facility on GGS unit 
2, which has a 700 MW nameplate capacity. The follow-on FEED project, termed C3DC2, builds on C3DC to design 
and cost a dual train capture system that will scrub the full 700 MWe flue gas flow from GGS Unit 2. ION has coupled 
its proven solvent-based CO2 capture technology with a design and engineering team comprised of ION, NPPD, S&L, 
and continued support from KMPS and Siemens. 

Through multiple U.S. Department of Energy National Energy Technology Laboratory (DOE-NETL) funded 
programs, ION has successfully demonstrated operations at existing bench, small-scale, and large-scale pilot systems, 
consistently demonstrating that ION’s ICE-21 solvent generates significant improvements in regeneration energetics 
over the DOE Base Case 12B solvent.[1,2] Additionally, ION has demonstrated dramatic improvements in other 
performance metrics such as emissions, solvent make-up rates, and material compatibilities. More importantly for the 
purposes of this project, the results of these demonstrations have repeatedly validated ION’s ProTreat® process model, 
which serves to further confirm the validity of the use of ION’s ProTreat® simulations for commercial-scale plant 
design. With this simulation model, ION can predict a specific reboiler duty of 1,060 BTU/lbCO2 (2.4 MJ/kgCO2). 
Lastly, ION is further developing its Multi-component Liquid Analyzer (MLA) for CO2 capture systems and through 
integration with a commercial-scale process control system. By coupling the MLA with a plant control system, the 
results from the MLA could automatically change parameters in the system to maintain target values. This level of 
control and feedback using component levels would offer great benefit in optimizing operations and reducing the 
overall cost of CO2 capture.[3]   

The project team designed the capture system and produced a capital cost estimate that covered both engineering 
design and costing for the carbon capture process and BOP. The engineering design for this FEED was performed at 
a level consistent with an AACE Class 2 estimate, which would result in accuracy ranges of -15 to +20% for the 
capital cost estimate. To achieve a cost estimate in this range, typically 40-70% of all engineering should be completed. 
This design effort utilized ION’s ICE-21 solvent and was designed to take full advantage of the benefits provided by 
the solvent in combination with other process improvements, all of which were derived through a process-
intensification design philosophy. The benefits of this holistic approach included a smaller physical plant, reduced 
energy requirements, improved CO2 product quality, less solvent degradation, lower emissions, lower water usage, 
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less maintenance, and lower capital costs relative to systems built with industry standard solvents.  

In support of a strong business case, ION and NPPD maintained the project team between the pre-FEED and 
FEED phases. This team has familiarity with the design challenges of a commercial carbon capture installation at 
GGS, and existing and proposed tax credit legislation to support a definitive decision on deploying a transformational 
carbon capture technology. With the information developed through this project, combined with utilization and/or 
sequestration-related costs through commercial partners, ION and NPPD will be able to make an informed decision 
on whether to proceed with deploying CO2 capture technology at GGS. Overall, the stakeholders believe this project 
is a necessary next step towards commercial deployment of carbon capture technologies, and that with the anticipated 
completion of this FEED study in early 2021, ION and NPPD will be on track to meet the anticipated requirements 
for qualification under 45Q CO2 tax credit legislation (Section 45Q legislation provides a tax credit on a per tonne 
basis for CO2 that is sequestered).[4]  

2. Pre-FEED (C3DC) Overview 

2.1. Design Basis 

The Basis of Design is intended to clearly identify all of the key inputs and boundary conditions required to design 
and install the CO2 capture island. This task includes identifying and quantifying the key inputs and boundary 
conditions that are used to estimate the total, lowest cost capital and operating expenditures for procurement, 
constructing, commissioning, and operating the CO2 capture facility. For this project it was decided that the capture 
island was designed for the purpose of generating a CO2 product for use in enhanced oil recovery (EOR) and/or for 
sequestration. This decision alleviated some of the costs associated with designing a system with the necessary 
redundancies that would be required to meet a regulatory framework.  

The CO2 capture island treated a slipstream equivalent to 300 MWe of flue gas from GGS Unit 2 where the capture 
rate of CO2 from ION’s design was contingent on reducing capital and operating expenditures to achieve the lowest 
cost per tonne of CO2 captured. The design point for full load operations was to achieve 90% capture efficiency with 
the carbon capture system. During the periods of turndown for the power plant, the CO2 capture efficiency increases 
to over 95% from the flue gas to fully utilize the installed equipment. The resulting product stream from the CO2 
capture island was dehydrated, pressurized, and conditioned to pipeline specifications for utilization or sequestration 
opportunities. 

The ownership model utilized in the pre-FEED assumed the host site would operate and own the capture facility. 
They would then sell the resulting CO2 product to a 3rd party organization to transport and inject the CO2 into the 
ground, thus enabling the 3rd party to collect the tax credit for CO2 usage/storage. 

2.2. Process Simulation 

ION utilized Optimized Gas Treating’s (OGT) ProTreat® process simulation tool to simulate the carbon capture 
process. ProTreat® requires solvent specific parameters to accurately predict the operation of a post-combustion 
carbon capture system using ION’s solvent. These parameters were determined and shared with OGT to develop an 
ION proprietary module for ICE-21. ION utilized the proprietary ICE-21 module of ProTreat® to design a carbon 
capture plant optimized to take advantage of the properties of ION’s advanced solvent which can achieve low specific 
reboiler duties (SRD). ION has determined that OGT’s ProTreat® is the best fit for modelling the fast-reacting ICE-
21 solvent because it is a true rate-based simulation.  

Table 1 shows the output summary from the ProTreat® process model. This shows the amount of flue gas treated, 
the capture efficiency, captured CO2, and required L/G for an SRD of 2.4 MJ/kg CO2 (1,060 BTU/lb CO2). The stream 
tables and other performance metrics from the process model were delivered to KMPS to ensure the heat and mass 
balances close, size the equipment, (pumps, HEXs, absorber, and stripper) and to support contacting vendors for 
equipment selection and costing. 
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Table 1: ProTreat® Model Results 

Process Amine Plant Unit 

Gas Flow to DCC 47.3 
4,634 

MMSCFH 
t/h 

Gas Flow to ABS 40.7 
3,987 

MMSCFH 
t/h 

% Capture 90.00% %-vol 

CO2 Captured 563,000 lb-CO2/hr 

6,130 tonnes-CO2/day 
 

2.3. CO2 Capture System Description 

ION’s CO2 capture process is similar to a typical, commercially available, amine-based carbon capture process 
and is outlined in the process flow diagram shown in Figure 1. The CO2 capture island is mainly comprised of a direct 
contact cooler (DCC), an absorber with water washes, stripper, CO2 compressor, pumps, various heat exchangers, and 
a solvent management system. First, in the DCC, recirculating process water cools the flue gas from GGS Unit 2 and 
removes relatively clean water to be used in cooling water makeup. The pH is balanced through caustic addition, and 
heat is indirectly rejected through a cooling water loop. The flue gas passes to the absorber where the ICE-21 solvent 
selectively absorbs CO2 via an exothermic, reversible reaction. An intercooling system is utilized to pull the hot 
solvent from the absorber, cool it down, and re-inject it into the absorber to remove a large portion of the heat generated 
by the exothermic reaction. The CO2 rich solvent then pumps through the lean-rich heat exchanger to the stripper, and 
a portion of the rich solvent bypasses the heat exchanger and enters directly into the top of the stripper. At the bottom 
of the stripper, low-grade steam pulled from the intermediate (IP) and low pressure (LP) crossover of GGS Unit 2 
indirectly heats the solvent via the once-through thermosyphon reboilers to release CO2 and stripping steam. The 
stripping steam re-condenses throughout the stripper by counter currently contacting the hot-rich and cold-rich solvent 
respectively, thus evolving the remainder of absorbed CO2 while minimizing reboiler duty. The CO2 lean solvent 
recycles to the absorber, through the lean-rich heat exchanger, for further capture; the CO2 exits the top of the stripper 
to the CO2 compressor train. The compressed and dried supercritical CO2 is injected into a sales pipeline for final 
sequestration or CO2 EOR. A two-stage water wash above the CO2 absorption zone recovers practically all solvent 
vapors and maintains overall water balance. The lower water wash stage is optimized for solvent recovery while the 
upper water wash is optimized for water recovery through indirect water cooling. A carbon filter package and thermal 
reclaimer process a slipstream of lean solvent to remove accumulated salts, particulates, and thermal decomposition 
products.  
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Figure 1: Process Flow Diagram of ION's carbon capture process to be integrated at NPPD GGS Unit 2 

2.4. BOP Scope and Studies 

S&L was tasked with performing the necessary engineering and design for the BOP scope to support 
implementation of a CO2 capture slipstream facility at GGS Unit 2. BOP design and engineering was supplemented 
by information provided by NPPD regarding the operating conditions of the boiler, existing electrical layouts, existing 
foundations, surrounding landscape and facilities, and NPPD standard practices. 

The major BOP scope included the following: 
 
• GGS Unit 2 tie-in ductwork 
• Induced Draft (ID) booster fan 
• Wet Flue Gas Desulfurization (WFGD) system 
• Cooling water supply and plant integration 
• Demineralized water supply and tie-in 
• Service water supply and tie-in 
• Potable water supply and tie-in 
• Fire protection water supply and tie-in 
• High quality water return to GGS facility 
• Wastewater treatment system 
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• Steam extraction 
• Condensate return 
• Electrical system integration 
• Miscellaneous support systems (foundations, buildings, utility racks, etc.) 

 
Studies were conducted throughout the C3DC project to evaluate the optimal design in areas with numerous 

variations. The conclusions of these studies were used as a basis of the preliminary design.  

2.5. Cost of Capture 

2.5.1. Capital Cost 

A Class 3 cost estimate for the fully integrated carbon capture system at GGS was prepared. Costs are broken down 
by material, equipment, labor, and subcontracted costs. Many pieces of critical equipment are costed based on 
budgetary quotes received by vendors, while other prices are based on previous project experience and engineering 
judgement.  

The total direct cost (sum of material, subcontract, equipment, and direct labor costs) is approximately 
$228,000,000. The indirect costs are applied to the total direct cost at percentages consistent with projects of similar 
type and size and include the following:  

 
• Labor indirects are applied to the direct labor cost and include labor supervision, overtime, per-diem, and 

liability insurance 
• Site indirects are applied to the total direct cost and include construction management, engineering, material 

and quality control, site services, safety equipment, temporary facilities and utilities, mobilization and 
demobilization, and legal expenses 

• Other construction indirects include small tools and consumables, scaffolding, liability insurance, 
construction equipment mobilization and demobilization, and contractor’s expenses 

• Engineering and contractor costs including CM, Engineering, and Contractor Profit 
• EPC Engineering Services 
• Start-Up Costs 
• Spare Parts 
• Initial Fills 
• EPC Fees 
• Third Party Support 
• Owner’s Costs 
• Owner’s Engineer 
• Contingency is included on all cost categories at 15% except for budgetary quote cost items, which have 

contingency applied at 5% 
• Interest During Construction 

 
The following costs are not included in the overall project costs:  
 

• Taxes 
• Escalation 

 

All costs are given in June 2019 U.S. dollars. After all indirect costs are applied, the Total EPC Cost is $437,500,000.  
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2.5.2. Operating Costs 

The operating and maintenance (O&M) cost estimate was developed using commodity pricing confirmed by 
NPPD, process flows depicted on the KMPS and S&L mass balances, and engineering judgement. The variable O&M 
costs are based on the rates of raw material consumption and waste generation established by the project mass 
balances. Many of the commodity prices were confirmed by NPPD as either consistent with prices experienced by 
GGS or otherwise regionally accurate. A capacity factor of 85% was utilized for O&M cost estimating, which was 
based on team input. O&M costs associated with the lost power generation are included in the estimate and includes 
both auxiliary power as well as de-rate attributed to steam extraction.  

Fixed O&M costs are flat rates that will be applied to the annual costs regardless of fluctuations in unit operation. 
It is estimated that the addition of the CO2 capture systems will warrant the hire of 28 additional personnel utilizing a 
shift schedule consistent with GGS Unit 2 current operations. Fixed costs are included for maintenance material and 
labor, and are applied on the direct equipment and material cost for the CO2 process equipment. The total O&M costs 
are $28,000,000/year. 

2.5.3. Cost of Capture 

Annualized capital costs are combined with the yearly O&M costs to calculate the cost of CO2 capture in dollars 
per tonne ($/tonne). ION computed the cost of capture utilizing a 20-year term with an interest rate of 4.5%, which is 
supported by historical rates for previous large capital projects in this area. This analysis resulted in a cost of capture 
to $32.52/tonne. These cost of capture numbers continue to further ION’s case for commercial deployment of its 
solvent technology. 

3. FEED (C3DC2) Overview 

The success of the pre-FEED costing study led to the determination that a FEED was a necessary continuation for 
the project. The design and costing effort for the FEED is completed to the level required to achieve an AACE class 
2 cost estimate, which has an accuracy range of -15% to +20%. To accomplish this level of accuracy, it was expected 
that approximately 50-60% of the engineering effort would need to be completed. The project team for this phase of 
the project includes the same parties and responsibilities as the pre-FEED. 

3.1. Design Basis 

Like the pre-FEED project, the team decided that the capture island was to be designed for the purpose of 
generating a CO2 product for use in EOR and/or sequestration. The carbon capture island for this phase was changed 
to treat and capture the full flow of flue gas from GGS Unit 2. This 700 MWe generating unit was modified as 
necessary to support a 2x train configuration where each of the trains were sized to capture CO2 from half of GGS 
Unit 2 (2x 350 MWe). The project team also maintained the decision to design the system for the CO2 product (as 
opposed to regulation driven design) and the capture rate of CO2 from ION’s design was contingent on reducing 
capital and operating expenditures to achieve the lowest cost per tonne of CO2 captured. The CO2 product stream 
requirements had the same requirements as in the pre-FEED with a similar compression and dehydration design. 

The ownership model utilized in the FEED was chosen to be different than the pre-FEED in that the carbon capture 
island will be owned and operated by a 3rd party. With a 3rd party ownership, a development entity can facilitate the 
construction of the capture system and take advantage of the tax credits for recovering costs. Having progressed 
through the ownership model described above for C3DC, this second phase project provided an opportunity to identify 
the benefits and drawbacks associated with this alternate ownership path.  
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3.2. Capture System 

The Capture System design is fundamentally the same for the FEED and pre-FEED phases except for increasing 
the capture train flue gas capacity from 300 MWe to 350 MWe. ION reviewed the previous design and found some 
opportunities to improve the value of the capture island. The first value-added item is the increase in the system size 
from handling 300 MWe to 350 MWe. This increase in train size increases the economies of scale thus reducing the 
cost of capture when normalized to the amount of CO2 product. Additionally, the larger-sized trains can capture the 
entirety of the GGS Unit 2 flue gas, thus maximizing the amount of CO2 product. Also carried forward in this phase 
2 design is the 2x 50% approach for all major pieces of equipment in each train of the capture system. By using a 2x 
50% design approach, each train can be operated at 50% capacity should a maintenance issue occur for one of the 
main pieces of equipment. Additionally, this 2x 50% approach allows for more flexibility of the system operations 
when the plant goes into turndown. 

ION also determined that the removal of a trim cooler (lean solvent cooler after the lean-rich cross-exchanger) and 
the intercooler (cooling loop to remove, cool, and return solvent from the absorber tower) reduces the capital cost and 
complexity of installation without adversely affecting energy performance due to the solvent-specific properties of 
ICE-21. The cooling that was applied by the use of these two systems is transferred to the water wash section and 
allows for more economic air-cooling. 

3.3. BOP and Studies 

The project team conducted several studies at the onset of the project to evaluate BOP-related options, such as 
how to source the steam and electricity, as well as how to design the cooling water system. In addition to these studies, 
Sargent and Lundy conducted all the necessary engineering to support the design and costing of the BOP systems 
necessary to integrate the capture island at GGS. This BOP engineering involved all engineering disciplines, including 
Mechanical, Chemical, Structural, Civil, Environmental and Electrical. The project team also conducted a HAZOP 
study where a pre-HAZOP had also been carried out on the C3DC project. 

3.3.1. Steam and Electric Sourcing Study 

This version of the steam and electric sourcing study resulted in a deeper investigation of the options available for 
providing the necessary energy to the capture island. Like the first study (done as part of the pre-FEED), the options 
included tying into the base plant, the use of auxiliary boilers, and the integration of a CHP plant.  

The ION CO2 capture process relies on low-quality steam to heat the system and strip the solvent of the absorbed 
CO2. Additionally, the ION process and BOP systems require a significant demand of auxiliary power on a continuous 
basis to run pumps, fans, compressors, and other auxiliary components. Options for producing the steam and electricity 
and delivering it to the CO2 capture system have been evaluated, including the feasibility and technical design 
considerations. Order of magnitude capital and O&M costs were prepared for screening level economic comparisons. 
Other project considerations such as integration strategy, implementation schedule, and risks were all considered. The 
goal of this study was to evaluate the above options in order to select the most viable solution to be included in the 
system design for the FEED. 

The lowest capital cost option was determined to be the utilization of the base facility for steam and power sourcing. 
However, this will reduce the net power generation potential for GGS Unit 2 due to steam extraction and for the 
electrical load to operate the CO2 capture facility. The use of a CHP plant or auxiliary boilers was somewhat 
challenging for this site, but the delivery of the natural gas to the site in sufficient quantities was determined to be a 
viable option. Overall, based on being the lowest cost option and providing a “fully integrated” CO2 capture facility, 
the project team recommended a process steam tie-in and the use of auxiliary power for the electric sourcing. 

The next step in the sourcing study was to then engage the turbine OEM to evaluate the steam tie-in plan. The 
results of this analysis found no fatal flaws in the design and they are currently performing a mechanical and thermal 
assessment of various operating conditions.  
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3.3.2. Cooling Water Study 

In this study, the project team reviewed the options for heat rejection as well as the potential for reusing recovered 
process water as part of the cooling system to the greatest extent possible. This study was not meant to be a 
comprehensive water balance for the entire system or detailed design, but instead focused on determining a cooling 
methodology that could provide an appropriate amount of heat rejection from a comparative standpoint. Once an 
appropriate option was selected, engineering was conducted to refine and optimize system design.  

The most important consideration for this evaluation is to what degree an evaporative cooling method can be used 
for heat rejection. Due to the consumption of water and the associated restrictions for this site, there is a limitation to 
the overall cooling duty that can be realized with evaporative cooling. Both the once-through cooling and fin-fan 
cooling systems require no makeup and produce no additional wastewater; however, there are significant drawbacks 
to these systems. The fin-fan cooling system comes with a high cost and large footprint on the existing property. The 
once-through system has risks associated with limited remaining capacity, operating temperatures, and permitting 
requirements and thus was considered infeasible during the FEED project.  

Based on the ambient conditions, lack of once-through cooling and limited makeup water, the project team 
recommended a combination of fin-fan cooling exchangers (FFHX) and wet surface air coolers (WSAC). The resulting 
arrangement maximizes the size of the WSAC based on the available produced water from the DCC blowdown. The 
remaining cooling is achieved by dry FFHX which do not require makeup water. The resulting cooling water system 
selection is site specific and was chosen based on the specific limitations at GGS.  

3.3.3. HAZOP 

The HAZOP study is intended to review the safety and operability of a proposed CO2 capture system and associated 
systems. Safe operation of these systems is of utmost importance to protect the employees and contractors (safety), 
the surrounding areas (environment), the asset/facility (equipment), and business continuity/operations (business). It 
should be noted that the study is not intended to be a design review. The Phase II Preliminary HAZOP is intended to 
validate the design in its current phase and ensure that any potential design gaps, hazards, or risks are mitigated 
properly, reliably, and safely. The project team shall incorporate the results and findings of the Phase II Preliminary 
HAZOP during the finalization of Phase II and, in the event awarded by the DOE, commencing and completing Phase 
III design to ensure safe and reliable operations. 

Results from the preliminary HAZOP in the C3DC project discovered several recommendations that were 
subsequently integrated into the C3DC2 design. As a result, the C3DC2 HAZOP study produced only 54 
recommendations to the project team, where 24 items were to be evaluated or incorporated in this phase of the project, 
and the remaining 30 items are to be evaluated and incorporated in the final engineering phase of the project.  

3.4. General Arrangement and 3D Model of the C3DC2 Capture System 

The general arrangement drawing of the C3DC2 carbon capture system is shown below in Figure 2. The inset into 
the figure labels the major items where the two CO2 equipment buildings (1) have two stories and house the pumps 
on the ground floor and heat exchangers on the upper floor. The compressor building (2) houses the compressors and 
dehydrators for each of the two trains. The right side of the figure shows the array of WSACs (3) that provide a portion 
of the cooling duty, while the FFHX systems are located off image. Other notable items shown are the ID Fans (4), 
DCCs (5), Absorbers (6), Strippers (7) and electrical/control building (8). 

Figures 3-4 show the 3D model that is the result of the engineering completed to date on this project. The relative 
size of the equipment and building can clearly be seen in these images. In Figure 4 the fully rendered model shows 
the hybrid heat rejection system with the fin-fan air cooled units in the background and the wet-surface air coolers 
located just behind the carbon capture system. 
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Figure 2: General arrangement drawing of the GGS Unit 2 carbon capture system 

 

 
Figure 3: An isometric view of the 3D model of the capture system with transparent walls to show the contents of the compressor building, and 

CO2 equipment building 
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3.5. Costing 

The design and costing basis for this project was based on developing a low cost of capture. To achieve this the 
system was designed to produce a reliable CO2 product steam for EOR/Sequestration and not for regulatory purposes. 
ION used the historical plant data to build the process model and estimate the capacity factor of the plant. ION did 
conduct the costing study with and without the flue gas preconditioning required at this facility for comparison to sites 
that may already have this equipment. 

3.5.1. Capital Costs 

A Class 2 cost estimate for the fully integrated carbon capture system at GGS was prepared by the project team. 
Like the C3DC project cost breakdown shown above, the capital costs for C3DC2 are broken down by material, 
equipment, labor, and subcontracted costs.  

The bare erected cost (sum of material, subcontract, equipment, and direct labor costs) is approximately 
$636,000,000. The indirect costs, similar to above, are added to get to the total installed cost. Because of the ownership 
model, the total cost now includes sales tax (NPPD was exempt from sales tax). Additionally, this cost model also 
included escalation to try and capture some of the changes in cost that occurred in 2020-2021.   

 
All costs are given in June 2020 U.S. dollars (pre-Covid inflation). After all indirect costs are applied, the Total EPC 
Cost is $1,454,000,000.  

3.5.2. Operating Costs 

The operating and maintenance (O&M) cost estimate was developed in a similar manner to C3DC by S&L with 
some changed that were necessitated by the 3rd party ownership. Once again, a capacity factor of 85% was utilized for 

Figure 4: Fully Rendered 3D model showing the integration of the capture system at GGS with all necessary BOP systems included 



 GHGT-16 A.R. Awtry  12 

 
O&M cost estimating, which was based on team input. O&M costs associated with the lost power generation are 
included in the estimate and includes both auxiliary power as well as de-rate attributed to steam extraction.  

Fixed O&M costs are flat rates that will be applied to the annual costs regardless of fluctuations in unit operation. 
It is estimated that the addition of the CO2 capture systems will warrant the hire of 42 additional personnel utilizing a 
shift schedule consistent with GGS Unit 2 current operations. Fixed costs are included for maintenance material and 
labor, and are applied on the direct equipment and material cost for the CO2 process equipment. The total O&M costs 
are $92,500,000/year. 

3.5.3. Cost of Capture 

The annualized capital costs are combined with the yearly O&M costs to calculate the cost of CO2 capture in 
dollars per tonne ($/tonne). Maintaining the same 20-year term with an interest rate of 4.5% from C3DC resulted in a 
cost of capture to $47.40/tonne. The increase in the cost of capture from the first phase (C3DC) is primarily the result 
of the 3rd party ownership. The major contributors to the change in cost of capture from $32.50/tCO2 (C3DC) to 
$47.40/tCO2 (C3DC2) are shown in Table 1. The 3rd party ownership led to more operators/staff as there was some 
utilization of resources from the host facility when they owned and operated the plant. Sales tax was also added to this 
cost estimate as the 3rd party ownership will not have the sales tax exemption that a public power station has. The 
main contributor to the 3rd party ownership cost increase is the property tax and insurance line item. And finally, 
administrative and labor support (on- and off-site) are required for plant operations. In addition to these items, there 
is an increase in cost of capture associated with the now included escalation as well as the interest during construction 
(IDC). C3DC also had IDC, but with the longer construction period, the contribution to the cost of capture is larger. 
 

Table 1: Cost differences between C3DC and C3DC2 

Operators/Staff* 24 vs 42 $0.77 /tCO2 
Sales Tax* not included in C3DC $0.42 /tCO2 
Escalation not included in C3DC $1.81 /tCO2 
Interest During Construction Longer Construction Period $2.50 /tCO2 
Property Tax & Insurance* not included in C3DC $5.45 /tCO2 
Administrative & Support Labor* not included in C3DC $0.49 /tCO2  

Total $11.44 /tCO2 
* Increase associated with 3rd party ownership 
 

When C3DC2 costs are put on the same basis as C3DC (host site ownership, no escalation and reduced IDC) the 
cost of capture for this site drops to $35.00/tCO2, which is slightly higher than the C3DC result of $32.50/tCO2. ION 
also performed a sensitivity study around the hybrid cooling system vs a mechanical draft cooling tower. The cost of 
the C3DC heat rejection system (once through) was similar to a cooling tower, and providing this sensitivity gives an 
indication of how much a hybrid type system adds to the cost of capture. The result of the heat rejection sensitivity 
indicated that the hybrid cooling system added $3.46/tCO2 over the cooling tower (and once-through system).  

4. Bioenergy with Carbon Capture & Sequestration (BECCS) 

The above-described carbon capture system is designed to treat typical full-load flue gas of approximately 706 
equivalent megawatts (MWe) from GGS, at 90% CO2 capture and sequestration. In order to achieve net-zero emissions 
and account for the remaining 10% of carbon emissions, GGS and ION requested an evaluation of a bioenergy with 
carbon capture system (BECCS). The selected biomass system considers co-firing of synthetic gas (syngas) generated 
from the gasification of corn stover. Additional team members have been added to the project to accommodate the 
additional BECCS scope. These new team members include Trestle Energy (Feedstock Evaluation), Frontline 
BioEnergy (Gasifier Design and Costing) and Babcock & Wilcox (Boiler Evaluation). S&L was tasked with 
preliminary engineering, design, and costing of the biomass receiving, conveying and storage system, as well as all 
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balance of plant (BOP) systems outside of the gasification island and the main syngas fuel delivery system. 

The overall goal of the BECCS project is to develop an AACE Class 3 Cost Estimate to demonstrate the economic 
feasibility of constructing the BECCS plant, and fully integrating it with the existing GGS facility. This summary 
report will outline the scope of the project, the BOP engineering approach, and results of the BECCS capital cost 
estimate. 

4.1. Biomass FEED Selection 

The primary biomass material received at GGS will be corn stover due to abundance of local supply. Red cedar 
is considered as a backup fuel in the event that the corn stover supply chain proved unreliable; red cedar is also readily 
available in the area. Corn stover is the stalk, leaves, husks, and tassels left in the field after the corn grain has been 
harvested. Corn stover is harvested from the field and baled for transport as either round or rectangular bales. These 
bales are then processed by debaling and shredding equipment prior to being fed into the gasifier. This processing can 
either be done at the GGS site, or the shredded bales can be pelletized or cubed and shipped from an off-site facility. 
The form of biomass received on site was studied and evaluated to determine the most practical and cost-effective 
means of delivery and processing of corn stover to feed into the gasifier. Determination of biomass feed at GGS was 
a key consideration that had downstream impacts along the supply chain from farm to GGS burner tip. The following 
options were considered as part of this initial vetting process: 

• Corn stover delivered by truck in bales and shredded on site as the primary fuel, with consideration for 
delivery of red cedar woodchips. This option considered manual unloading and processing of corn stover 
bales. Automatic options were available; however, the additional capital cost would be significant and 
therefore was not evaluated. 

• Corn stover delivered as a densified pellet or cube by truck as the primary fuel, with consideration for red 
cedar pellet delivery by truck.  

• Corn stover and red cedar delivered by rail as a densified pellet or cube, with truck delivery as a backup using 
the rail unloading system. 

In each of the above cases, the biomass products would be fed to the gasifier (provided by Frontline) and delivered 
to the GGS boiler as a syngas for co-firing.  

To evaluate these options, S&L developed a brief writeup which included preliminary general arrangement 
drawings, flow diagrams with equipment lists, order of magnitude cost estimates, and a Kepner & Tregoe (KT) 
analysis table. It was determined that delivery of corn stover pellets or cubes by truck was the preferred approach 
based on the high-level cost estimate and KT-analysis performed in conjunction with NPPD, S&L, Frontline, and 
Trestle inputs.  

4.2. Gasifier Design 

Frontline BioEnergy, LLC was contracted to execute a Phase 2 project evaluation for the installation of a biomass 
gasifier at GGS to displace 10% of coal consumption on an energy basis.  

Many utilities have fed biomass into a coal-fired boiler, commonly referred to as “direct co-firing.” Direct co-
firing can be accomplished by co-mingling with coal, which has the benefit of not needing to modify the power boiler, 
or feeding biomass directly to the power boiler, which typically requires “cutting in” dedicated biomass blow lines. 
In either approach and to facilitate suspension burning, the biomass is finely ground with the coal (assuming the 
biomass does not gum the pulverizers) or is separately ground to a fine powder. Grinding of biomass to a fine powder 
is challenging and expensive. Additionally, biomass ash presents challenges as it changes the overall ash profile of 
the boiler and can accelerate fouling, deposition, and/or corrosion of boiler tubes, especially in the superheater. 
Furthermore, biomass ash is co-mingled with coal ash, which may be problematic for inclusion of ash in cement. 
These considerations and challenges have, almost without exception, resulted in biomass co-firing in coal boilers 
being short-lived demonstration projects. The conclusion is to build feedstock specific boilers – either coal or biomass 
– not both. 

Frontline proposes an alternative approach, shown in Figure 6, for integrating biomass into NPPD’s power 
generation scheme through the “indirect co-firing” of biomass-derived fuel gas in an existing coal boiler. In this 
approach, biomass is ground to a particle size less than two inches (not powder) and gasified to produce a fuel gas. 
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Biomass ash is filtered from the fuel gas, effectively eliminating all solids as well as volatile alkali from the fuel gas. 
The fuel gas is piped to the boiler where engineered nozzles strategically introduce the fuel gas into the flame zone. 

Technical and operational merits of indirect co-firing compared to direct co-firing include: 
• decreased biomass grinding, greatly reducing equipment maintenance and power costs 
• feedstock flexibility which increases options of types of biomass, thereby increasing competition and 

reducing biomass cost 
• elimination of biomass and coal mixing and associated handling challenges of a mixed material 
• elimination of floor burning resulting from oversized biomass particles 
• elimination of “tramp” material from the boiler that may be introduced with the biomass 
• simplified co-firing of a gaseous fuel, comparable to natural gas 
• separate ash streams that enable direct marketing to the highest value purpose 

  

 
Figure 5: Indirect co-firing of biomass in a coal-fired boiler via gasification of biomass to a fuel gas. 

Frontline developed a preliminary process model and process engineering documentation to further inform the 
evaluation of a gasification plant at GGS. Process flow diagrams were generated with detailed mass and energy 
balance data for both operation with corn stover. Frontline performed preliminary equipment design for all pieces of 
equipment within the gasification scope. This equipment design was summarized in the equipment schedule and the 
electric load list. Finally, to support the design and costing efforts, Frontline developed a 3D solid model from the 
preliminary equipment design efforts which is shown in Figure 6. 
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Figure 6: Frontline Generated 3D solid model of the Gasification Unit 

4.2.1. Gasifier Cost Information 

Frontline’s effort to provide cost information includes capital costs estimation and information to enable operating 
cost estimation. Frontline provided an AACE Class 3 estimate of the equipment costs and a Class 4 cost for turnkey 
costs. The turnkey cost of the gasification scope was $96.1 million, while equipment accounted for $23.7 million of 
the turnkey cost. Frontline also provided information to enable operating costs. This information includes details on 
the number of personnel needed to operate and maintain the facility and details about the maintenance plan.  

4.3. Balance of Plant Design  

To support implementation of the BECCS scope addition, the project team performed preliminary engineering and 
design of the biomass BOP systems required to fully integrate the gasification facility and various material handling 
systems with the GGS facility. BOP system design and engineering was performed utilizing cost estimate information 
developed as part of the carbon capture project, as well as input received from Frontline on the gasifier processes 
required to produce the biomass syngas.  
  

The BOP scope includes the following: 
• Biomass material unloading, transfer, handling and storage systems 
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• Gasification process waste conveying and storage island, including flare 
• Biochar storage, conveying, and unloading system 
• Balance of plant (BOP) equipment 
• Mechanical Piping Systems 

o Biomass synthetic gas (syngas) fuel delivery system 
o Natural gas system (pilot line for flare) 
o Warming air system (for syngas system fuel delivery pipeline prior to operation) 
o Nitrogen gas system (normal operation and safety purge procedures) 
o BOP systems – integration with GGS host plant 

• HVAC systems and equipment 
• Fire protection systems 
• Civil work 
• Concrete work 
• Support steel 
• Buildings and structures 
• Electrical equipment and commodities 
• Instrumentation and controls  

 
The area north of the GGS facility near the bottom ash cooling pond and south of the GGS discharge channel was 

selected as the location for the gasifier and material handling systems and equipment. The land in this area is available 
for industrial development, allows easy truck access, and trucking operation would not significantly impact plant 
operations. The General Arrangement is shown in Figure 7. 
 

 

Figure 7: General Arrangement of the BECCS system in relation to the power station and carbon capture system. 
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4.4. Performance 

As was stated earlier, the capture system design was not changed to take into account the flue gas change from 
offsetting 10% of the coal. When the syngas created in the gasifier is burned in the boiler, the flue gas mass flow rate 
to a single capture train in the carbon capture island increases from 3.97MM lb/hr to 4.00MM lb/hr (~1,800 ktonne/hr) 
while the CO2 flow rate drops from 0.71MM lb/hr (320 ktonne/hr) to 0.67MM lb/hr (300 ktonne/hr).  

The capture system was designed at 90% capture for the 100% coal fuel case and results in a per train capture 
rate of 0.64MM lb/hr (290 ktonne/hr) of CO2. Changing the fuel results in an increase in capture efficiency from 90% 
to 93%, but a decrease in the amount of CO2 capture to 0.63MM lb/hr (286 ktonne/hr) of CO2. This CO2 product flow 
represents an 88.6% capture efficiency compared to the base case flue gas inlet flow. When the 10% fuel switching is 
applied, a simplified analysis would indicate that this BECCS system achieves 98.6% of a carbon neutral solution.  

A couple of modifications to the ION Capture system would bridge the gap to carbon neutrality. These include a 
10% increase in the packing in the absorber and a 23% increase in the plates in the lean-rich cross exchanger. 

4.5. Cost Estimate Development  

The purpose of the BECCS portion of the overall C3DC2 project is to develop the necessary project engineering 
and design consistent with an AACE Class 3 estimate. A Class 3 estimate coincides with a project definition level of 
10-30% complete with an expected accuracy range of (-)20% to (+)30% for the capital cost estimate. Costs are broken 
down by material, equipment, labor, and subcontracted costs. Pieces of critical material handling equipment are costed 
based on budgetary quotes received by vendors, while other prices are based on previous project experience and 
engineering judgement.  

4.5.1. Capital Cost Estimate 

Budgetary quotes were solicited and used as input to the cost estimate for the following components/equipment: 
• Biomass truck unloading system (not including truck enclosure) 
• Biomass conveyors including transfer towers and structural steel supply and installation 
• Biomass storage dome, foundation, and stair tower access 
• Biochar waste conveying and storage system, including concrete silo supply and installation 
• Limestone and silica bed material receiving and storage systems 
• Tramp and spent bed material waste handling systems (bunker cost by S&L) 
• Nitrogen gas generators/compressors. 

Direct costs are prepared based on equipment, material, labor, and subcontracted costs. Additional costs are 
applied to the total direct cost at percentages consistent with projects of similar type and size; these additional costs 
include additional labor costs, site overheads, other construction indirects, project indirects, and contingency. 
Escalation and interest during construction are included. The capital cost estimate for BECCS is $315,900,000. 

4.5.2. O&M Cost Estimate 

The variable O&M costs are based on the rates of raw material consumption and waste generation established by 
the project mass balances from Frontline. Many of the commodity prices were confirmed by NPPD as either consistent 
with prices experienced by GGS, or otherwise regionally accurate. The capacity factor is initially conducted at 85% 
to be consistent with typical DOE projects. Trestle Energy deliverables were used as input for as-delivered corn stover 
pellet cost and Frontline Energy deliverables were used as inputs for utility and operational costs. 

Fixed O&M costs are flat rates that will be applied to the annual costs regardless of fluctuations in unit operation. 
Fixed costs are included for maintenance material and labor. These costs are applied at 3% of the direct equipment 
and material cost for the BECCS project. The final BECCS O&M cost estimates are $88,000,000 with a significant 
portion ($74MM/yr) being attributed to the procurement, transportation and storage of the corn stover pellets. The 
cost for this material was attained using current price indexes, but it is expected that with such large quantities needed 
to support 10% offset in coal that a bulk discount will drop this cost significantly.  
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4.5.3. Sensitivity Cost Results 

Table 2 shows the sensitivity results for adding BECCS to the system in terms of the cost of capture. The CAPEX is 
annualized the same as it is for C3DC2 Carbon Capture, using a 20-yr lifetime and an interest rate of 4.5%. As is 
shown in the table, adding BECCS to the plant, and in conjunction with the carbon capture system to achieve near a 
net-zero carbon emission will cost $26.10/tonne of CO2 ($/tCO2). This cost includes transport of the biomass, 
pelletizing, on-site storage, gasification and delivery of the syngas to the boilers.  
 

Table 2: BECCS Sensitivity Results 

Total CAPEX $316,000,000 
Annualized CAPEX $24,200,000 
OPEX $88,000,000 
Annual Cost $106,300,000 
CO2 Product (tpa) 4,300,000 
Cost of Capture $26.10 

 

5. Conclusion 

Two phases of a design and costing study were carried out at the NPPD GGS. The Pre-FEED study looked at CO2 
capture from a 300 MWe slipstream while the ongoing FEED study focused on capturing CO2 from the full 700 MWe 
power unit. Results from the pre-FEED study supported a cost of capture of $33/tonne CO2, results for the FEED 
study support this result with a $35/tonne CO2 cost of capture when considered on the same cost basis. The main 
reason for the increase was switching from a once-through heat rejection system to a hybrid system that included fin-
fanned air-cooled system (+$3.5/tCO2). When taking into account the 3rd party ownership and escalation the cost of 
capture increases from $35/tonne CO2 up to $47/tonne CO2. Both studies targeted the lowest cost of capture and did 
not address potential of future CO2 emission requirements. After careful consideration, steam and electricity were 
both sourced from the host site due to both economic and engineering drivers. Finally, the facility utilizes a hybrid 
FFHX/WSAC heat rejection system to operate within current water rights associated with the site.  

In order to achieve net-zero emissions and account for the remaining 10% of carbon emissions, GGS and ION 
requested an evaluation of a bioenergy with carbon capture system (BECCS). The selected biomass system considers 
co-firing of synthetic gas (syngas) generated from the gasification of corn stover, and CO2 capture efficiency while 
burning the syngas increases from 90% to 93%. The delivery of syngas from the biofuels results in a significant cost 
increase relative to burning coal at the existing plant. The resulting cost studies indicate that the addition of BECCS 
to the plant to achieve near net-zero emissions would cost an additional $26/tonne of CO2. This value, coupled with 
the $47/tonne (or $35/tonne) of CO2 is still significantly cheaper than the reported cost of air-capture units ($250-
$600/tonne today; outlook of $150-200/tonne).5 ION conducted a sensitivity around increasing its design from 90% 
capture to 98% and found that this change would add $2.3/tCO2. This would significantly reduce the BECCS 
component, specifically around the OPEX, which is the major driver for the $26/tCO2 cost increase. 
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