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All images and graphs were taken or created by the student researcher. 
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Amine (MEA) Chilled Ammonia 
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Compared 
Value 

Current 
Processes 

(Amine & Chilled 
Ammonia) 

My Patented Novel 
Solution  

(Solvent Addition with 
Distillation Recovery) 

Required 
Temperature 

>110oC 
CO2 desorb: RTP 

Solvent Recovery: 68oC 

MJ / kg CO2 
Captured 

6.7 MJ 1.39 MJ 

Energy Source Steam 
Low Temperature Waste 

Heat 

Parasitic Load 30-50% <3% 

For each experiment, ammonium bicarbonate (≥99.5%, Sigma Aldrich) 

was dissolved in deionized (DI) water to form 100 mL of solution at a 

desired molarity (1.0, 1.5, or 2.0 M). A 250 mL glass vessel containing 

the solution was attached to a three-port cap containing helium carrier 

gas inflow port, gas mixture outlet port, and organic solvent injection 

port. Helium gas was flowed into the headspace at 50 mL/min until no 

traces of air gases were present and the flow stabilized. Stirring was 

applied at a consistent angular velocity for all trials. For each trial, 

specified amounts of acetaldehyde (≥99.5%, Sigma Aldrich), acetone 

(≥99.5%, Fisher Scientific), or dimethoxymethane (99%, Sigma Aldrich) 

were injected into a 100mL ammonium bicarbonate solution of desired 

molarity. 

Measurements were acquired 

using an in house constructed 

gas flow setup with on-line 

mass spectrometry (Figs. 3, 5). 

An Omega mass flow controller 

was used to control the flow rate 

of the carrier gas  (ultra-high 

purity helium, 50 mL/min).  

Quantifying CO2 Desorption: A needle valve connected to a vacuum 

chamber with an SRS 100 residual gas analyzer was used to obtain the 

outlet gas CO2 partial pressure. CO2 partial pressures were converted to 

molar flow rates using a calibration curve derived from previous 

measurements of mass flow controlled CO2 and by normalizing the 

signal intensity to the helium carrier gas. Integration of CO2 flow rates 

over time yielded the values for total pure CO2 generation. 

Solvent Distillation Recovery Energy & Temperature: Energy and 

temperature requirements for distillation recovery were determined 

using Aspen HYSYS with the UNIQUAC fluid package. The feed 

stream contained the optimal solvent mole fraction (xf) to desorb CO2 

(0.0467 for acetone, 0.0393 for dimethoxymethane (DMM), and 0.0599 

for acetaldehyde). The feed solution was distilled to the operational 

solvent mole fraction (xb) in the CO2-lean solution (0.0216 for acetone, 

0.0181 for dimethoxymethane, and 0.0279 for acetaldehyde).  

CO2 Loading Measurements (Fig. 2): 100mL of solution was placed 

in a 250 mL glass vessel. The outlet port was connected to a tube that 

transfers outflow gas into a liquid nitrogen bath. A sulfuric acid solution 

was added to the CO2 rich solution in excess. CO2 released deposed in 

the liquid nitrogen chilled tube and mass change of tube was measured 

using a mass balance. 

The unprecedented CO2 desorption mechanism introduced in this 

research desorbs CO2 with no heat input and approaches the 

thermodynamic minimum energy requirement for CO2 capture. 

How it Works: A water-soluble organic solvent is added to an ‘CO2 -

rich’ aqueous ammonia – carbon dioxide solution (such as is generated 

from the absorption of flue gas CO2 in aqueous ammonia) at room 

temperature and pressure. The dissolved organic solvent weakens the 

ammonia  induced hydration shells surrounding the bicarbonate and 

carbonate ions,  resulting in the formation of low solubility ‘free CO2’ 

species. The ‘free CO2’ species desorbs from the solution as CO2(g). 

Problem 

Solution 

Current CO2 capture processes desorb gaseous CO2 using high 

temperature (>110oC) thermal decomposition, causing a >30% reduction 

in power plant efficiency, >70% increase in electricity costs, and 

increase pollution of combustion byproducts, such as coal ash. 

Develop, evaluate and introduce a politically immune CO2 capture 

system that addresses the major barriers faced by current CO2 capture 

technologies. 

(1) CO2 in flue gas is absorbed by a CO2 lean 

aqueous ammoniacarbon dioxide solution, 

forming a CO2 rich solution. The remaining 

gases after the CO2 is absorbed are released from 

the absorption column (‘Inert Gases’). 

(2) CO2 rich ammoniacarbon dioxide solution from 

the CO2 absorption column is mixed with an 

organic solvent (acetone, acetaldehyde, or 

dimethoxymethane) under mild temperatures and 

pressures, such as RTP conditions, desorbing 

high purity CO2. The solution becomes CO2 lean 

as pure CO2 is desorbed.  

(3) The organic solvent is distilled from the CO2-

lean aqueous ammonia solution. The recovered 

organic solvent is transferred / recirculated to 

stage 2 and the CO2-lean aqueous ammonia 

solution is transferred / recirculated to stage 1.  
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Solvent Addition with Low Temperature Distillation Recovery 

Solvent Recovery via Distillation 

CO2 Absorption 
Parameter Value 

Height 1.8 m 

Diameter 0.3 m 

Packing 16 mm Pall-Ring 

CO2 Loading Lean Refer to tbl. 1 

Flue Gas 
Concentration 

6% 

Solution Flow Rate 7.39 L/min 

Scale 250 kg CO2 per day 

Solvent 
CO2 – Lean 

Loading 
CO2 – Rich 

Loading 

Acetaldehyde 0.05 0.75 

Acetone 0.41 0.80 

DMM 0.33 0.78 

Fig. 6 (Above): Graph of CO2 desorbed at different ammonium 

bicarbonate solution concentrations with different organic solvents 

injected. Experiments were conducted using the online mass 

spectrometry setup (Figs. 3, 5) and 20 mL of solvent added to a 100 

mL aqueous CO2 – rich solution. The control was the CO2 desorbed 

from solution with no organic solvent injected under room-

temperature and pressure (RTP) conditions. Solid bars represent 

pure CO2 generated over 1 h, determined experimentally, and 

hatched bars represent the additional CO2 generation during 3 h of 

operation, from extrapolation. The CO2 capacity for 

dimethoxymethane and acetaldehyde added to a 2 M solution is 

similar to those of current MEA and Chilled Ammonia processes. 

Fig. 5 (Above): 

Image of solvent 

injection gas 

flow setup with 

on-line mass 

spectrometry. A 

full schematic of 

the setup is 

shown in Fig. 3.   

Fig. 4 (Above): Graph comparing the CO2 desorption rate (moles per 

minute) from a 2M CO2 – rich ammonia solution containing a slightly 

higher concentration than the operational solvent mole fraction (Xb), or the 

minimum concentration of solvent required to elicit significant CO2 

desorption, to a 2M CO2 – rich ammonia solution containing a slightly 

lower concentration than Xb.  The graph shows the results for the organic 

solvent DMM.  

Tbl. 1 (Above): Table showing the CO2 loading values 

for the CO2 lean solution (formed in stage 3) and CO2 

rich solution (formed in stage 1). CO2 loading values 

were determined using the setup shown in Fig. 2 and 

described in the materials and methods.  

Fig. 1 (Above)  

Tbl. 2 (Above):  Column dimensions for a 250kg CO2 

captured per day prototype. Absorption column is constructed 

~1.5X larger than required as a built-in margin of safety. 

Fig. 2 (Above): Liquid nitrogen CO2 

deposition setup to measure CO2 loading. 

According to the Energy Information Administration (EIA) predictions, 

the combustion of fossil fuels will continue supplying 80% of world 

energy through 2040 and consumption will increase by 56%.  According 

to the International Energy Agency (IEA), over 15 billion tons of CO2 is 

released into the atmosphere each year from fossil fuel power 

generation. There is an unprecedented need for new technologies to 

significantly reduce CO2 emissions. 

One promising means of reducing CO2 emissions is CO2 capture and 

utilization (CCU). Current CO2 capture processes are not economical; 

they decrease power plant efficiency by over 30%, and increase 

electricity costs by over 70%.  

A compelling solution is a CO2 capture process powered entirely by 

abundant low temperature waste heat, allowing for the conversion of 

flue gas to pure CO2, while negligibly impacting power plant efficiency. 

Waste heat accounts for more than 68% of the energy generated by the 

U.S. thermal power industry, has a weighted average temperature of 

88.6oC and is an untapped resource. 

This research introduces a novel, issued utility patented CO2 capture 

technology that is the first to capture CO2 from flue gas at a cost 

significantly below market prices and powered entirely by low 

temperature waste heat. 

A highly efficient CO2 capture system with the following 

characteristics: 

• Desorbs CO2 at room temperature and pressure (RTP) conditions 

• Entirely powered by currently discarded low temperature waste heat 

• Consumes 75% less energy than current processes 

• Low capital and operational cost 

• Operates under mild conditions and low cost reagents 

• Reduces the need for expensive cooling towers 

The development of a low-cost CO2 capture system is essential to 

improving air quality and mitigating the effects of CO2 emissions on 

climate change. The breakthrough CO2 desorption mechanism 

introduced in this work initiates an entirely new field within the realm 

of CO2 capture. The novel process introduced in this work is the first 

powered using entirely abundant low temperature waste heat, 

dramatically reducing operational costs and eliminating the efficiency 

penalty of CO2 capture on power generation.  Thermal energy and 

temperature requirements to recover acetaldehyde, the best performing 

organic solvent investigated, and the CO2 absorbing solution were 1.39 

MJ per kilogram of CO2 generated and 68oC, respectively.  The process 

consumes 75% less energy and requires 53oC lower temperature than a 

pilot chilled ammonia and MEA process, the most efficient CO2 capture 

processes currently used. Capital costs are significantly reduced due to 

utilizing lower cost, widely available reagents and the ability to operate 

under mild temperatures and pressures.  This process launches the 

advent of economical CO2 capture and effectively eliminates CO2 

emissions from power generation. 

Fig. 8 (Right): Graph of the distillation column reboiler and condenser 

energy loads per cubic meter of total solution following the addition of each 

organic solvent. In the simulated distillation column, the feed solution 

contained the optimal organic solvent mole fraction for CO2 generation (xf) 

and the bottom solution contained the maximum mole fraction of solvent 

before eliciting CO2 gas release (xb). Thermal energy loads are supplied by 

currently discarded abundant low temperature waste heat. Condenser energy 

loads are supplied by ambient sources. Values were determine using chemical 

engineering process modelling software, Aspen HYSYS. 

Fig. 7 A & B (Above): Graphs showing energy and temperature requirements 

of current processes and the novel process introduced in this research. (A) 

Literature values for heat energy (green) per kilogram of CO2 captured and 

reboiler temperature (blue) for the chilled ammonia and monoethanolamine 

(MEA) CO2 capture processes. (B) Heat energy (green) per kilogram of CO2 

captured and reboiler temperature (blue) as a function of solvent type. The 

shown values are for 2 M ammonium bicarbonate with 16.7% (v/v) organic 

solvent added and use Aspen HYSYS simulation data.  
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Percent 

Total 

Temp 
(oC) 

Process Steam 
Condensate 

96% 50-90oC 

Exhaust Gases 3% 
70-

230oC 

Convective 
Heat Loss 

1% 30-50oC 

Tbl. 4 (Above): Table showing the forms of 

waste heat and their relative abundance from a 

standard coal-fired power plant. (U.S. Dept. of 

Energy, Industrial Technologies Program, 2008) 

Fig. 3  

Tbl. 3 

Absorption: Higher CO2 loading values occurred in solutions with 

higher initial CO2 loading (tbl. 1). Absorption column dimensions   (tbl. 

2) were determined based on CO2 lean and CO2 rich solution loading 

using the literature on CO2 absorption columns. 

Desorption: CO2 generation increased with ammonium bicarbonate 

concentration. Pure CO2 generation from 2 M ammonium bicarbonate 

was 51% greater with acetone and 36% greater with DMM than with 

1M ammonium bicarbonate. DMM generated greater amounts of pure 

CO2 than acetone, despite possessing a lower solvent mole fraction (xf 

= 0.0393 for 20 mL DMM; xf = 0.0467 for 20 mL acetone). DMM’s 

greater CO2 generation is likely due to its significantly lower dielectric 

constant (DMM r = 2.6; acetone r = 20.7). 

There’s a defined minimum concentration of organic solvent for each 

solvent type to elicit CO2 desorption. Below this solvent concentration, 

negligible CO2 desorption occurs. As shown in Figure 4, 8 mL of DMM 

added desorbs more than 2 times the amount of CO2 as 7 mL over a 30 

min timeframe. This large disparity in CO2 generation with a minimal 

increase in solvent concentration is likely due to a threshold solution 

dielectric constant, wherein the bicarbonate becomes unstable below 

this threshold concentration. 

Solvent Recovery via Distillation: Acetaldehyde reboiler heat duty 

was 70% less than DMM and 64% less than acetone due to 

acetaldehyde possessing a lower boiling point (20.2oC) and greater 

xf  solvent mole fraction.  

The reboiler energy and temperature requirements were compared 

with present CO2 capture processes, the chilled ammonia and MEA 

processes (Figure 7 A). The energy requirement was calculated by 

dividing the energy to distill the organic solvent (16.7 % v/v) added to 

2M aqueous ammonium bicarbonate solution by the mass of pure CO2 

desorbed. Literature values were used for the energy and temperature 

requirements for the MEA and chilled ammonia processes.  

As shown in Figure 7 A&B, the reboiler temperature requirement for 

acetone and DMM was 49C and 55C less, respectively, than the MEA 

process, and 30C and 36C less, respectively, than the chilled 

ammonia process. The heat duty for acetaldehyde was 1.39 MJ per kg 

of CO2, or 75% lower than a pilot chilled ammonia process. Reboiler 

temperature requirements for all three organic solvents investigated 

were significantly less than current CO2 capture technologies and 

within the temperature range of low grade waste heat. 

Published on July 28th, 2016, American Chemical Society (ACS) 

ES&T Letters (1st Author): This research is published in the ACS 

peer-reviewed journal Environmental Science & Technology Letters, 

titled “Low Temperature Carbon Capture with Aqueous Ammonia and 

Organic Solvents.” The student researcher is first author. 

Issued Utility Patent: The CO2 desorption mechanism and process 

introduced  in this research is patented in an issued / granted USPTO 

and International (PCT) Utility Patent (Notice of Allowance all claims 

January 10th, 2017). The student researcher is the sole inventor and 

assignee. 

Pilot Scale Prototype under Construction:  A pilot scale prototype of 

my CO2 capture process is under construction in San Antonio, TX. The 

prototype includes confidential improvements the student researcher 

developed that reduce energy consumption to  >90% less than current 

CO2 capture processes. The pilot will capture 250 kg of CO2 per day 

from natural gas and coal power plant flue gas. The pilot prototype 

construction is on track to be completed by July 2017. 

Carbon XPRIZE Semifinalist: The student researcher’s company, 

Innovator Energy LLC, is one of six companies chosen in both 

competition tracks of the NRG COSIA Carbon XPRIZE competition.  

CO2 Desorption Below and Above Xb 
CO2 Desorption at 1, 1.5 and 2 M  

Ammonium Bicarbonate 

Energy & Temp. Current Processes Energy & Temp. Novel Process 

Reboiler and Condenser Energy & Temp. 


