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Design and Evaluation of Integrated Systems for 
Net Zero Emission

EMRE Collaboration
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EMRE Project Objective

• Develop an optimization framework to determine the best process 
configuration to achieve net-zero/net-negative emissions in NGCC power 
plants. 

First Principle 
Models

Surrogate 
Models

Industrial 
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Flowsheet 
optimizationPlant Design 

Process Optimization

AI/ML
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Dynamic 
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Technology & 

Material Screening

Figure 1. Technical approach
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Motivation
• Net zero emissions from low CO2

concentrations: 
◦ Energy intensive + expensive process + 

process operability 
• Integrated energy systems are critical for 

reaching net negative and net zero 
emissions. 

• Identifying the level of integration is an 
open question.
◦ NGCC + PCC + polishing step or DAC
◦ Power and heat from NGCC or electric 

boiler

N
et N
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$282/tonne 

$793/tonne 

$218/tonne 
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Hybrid/Integrated Energy Systems

Figure 2. net negative emission configurations superstructure

CO2 capture 
level

Import or export 
electricity?

Is the steam 
extraction 
feasible? 

Polishing 
step vs DAC?

Which material 
is most 

promising?
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Key Questions – Industrial Collaboration

• Can the addition of a polishing step or DAC system reduce the cost of 
achieving net-negative emissions compared to a standalone PCC?

• Which material achieves the lowest cost of capture?

• How do EMRE’s materials compare to adsorbents found in the literature?

• How does a DAC system compare to the PCC + polishing step cases?
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How to Leverage Legacy Models?

• IDAES framework – workflow:

Data Source
Model 

Selection and 
Training

Visualization 
and Validation

Integrated 
IDAES model

Inputs: air velocity, purge 
temperature and pressure, 
cooling temperature

Outputs: DAC system 
performance (regeneration 
energy and recovery)
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Optimization Formulation

min
𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝑂𝑂2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
$

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠 ≤ 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶 ≤ 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶 ≤ 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑚𝑚
𝑠𝑠 ≤ 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑚𝑚

𝑠𝑠

𝑠𝑠. 𝑡𝑡.

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐷𝐷𝐷𝐷𝐷𝐷 𝑛̇𝑛𝐶𝐶𝑂𝑂2 = 𝐷𝐷𝐷𝐷𝐷𝐷 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑛̇𝑛𝐶𝐶𝑂𝑂2 ∗ 𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

Desing constraints

𝑪𝑪𝑶𝑶𝟐𝟐 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 =
𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝑶𝑶&𝑴𝑴 + 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 𝑶𝑶&𝑴𝑴

𝑪𝑪𝑶𝑶𝟐𝟐 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪

𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ≥ 1

Operating 
Constraints 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎
+ 1

𝑚̇𝑚𝐶𝐶𝑂𝑂2 ∝ 𝐶𝐶𝑂𝑂2 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑚̇𝑚𝑎𝑎𝑎𝑎𝑎𝑎 ∝ 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 ∗ 𝐶𝐶𝐶𝐶𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑛𝑛𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∝ 𝑚̇𝑚𝐶𝐶𝑂𝑂2 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆

Costing model 
inputs

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 10 𝐾𝐾

𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 ≥ 10 𝐾𝐾

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑
350 𝐾𝐾 ≤ 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 500 𝐾𝐾

3500 𝑃𝑃𝑃𝑃 ≤
∆𝑃𝑃
𝑏𝑏𝑏𝑏𝑏𝑏

≤ 4500 𝑃𝑃𝑃𝑃

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

+

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛̇𝑛𝐶𝐶𝑂𝑂2 = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑛̇𝑛𝐶𝐶𝑂𝑂2 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐷𝐷𝐷𝐷𝐷𝐷 𝑛̇𝑛𝐶𝐶𝑂𝑂2
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛̇𝑛𝐶𝐶𝑂𝑂2 = 9.41 𝑚𝑚𝑚𝑚𝑚𝑚/𝑠𝑠
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Integrated System to Achieve Net Zero Emissions

• 90% CO2 capture + DAC not 
the best option

• Polishing step better than 
DAC

• 97% capture in PCC + 
polishing/DAC is the best 
option

Feasibility & 
Electricity Prices

MgMOFMgMOF MgMOF

Developed framework for 
material and technology 

screening for net-zero 
emissions

Poster: An Optimization Framework for Net 
Negative NGCC Power Plants – Alex Noring
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IDAES Gas-Solid Contactor Models Used for 
Direct Air Capture
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Modeling Needs

Equilibrium-based 
0D shortcut model

Equilibrium-based 
1D model

Rate-based 1D 
model

• Based on shortcut model 
proposed by Joss et al1

• Cyclical steady-state
• Adsorption is instantaneous
• Ideal gas
• No axial or radial gradients
• Assume cycle steps for 

adsorbent

• Extend shortcut model to include 
axial variations in state variables

• Adsorption is instantaneous
• Ideal gas
• No radial gradients

• Add rate equations
• Ideal gas
• No radial gradients

Simplified Model

• Separation fixed
• Pressure drop computed
• Cycle times assumed

High Level Cost Estimation TEA – material performance and ambient conditions Rigorous TEA

1. Joss L. Gazzani M, Hefti M, Marx D, Mazzotti M,  “Temperature Swing Adsorption for the recovery of the Heavy Component: An 
Equilibrium-Based Shortcut Model”, Industrial and Engineering Chemistry Research, 54,3027-3038,  2015
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Modeling Needs: Custom 4 Step Adsorption Cycle
Overview of Equilibrium-based Shortcut Model

Productivity [kg CO2/(ton · h)]

Adsorption Temperature, TL [K]

De
so

rp
tio

n 
Te

m
pe

ra
tu

re
, T

H 
[K

]

Effect of Tads and Tdes on Cycle Times

Feed

CO2
Product

Time

Time

Te
m

pe
ra

tu
re

Pr
es

su
re

Heating Cooling Pressurization Adsorption

Discarded 
Gas

• 4 steps in a TSA cycle
◦ Heating step
◦ Cooling step
◦ Pressurization step
◦ Adsorption step

• Model Assumptions
◦ No axial or radial gradient in state variables
◦ Ideal gas
◦ External heating and cooling
◦ Equilibrium between solid (adsorbed) and gas phases

― Extremely fast mass transfer and adsorption/desorption rates

IDAES Implementation

1. Joss L. Gazzani M, Hefti M, Marx D, Mazzotti M,  “Temperature Swing Adsorption for the recovery of the Heavy 
Component: An Equilibrium-Based Shortcut Model”, Industrial and Engineering Chemistry Research, 54,3027-3038,  
2015
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Gas – Solid Contactor
Unit Model

Gas region– CV 1D 

Material balance
Energy balance

Momentum balance

Inlet
Ports

Outlet
PortsPerformance Equations

Hydrodynamic 
Mass Transfer
Heat Transfer

Solid region – CV 1D 

Material balance
Energy balance

Reaction 
properties

Thermo-
physical 

properties
Reaction 

properties

Thermo-
physical 

properties

Modifying hydrodynamics and momentum 
balances:
• Moving bed reactor
• Fixed bed reactor 
• Bubbling fluidized bed reactor
• Rotatory packed bed reactor (pyomo)
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Hybrid Energy Systems in IDAES
FLECCS and POWER to X
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IDAES Grid Integration Tools for Flexible Systems
• Traditional TEA is more suitable for baseload 

operation
• Load-following operation is more realistic
• Flexibility is essential

◦ Can PCC + Polishing step/DAC operate in a load-
following manner?

• How to improve flexibility?
◦ Load-shifting via solvent/sorbent storage –

Regenerate solvent during off-peak hours
◦ Load-shifting via DAC – Operate DAC at a higher 

capacity during off-peak hours

• For a given a time-varying load/prices, 
IDAES grid integration tools help
◦ Determine optimal size of absorber, stripper, 

storage tanks, DAC system, etc.
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IDAES Enables Market-informed Analysis of HES

Arent et al. (2021) Multi-input, Multi-output Hybrid Energy Systems, Joule 5, 47-58.

Intermittent, time-
varying production

Time-varying 
demand

DAC

Captured 
CO2

Storage

Utilization

Power-to-X
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IDAES Market Analysis: Successful Case Studies

FLExible Carbon Capture and Storage (FLECCS) Power-to-H2: SOFC/SOEC Integrated Energy Systems

Power-to-argon/nitrogen: Allam-Fetvedt Cycle

N2

Ar
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Additional Slides
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min
𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷, 𝑢𝑢𝑃𝑃𝑃𝑃𝑃𝑃, 𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝑂𝑂2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
$

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑠𝑠. 𝑡𝑡. 𝐷𝐷𝐷𝐷𝐷𝐷 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

Optimization Formulation - Phase III 

Proposed optimization framework to achieve net-zero emissions for NGCC power plant

Scope of Phase III 
Optimization

Phase III Optimization  
• PCC design and operating variables included in optimization
• Determine the optimal capture rate (PCC)
• Minimize cost of capture (PCC + polishing step)

𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝑷𝑷𝑷𝑷𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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Project Timeline – Accomplishments

CRADA 
(01/21)

NGCC 
Model 
(IDAES)

PCC 2nd

Gen 
Solvent 
(Aspen 
Plus)

PCC-ML 
Surrogate 

Models 
(IDAES)

0D TSA 
Equilibriu
m Model 
(IDAES)

1st draft 
Integrate
d Analysis 
(NGCC + 

PCC + 
DAC 

IDAES)

DAC 
Costing 
(IDAES)

1st Report

Integrate
d Analysis 
(NGCC + 

PCC + 
Polishing 

Step)

EMRE 
Workshop 

@NJ

EMRE 
DAC 

System 
Surrogate 

Models 
(IDAES)

Integrate
d Analysis 
(NGCC + 

PCC + 
Polishing 
Step vs 
DAC)

2nd Report

Phase 3 
Planning 
(Today)

01/21 06/21 01/22 05/22 05/2301/23

• Established a CRADA agreement NETL – EMRE - 6 months
• Developed first round of flowsheets, models, property packages –
• Delivered first round of recommendations – year 1
• Delivered report with 
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Team

• NETL
◦ Miguel Zamarripa
◦ Daison Caballero
◦ Alexander Noring
◦ Josh Morgan
◦ Anca Ostace
◦ Douglas Allan
◦ Tony Burgard
◦ Jaffer Ghouse

• EMRE
◦ Justin Federici
◦ Rodrigo Blanco
◦ + Others

Questions/Comments



22INTERNAL USE ONLY – NOT APPROVED FOR PUBLIC RELEASE



23INTERNAL USE ONLY – NOT APPROVED FOR PUBLIC RELEASE

Summary of Work in 2022
• Improved costing estimates

• 0D Equilibrium Model
◦ FG polishing step – Integrated NGCC & e-

boiler (90%, 95%, and 97%) 
◦ DAC – Integrated NGCC & e-boiler (90%, 

95%, and 97%) 

• EMRE DAC system data
◦ Link costing to data provided 

― E-boiler case
― Integrated NGCC case

◦ Costing estimate analysis for data 
◦ Performance surrogates for data 
◦ Use surrogates and costing in 

optimization
― DAC – Integrated & e-boiler case (90%, 

95%, and 97%)
― Sensitivity on brick cost, replacement time, 

etc. 
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1. 97% capture in PCC + polishing/DAC is the best option
2. Polishing step better than DAC for same net-negative levels
3. Material C is best among EMRE dataset
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Data Set 2

Incorporating Electricity Market Prices for Design
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Problem: Given a high VRE grid in 2035 under different scenarios, will NGCC with flexible capture systems 
be economically viable?  

Should capture 
system+DAC be built? 

(i.e., Is it cheaper to pay a 
carbon tax?)

If yes, what is the optimal 
size and capture rate?

How do various potential 
market scenarios impact 

results?

Data Set 1
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Multi-Period Stochastic Optimization Problem

25

• Solve model for full year signal or representative days
• Solve for deterministic or stochastic problem

max
𝑑𝑑,𝑢𝑢𝑡𝑡,𝑠𝑠

𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝑠𝑠∈𝑆𝑆

𝑝𝑝𝑠𝑠𝑁𝑁𝑁𝑁𝑉𝑉𝑠𝑠 = �
𝑠𝑠∈𝑆𝑆

𝑝𝑝𝑠𝑠 �
𝑡𝑡=1

𝑛𝑛
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡,𝑠𝑠

1 + 𝑟𝑟 𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥𝑠𝑠Design/Capacity

Operating decisions

Weighted average NPV 
across scenarios

Set of scenarios

Weight associated with 
scenario s

Time set within 
scenario s

Incorporate TEA into 
optimization

𝑔𝑔 𝑑𝑑,𝑢𝑢𝑡𝑡 , 𝑥𝑥𝑡𝑡 = 0, 𝑡𝑡 ∈ 𝑇𝑇

ℎ 𝑑𝑑,𝑢𝑢𝑡𝑡 , 𝑥𝑥𝑡𝑡 ≤ 0, 𝑡𝑡 ∈ 𝑇𝑇

𝑦𝑦𝑡𝑡 ∈ [0, 1]

𝑦𝑦𝑑𝑑 ∈ [0, 1]

Process Model Equations 

Operating constraints 

Startup/Shutdown

Build/Not-build technology
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