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Table 1: First-of-a-kind (FOAK) Commercial Plant Performance 

 

Table 2: Potential Industrial gas cogeneration from a NET Power commercial facility 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Commercial Plant Pre-FEED Phase II was built upon the NET Power natural gas fired supercritical CO2 oxy-

fueled power cycle scope, technology, and the project design experience obtained via NET Power’s demonstration 

facility in La Porte, TX. The study assumed a generic site, located near the U.S. Gulf Coast region. An indicative cost 

for the commercial plant was generated. The commercial development team has continued to optimize the design 

development to reduce commercial plant capital cost and program risks. The timing and schedule for finalization of 

this optimization is targeted to be in sync with the result of a commercial plant COD in 2021.  

 

The base commercial plant design uses natural gas as fuel and oxygen from an on-site air separation unit (ASU) to 

reliably produce electricity and carbon dioxide (CO2) for local pipeline export to downstream consumers such as 

enhanced oil recovery (EOR) operations. Under normal operation, the plant does not emit CO2 into the atmosphere or 

any other emissions.  

 

The CO2 recuperative heat exchangers and the combustion turbine generator (CTG) are the key pieces of equipment 

for the plant. Toshiba is currently developing the design of the commercial scale CTG utilizing lessons learned from 

the 50 MWth Demonstration Plant. The design of the recuperative heat exchanger train optimizes heat recovery for 

the required extreme temperature and pressure conditions demonstrating existing technology but in a first-of-a-kind 

regime of coincident pressure and temperature.  

FOAK Commercial Plant Performance USA* (%) World (%) 

Thermal Heat Input 100% 100% 

Turbine Shaft Power -17.9% -16.7% 

Shaft-mounted CO2 compressor and generator -8% -7.5% 

ASU auxiliary load -12% -11.2% 

BOP parasitic (pumps, cooling, tower, etc.) -7% -6.5% 

Net Plant Efficiency (% on LHV) 55.1% 58.9% 

Net Plant Heat Rate (LHV) 6,193 5,793 

Industrial Gas Outputs Approximate Tons/yr 

High-pressure, high-purity CO2 890,000 

High-purity N2, 99.9% 1,500,000 

Low-purity N2, 98.6% 2,600,000 

High-purity Ar, 99.99% 63,000 

High-purity O2, 99.5% 45,000 
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5. CO2 Uses – A Review of Emerging Opportunities 

The market potential for CO₂ products is coming into focus. The Global CO₂ Initiative and CO₂ Sciences have 

estimated that by 2030, CO₂ products could generate between $800 billion and $1.2 trillion annually and reduce CO₂ 

emissions by 10% to 15% [5]. 

 

There is increased interest in finding non-injection based uses for CO₂, which is exemplified by the $20 million 

NRG/COSIA Carbon X-Prize that is aimed at scaling CO₂ utilization applications and is currently underway. Existing 

uses for CO₂, which have been in commercial practice for decades, include the production of urea, methanol, carbonate 

salts, polycarbonates, and other specialty chemicals (including carbon nanotubes). 

 

Recently, methods for curing cement/concrete have deployed commercially. Companies deploying these 

technologies include Solidia, CarbonCure, Carbcrete, and Carbon Upcycling. There are also other technologies in 

development for converting ethane to ethylene using CO₂ as a soft oxidant.  

 

Conversion of CO₂ to specialty chemicals is attractive due to the high-margins, but the total CO₂ consumed is low 

relative to EOR. These high-margins provide a near-term financial justification/incentive for the build out of the 

required CO₂ transportation infrastructure. On the other hand the volume of CO₂ consumed for processes like fuel 

production and aggregates (e.g. cement) offset higher margins with larger volumes. It is predicted that high volume 

applications will become market drivers. Indeed, a recently released study predicted that the markets for concrete and 

aggregates ($165B - $550B) and fuels ($10B - $250B) would likely dwarf that of chemicals ($1B - $12B) by 2050. 

This may speak to more insight and/or optimism into those subsectors by respondents who have some stake in it [5]. 

 

Use of CO₂ as the feedstock for plastics and polymers productions processes is another attractive application. One 

example is US-based Novomer, a company that converts CO₂ to polycarbonates/polyols, which initially received 

investment from Saudi Aramco. Additionally, German polymer company, Covestro, is already using CO₂ in the 

production of foams used in mattresses and upholstered furniture and is planning to expand its production lines of 

CO2-feedstock-based polyols. Perhaps the most interesting application lies in “new materials,” including the likes of 

carbon fiber, carbon nanotubes, and carbon-based nanoparticles.  

Nevertheless, an even larger opportunity may exist to support further CCUS and associated innovation. 8 Rivers is 

exploring a whole host of applications where cryogenic CO2 separation can be exploited to create more cost effective 

energy resources, with CO2 provided by a NET Power facility or other source of captured high pressure carbon 

dioxide.   

6. The Many Uses of Cryogenic CO2 Enables a New Energy Portfolio 

6.1. TarT Process for Natural Gas Sweetening 

A significant portion of natural gas reserves around the world contain large quantities of sulfur species and carbon 

dioxide, which are often referred to as sour gas reservoirs. The IEA reports that more than 40% of the world’s gas 

reserves outside of North America are sour, with the number increasing to 60% for Middle Eastern gas reserves [6] 

[7]. Sulfur species, such as hydrogen sulfide (H2S), are highly corrosive when mixed with water and toxic to biological 

organisms. In addition, the CO2 has a negative effect on energy content of natural gas and increases the greenhouse 

gas emissions upon the usage of such natural gas source. In order to meet pipeline quality standards, natural gas is 

usually required to contain no more than 2% CO2 and 4 ppmv H2S on a volume basis. The process of removing acid 

gases from the natural gas, also called gas sweetening, is traditionally carried out using commercial solvents such as 

MEA, MDEA and Selexol based on their composition and the amount of acid gases to be removed. Putting the 

environmental impact of such solvents aside, high concentrations of acid gases (e.g. >20% H2S+CO2) tend to increase 

the capital and operating costs of natural gas sweetening processes, which would make the economic utilization of 

such acid gas reserves difficult.  
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Cryogenic separation of acid gases from natural gas can be a cost effective alternative to conventional acid gas 

removal processes, especially in the presence of large quantities of acid gases. 8 Rivers’ TarT™ liquid CO2 scrubbing 

process is a new technology that exploits cryogenic separation and thermo-physical properties of liquid CO2 for natural 

gas sweetening. A simplified block flow diagram of the TarT process for natural gas sweetening is shown in Figure 

3.  

 

  

Figure 3. Block flow diagram of TarT process for sweetening of sour gas 

 

The TarT process relies on the use of liquid CO2 as a solvent to efficiently scrub the H2S out of sour gas. A simple 

packed distillation column with rectifying and stripping zones is at the heart of the TarT process. Liquid CO2 and sour 

gas are cooled to a temperature near CO2 triple point (-56.6 °C) and then are introduced into the top and bottom 

sections of the column, respectively. Operation of the column above the triple point of CO2 avoids solidification of 

CO2 within the column and connecting pipes at any operational conditions and thus the need for an advanced and 

complex column design such as that used in the Controlled Free Zone ® (CFZ ®) process. The bottom liquid product 

from the distillation column contains nearly all H2S within the sour gas feed as well as some CO2 and hydrocarbons. 

The removal rate of H2S from the column can be tuned by controlling the flow rate of fresh makeup CO2 fed into the 

column. Clean natural gas leaving the top of the column is processed in a membrane separation unit to achieve desired 

CO2 content in the final clean gas product, and the CO2 on the permeate side of the membrane will be compressed and 

recycled back to the system. Meeting the pipeline requirements for CO2 content (<2% volume) can be achieved using 

a single stage commercial membrane systems for CO2 removal. The sour residue collected at the bottom of column is 

in liquid phase, which facilitates its pumping for reinjection operations. Alternatively, it can be readily used as a 

feedstock in Claus process for sulfur production.  
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Table 3. Overall performance of the TarT process for sweetening of two highly sour natural gas compositions. 

 

Table 3 shows the overall mass and energy balance of the TarT process for sweetening of two highly sour natural 

gas feedstock. Once integrated with a process that relies on natural gas feedstock and equipped with CO2 capture, the 

TarT process can utilize by-product CO2 to generate low-cost pipeline quality gas that can substantially improve the 

economics of the downstream process. 

6.2. Solid Fuel Allam Cycle 

In addition to burning natural gas, the Allam Cycle can be applied to coal syngas power generation by integrating 

with a commercially proven coal gasification system, where it is projected to make major efficiency gains and capital 

cost reductions over conventional coal systems while still realize full carbon capture [3] [8]. To address the specific 

challenges for the coal-based Allam cycle, including gasifier selection and integration, materials corrosion, syngas 

impurities removal, and design of a high-pressure oxy-fired syngas combustor, 8 Rivers has worked with the Energy 

& Environmental Research Center (EERC) and the North Dakota Industrial Commission (NDIC) Lignite Energy 

Council (LEC) on a lignite-based Allam Cycle technology development program in support of an industry team 

comprising ALLETE, Inc., and Basin Electric Power Cooperative (BEPC). In parallel, 8 Rivers has developed a 

proprietary fuel flexible sCO2 combustor for the coal syngas Allam Cycle [9]. Current highlights of coal the Allam 

Cycle research program include the following activities: 

 

 A detailed gasifier selection study was completed to investigate suitable gasifiers for the Allam Cycle. 

The results show that both entrained flow gasifiers and fluidized bed gasifiers provide good economics 

across a wide range of fuel types.  A detailed feasibility study showed that the Allam Cycle coal system 

provides significant cost of electricity advantage compared to IGCC/SCPC. 

 

 The initial design of a fuel flexible combustor and test rig were completed. A CFD simulation was 

conducted to validate the feasibility of multi-fuel operation. The CFD results show that the combustor can 

achieve designed combustor exit temperature and pressure, as well as a complete fuel burnout [10]. 

 

 Two 1500 hour dynamic corrosion tests under 30 bar (435 psi) / 750°C (1382°F) and 269 bar (3902 psi) / 

750°C (1382°F) were completed. The test gas at 30 bar (435 psi) / 750°C (1382°F) was simulated to 

represent a typical combustion flue gas in the coal based Allam Cycle with amine-based pre-combustion 

Sour gas composition 
72%  CH4, 18% H2S, 

10% CO2 

72%  CH4, 10% H2S, 

18% CO2 

CH4 content within sour feed (kmol/hr) 5760 5760 

Total parasitic load (MW) 17.88 19.56 

Makeup CO2 (tonne/day) 210.14 256.5 

Specific parasitic load (kWh/kmol-H2S removed) 12.42 24.45 

Specific parasitic load (kWh/kmol-H2S + CO2 removed) 8.40 9.20 

Heat/steam input (MW) 0 0 

CH4 lost in the bottom product (% of total CH4 input) 4.0 4.0 

Clean gas composition (% CO2, ppmv H2S) 2, 2 2, 2 
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sulfur removal. Test gas at 269 bar (3902 psi) / 750°C (1382°F) represented the oxidant stream in the coal 

based Allam Cycle. The corrosion mechanisms and rates from the tests did not present any barriers to uses 

of any high nickel alloys under consideration in the coal based Allam Cycle. 

 

 A patented post-combustion sulfur removal concept was tested and demonstrated with the sulfur removal 

rate of over 99% [11]. 

 

Additionally, 8 Rivers has begun to evaluate a modified version of the TarT natural gas scrubbing process for use 

with syngas. Initial results are promising and show that cryogenically washing H2S containing syngas with CO2 

derived from the Allam Cycle may serve as a low-cost alternative to conventional pre-combustion sulfur removal 

systems often used in gasification trains. Furthermore, the liquid scrubber effluent of CO2 and H2S is capable of further 

processing via conventional Claus plant tail gas cleanup systems to produce pipeline quality CO2 and elementary 

sulfur.  

6.3. TarT Process for Sour Gas Combustion 

8 Rivers developed a novel method which enables sour natural gas as well as the liquid effluent from the TarT 

process for natural gas sweetening to be directly burned for power generation without any pretreatment. This method 

can potentially reduce the cost of power production using sour gas feedstock products by eliminating the natural gas 

pretreatment steps. Oxidized sulfur compounds are captured by limestone in the combustion process to eliminate 

downstream sulfur corrosion. The desulfurized flue gas then goes through a solids removal process before entering a 

gas turbine or a turbine expander for power generation. A steam cycle is used for waste heat recuperation from both 

the turbine exhaust stream and the solids stream to improve the cycle performance. Both air-combustion (see Figure 

4) and oxy-combustion configurations (see Figure 5) were investigated and modeled using Aspen Plus.  

 
 

Figure 4. Flow diagram of air-combustion sour gas cycle 
 

 
 

Figure 5. Flow diagram of oxy-combustion sour gas cycle with carbon capture 
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The design conditions of each cycle are within the operating envelope of commercially available equipment, 

including compressors, turbines and heat exchangers, enabling near-term deployment of the proposed system. The 

result of process modeling using ASPEN Plus shows that overall thermal efficiency in a 40-50% range (LHV basis) 

are achievable using this approach. Without pretreatment, the heating value of sulfur in the sour gas and the heat 

released from the limestone scrubbing process can be fully utilized for power generation, thus improving the cycle 

performance. Lu, et al. have completed a detailed techno-economic analysis of the sour gas combustion system. The 

economic analysis estimates that a baseline air-combustion sour gas system is 41% cheaper than NGCC in 2011, and 

about 28% cheaper than advanced NGCC in 2022 on a simplified Levelized Cost of Electricity (LCOE) basis. The 

LCOE of the oxy-combustion sour gas system is estimated to be 53% lower than advanced NGCC in 2022 when the 

revenue from CO2 and Argon sales are taken into account. The Capex estimation of the sour gas combustion system 

is based on the cost of a commercial scale Pressurized Fluidized bed Combustion (PBFC) coal system in 2018 U.S. 

dollars. This is a conservative approach since the capital costs associated with coal grinding/handling, ash 

treatment/disposal, and other coal related processes are eliminated in the sour gas power system. Therefore, the novel 

untreated sour gas combustion system presented suggests that the petroleum and power industries have an opportunity 

to use sour gas for power generation efficiently, cost effectively and potentially with full carbon capture [12]. 

6.4. Carbon Free Hydrogen 

Large scale hydrogen generation is traditionally carried out using steam-methane reforming process as shown in 

Figure 6.  

  

Figure 6: simplified block flow diagram of steam methane reforming process 

 

The SMR process has a relatively high CO2 footprint of around of 916 kg-CO2/kNm3-H2 [13]. The most effective 

method to substantially reduce the carbon footprint of such a process is to capture CO2 from the reformer flue gas 

using conventional systems. The flue gas from reformer furnace is at near atmospheric pressure, which will require a 

large absorption tower and other associated equipment. In addition, the recovery of solvent requires a relatively large 

amount of heat in the form of heat that significantly reduces overall hydrogen generation efficiency. A recent study 

suggests that using a solvent-based CO2 capture unit to achieve an overall CO2 capture rate of 90% in an SMR process 

would increase the levelized cost of hydrogen by about 45%.  

 

An alternative method of hydrogen generation is the use of a two-stage high pressure syngas generation system 

utilizing a combination of partial oxidation and steam methane reforming reactors. In such a scheme, the former is 

utilized to generate heat (and syngas of lower quality) while the latter is to generate high quality syngas using the heat 

generated in the partial oxidation step. In this way, all CO2 generated due to the reforming reactions is contained 

within the high pressure syngas loop which makes the downstream separation of CO2 more facile. A simplified block 

flow diagram of a hydrogen generation process using the alternative method, which is referred to as 8RH2 is shown 

in Figure 7. 

IPR2024-xxxx,Topsoe Ex. 1012 
Page  14 of 17



 GHGT-14 S. Martin, et.al.   12 

  

Figure 7: Simplified block flow diagram of 8RH2 process for hydrogen generation with carbon capture 

 

In the combined reforming concept, natural gas is partially oxidized in an oxygen deficient environment. In 

catalytic variation of partial oxidation, also known as auto-thermal reforming (ATR), the product gas from the partial 

oxidation section of the reactor is passed through a catalyst bed to enhance syngas generation reactions. The product 

gas from the first step, is directed to a heat exchanger reformer, also called gas heated reformer (GHR), which is 

essentially a conventional reformer without the burner and furnace section. The hot product gas at 1050-1400 C 

(depending on the type of partial oxidation reactor used) drives the steam methane reforming reactions within the 

GHR tubes, and eventually both syngas streams combines to form the main syngas stream at 550-600 C. After syngas 

shifting and cooling steps and hydrogen separation, the PSA waste gas contains about 76% CO2 (mole basis) which 

is suitable for processing in a low temperature removal system. Such a system uses the auto-refrigeration principle to 

cool down the process stream near CO2 triple point, and separates and purifies CO2 product in a distillation column. 

8 Rivers’ proprietary low temperature CO2 removal system captures CO2 at 150 bar and 99%+ (mole basis) purity by 

only using electrical energy at 200-220 kWh/tonne-CO2. The residual gas from CO2 separation system can be recycled 

back to the reforming rectors to maximize the process efficiency and CO2 capture. 

 

Figure 8. Comparison of overall thermodynamic efficiency of the 8RH2 process and a conventional steam methane 

reforming process with and without carbon capture.  

*SMR process figures were taken from [13]. SMR with CCS removes CO2 from SMR furnace flue gas using Shell 

Cansolv process. 

77%

72%

67%

75%

8RH2 - base case
(81% CO2 capture)

SMR - w/o CCS * SMR w/ CCS (90%
CO2 capture)*

8RH2 - advanced
(90% CO2 capture)

Hydrogen Generation Overall Efficiency (LHV basis)
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Due to the use high purity oxygen and relatively higher electricity consumption in the combined reforming method, 

additional electricity will be required that can be drawn from the grid or provided using on-site gas turbine. The latter 

would allow more efficient heat integration within the process at the expense of CO2 emission due to firing in the gas 

turbine. In this process as depicted in Figure 7, about 81% of process overall CO2 is captured. Up to 100% CO2 

captured can be achieved by partially or completely replacing the gas turbine fuel with a portion of hydrogen product 

from the process.  A comparison of the overall thermodynamic efficiency of 8RH2 and a conventional steam methane 

reforming process is shown in Figure 8.  

7. Conclusions 

Progress at NET Power continues to move forward. The NET Power demonstration facility is nearing full proof-

of-concept following successful testing of the combustor. In tandem, the commercial design of a NET Power facility 

continues to be progressed. The Allam Cycle, developed with the aim of producing power at a cost competitive with 

existing best-in-class, non-carbon capture power generation technologies while capturing all emissions for no 

additional cost is inspiring work in other areas. 8 Rivers has applied the same approach to adjacent and related markets, 

generating new innovative clean energy processes. Work on novel CO2 uses, fuel clean-up, combustion, and hydrogen 

production technologies has taken place, with an overview of that work provided in this paper. 
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