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Market Size and Value of CO, Utilization Products

Market Size

Technical potential of CCUS in 2030, metric megatons of CO, per year'

. Carbon capture and use Carbon capture and storage

Selected examples
i us

Fuel

Synfuel and macro- or microalgae fuel

Enhanced oil recovery (EOR)

Conventional or unconventional
CO, EORand CO, EOR in residual
oil zones

Construction
~3,000 Construction materials

Cement and aggregates

$1,069,281
Plastics and chemicals TAM

Biochar
~1,000

Polyethylene, polypropylene, carbon

fiber, and methanol
Enhanced oil recovery

Biochar

A charcoal derived from burning
organic agriculture- and forestry
-waste products

Plastics and chemicals

Storage
~36,000

Storage

Saline aquifers and depleted oil and
gas reservoirs

Biniek et al., McKinsey Quarterly, June 2020

Market Value

PRODUCT

WOOD-BASED PANELS

FUELS

PLASTICS

CONSUMER GOODS

TOTAL

AGRICULTURE AND AQUACULTURE

$ IN MILLIONS

$101,130

$12,508

$882,149

$71,694

$1,800

N/A

N/A

$1,069,281

Jacobson and Lucas, Carbon180, 2018



Brutal Reality of CO, Reduction

* CO,is 73wt% O and is neither free nor pure

* CO, is abundant, but has no heating value

. 501 2 H, 0, -
o Energy demand for converting CO, to 0l &; __________ 00 @) C;im...?ﬁ?ﬁ?%__
ethylene is >40 kWh/ke R S B
o Ammonia synthesis: ca. 8 kWh/kg* %:;32'I:ZZf:ﬁZﬁfﬁZIZ:ffﬁﬁ:ﬁ;-:;.i:s;ff:éiﬁéﬁ:fff:
2] R
* Pipeline availability is limited 3 -300 S

T
. . 400 (5'2 ........................................

* CO, as feedstock # lower carbon intensity s il

than the incumbent

Z.liang, et al., Phil. Trans. R. Soc. A, 2010, 368, 3343-3364.

Challenge: Overcome thermodynamic barriers to reach cost-competitive and
environmentally-friendly fuels and chemicals for hard to abate sectors




Which Products to Target and Why




What is the Feasibility of CO, Utilization?

Technical Feasibility

1. Relative TRL of conversion technologies?
2.  What kinds of products accessible?
3. Uniqueadvantages & disadvantages?

Economic Feasibility

Environmental Considerations

1. Carbonand energyintensity
) https://www.nrel.gov/bioenergy/co2-utilization-economics/
2. Sourcesand footprintof energy

Opportunity: Use analysis to baseline technologies, products, and identify best practicesto
accelerate CO, utilization deployment




Technology Snapshot

E.IectronS|s Microbial Electrosynthesis Fermentation Thermochemistry
(Alkaline, PEM, SOEC) (MES) ——

" e
L, 2 _‘.-_:.._._,...,
P T S

i Cathode " A
HCOOH

C,H, C,H.OH C,HsOH co
C(s) C.H.OH C5H,0H CHy
HCOOH CH,COOH CH,COOH CH,
C,HsOH C,H,CO0 CH, CH5OH
G0, N CsHe
C3H,OH Aim to answer:
CH;COOH . .
CH, * What are the major technical challenges for each
CH;0H
A0 technology?
22:482  What are the most impactful near-term R&D needs?
2014 eg @
C,HO,  What are near- and long-term opportunities?
CH5COCH;

CH0, * Which products should be targeted? NREL | 6



Technical Perspective

u e P Evaluated 20+ products across 5 CO, reduction
(x103)2 roc. Coal Plants o o
- technologies to assess ease of formation:

carbon Monoide (ynges) D is * Metrics: Formation rate, selectivity, energy efficiency
Formic Acid 074 170 06 0.2 and technology readiness level (TRL)

150.0

Carbon Nanotubes 110.2 331.0 0.003 0.0 . . . .

Methanol * I|dentified six products with the highest near-term

Methane . oy

Acetic Acid VI a bl | Ity

Shiens Sheo : Qualitative Evaluation of Product Ease of Formation

: .

- : : ' . Rate of o Energy Current.

Ethanol ] Species ) Selectivity .. Commercial
Formation? Efficiency*® d

Ethylene ; . Level

Acetone 5 - - CO

: ' Ethylene Intermediate
Propylene . 0 g
Formate Intermediate Intermediate

Methane Intermediate

d. Acetate Intermediate
j Methanol
.d
d
d

[
[Glyoxal XN
n
n a: High: >200 mA/cm2 (or commercial TC), Intermediate: 200 > >100 mA/cm?2,
n.
n

b: High: >80%, Intermediate 80% > FE > 60%, Low: < 60%

d. n.d. n.d. n.d. c: High: >60%, Intermediate: 60%> EE >40%, Low: <40% NREL | 7
d: High: Operated at TRL>6. Intermediate: Operated TRL 4-6. Low: Operated TRL 1-3




Economic Perspective

Economics are challenging under current conditions, but 8 of 11
products can reach market parityin future scenario

HTE
> 2.5 O 0 0O 0 O 0O 00 0 O
57 56 16.8 145 11.0 47 441 108 25.8 - 32
—— - Methanol
Ethanol 2 .| - A > $0.8/kg
0.74/k Y
$$27 /é Jg “Eag $40/G)
% 05 '\g\ﬁ\$ @ £ = O O
E 0.0 -+ ? = & A e I T
o S s ¢ 0 s 6
8 _ - A Methane
$0.15/kg =% o
SlS/GJ 57 g Z.Huang,R.Grim,et
al., Energy & Environ.

-2.0 -
(<0 | 7 | A | G [e1oH] G [Meon] o | i | AA [Eton | i | A | A | om] i prs Jueon] cv | co | ome | o1 [OBEICIRPTIEL IR

Minimum Selling Price (MSP): [0 Current A Future O Theoretical 3678. NREL | 8



Decarbonization Perspective

Potential to
Avoid ~0.74

Gt CO,/year 7

globally

R. Grim, et al., Under Review.

g—

Feedstocks

)
&)

Carbon Monoxide
(Syngas)

Global Emissions Impact:
346 MMT CO:e/y

Methanol

Global Emissions Impact:

56 MMT COze/y

Pathways

)

Ethanol

Global Emissions Impact:
112 MMT CO:e/y

Ethylene

Global Emissions Impact:

226 MMT COze/y

Fischer-Tropsch
Sabatier Reaction

Oxo-synthesis

Thermo- and Biocatalytic C;-C,

Alcohol Synthesis
Carbonylation
Etherification
Dehydration

“Methanol to Gasoline”
“Methanol to Olefins”

“Mobil's Olefins to
Gasoline and Distillate”

Selective Oxidation

Condensation
(Direct, Guerbet, Lebedev)

Aromatization

Oligomerization

High Impact

=

Products
\/ fr—
Propylene  Ethylene
Benzene Toluene
7@ B X
Xylene Gasoline

Diesel
Jet Fuel

Cumulative Global Emissions Impact:

>8,000 MMT CO,e/y

Could scale
= to multi-Gt
avoidance

NREL | 9



What about Biomass?

f + Impurities ) C;-C5 Intermediates
€0: P - “Build up”

Retain Structure in C,, products
“Break and Reshape”

Biomass

M. Biddy, et al., NREL/TP-5100-65509, 2016 " ' *°



Methanol Production: Biomass vs. CO,

Carbon Efficiency (%)

I 90.7%
soT-2 |, 76.7%

Future - 1|, 99.9%
soT -1 |, 99.5%

Future-2

Direct CO2 to
MeOH

H2:CO Ratio 2 (Future) | 91.5%
H2:CO Ratio 2 (sOT) | 91.5%

Indirect

Electrochemical CO, Utilization
CO2to
MeOH

Renewable electricity import || NG 35.1%
€02 utilization with renewable H2 import [ NNENEGGEGEGEGEGEGEEEE :6.6%
Benchmark [N 33.2%

Biomass to
MeOH

Commercial Baseline (Average) [ 68.5%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

US Drive Net Zero Carbon Fuels Technical Team Analysis Summary Report, 2021 NREL | 11



Challenges, Opportunities, and Needs




CO, Utilization to Fuels and Chemicals

H, Storage e-Chemical

Wind Power

'0:00' | ——
o

Solar Power Electrical Current

TRL 3 or les D ( Key Considerations and Challenges:

AL - * Limited integration and diverse unit ops

! o S @
by . -
Conversion k e
; Technologies
Air < 9 =

Ao

\

* Intermittent operation / load following

e Robust Pipeline of Startups * Energy intensity and land use
s and Technologies *  Cost and market demand
* Scale and rate of CO, emissions relative

0 10 20 30 40 50 60 70 80 90 .
m Corporate Startup M Research institute k tO C02 conversion needS )
Global CO, Initiative, Implementing CO, Capture and Utilization at Scale and Speed, May 2022




Need for Integration Science

Systems Perspective

H,O

H,0 Recycle (65 % of H,0 needs)

::::::::

Heat

Heat of reaction 114 kJ/mol CO,
Current Heat demand 368 kJ/mol CO,

Integration

\ 4

Fuels and
Chemicals

Air

Example Research Questions:

How can cost be reduced through
heat and water integration?

What are the real cost trade-offs of
lower-quality intermediate
streams (e.g., CO, concentration
and impurities)?

What limits scalability of emerging
technologies?

How can costs be reduced through
process intensification?

NREL | 14



Producing Sustainable Aviation Fuel (SAF) from CO,

Developed a heat-integrated process model in Aspen Plus
Low- Temperature
Electrolysis
ngh Temperature co Syngas.
Electrolysis Fermentation

Jet Fuel Catalytic Ethanol Upgrading

Hydrotreating Coupling
Y r— Dehvdrati Oligomerization
oGl / Isomerization

Light Olefins /
- O —

**NOTE: This is one possible pathway to reach SAF from CO, and is not necessarily indicative
of the most optimized or “best” design. All results are reflective to this pathway only.

R. Grim, et al., Energy Environ.
Sci., 2022, 15, 4798-4812.

NREL | 15



Cost of SAF Production Relative to Alternatives

H

Y Assumes a $250/tonne (02 cost (DAC)

=R
6
. A
4| L T L ot
i
2
e

—_ -—
o N

o]

Minimum Jet Selling Price ($/GGE)

.

$0.02 S/kWh

Costs depend heavily
on electricity/H, price

$0.068 S/kWh

*
*

$0.01S/kWh ===

0
AT) AT) AT T FT FT Pyrolysis  HEFA SIP (0:P2L  C02P2L  (02P2L  CO:2P2L
Hybrid Sugarcane  Corn  Residues MSW  Biomass Woody Various Various Conserv- Optimistic Aggressive Regional
Poplar Biomass ative

R. Grim, et al., Energy Environ. Sci., 2022, 15, 4798-4812.

NREL | 16



Carbon Intensity of SAF Production

| Well-to-Wake (WTW) |

(02 Source (02 Conversion Fuel Storage Combustion
LCA Boundary *
Conditions , | ? | e
Pump-to-Wake
| Well-to-Pump (WTP
10 | Lol | (PTWa)
100
100
84
—_ 80
=
X 60 Overall Energy Efficiency to SAF
Results &
> 4 37% 28% 31% 35% 34%
28
20 10 12 17
*Assumes use of 0
renewableenergy for CO, (02toSAF  Fischer-  (02toSAF  (02toSAF  (02toSAF (02 to SAF HEFA HEFA (02 to SAF SPK Conven- FT-Jet
conversion process (Bio- Tropsch  (DAC-Vac (DAC- (NGCO  (Cement)  (SoyOil) (RapeseedOil)  (DAC- (Corn tional Jet (NA
ethanol) (CornStover)  Temp Hydroxide Fossil Blend)  Ethanol) (Crude)  Natural Gas)

**Based on GREET Swina) Sorbents)

NREL | 17



CO,-to-SAF Risk Assessment

Identified risks by interviewing subject matter experts

I Risk Assessment I

2

Technical Risk ‘

Unknown stability of
electrolyzers, catalysts,
membranes

Lack of testingwithreal
systemsand impact on
performance

Poor performance metrics
relative to other
technologies

v

‘ Market/Scaling Risk

Competition from
established markets (i.e.,
ways to make CO, EtOH)
Overly complex

Sourcing rare earths and
other materials at the scale
needed. Findingsuppliers
High upfront capital costs,
loan availability

Resource allocation
preferences

v

‘ Systems ‘

Integration Risk

Sitingrisks and
requirements

Integration of multiple
complex conversion steps
(processintensification)
Intermittency

R. Grim, et al., Energy Environ. Sci., 2022, 15, 4798-4812.



Opportunity: Reactive Carbon Capture




Emerging Approach: Reactive Capture of CO,

Reactive Capture Definition: The coupled process of capturing CO, from a mixed gas
stream and convertingit into a valuable product without going through a purified CO,

intermediate

Can Include:

* Integration of CO, separation
and conversionin one step

* Integration of separationand
conversionin one unit

* Processintensification

Product Targets:

Form a valuable product, or
mixture of products, in a more
reduced statethan CO,

2
(0]
2
@
=
=
=
2
=
<
b
o
@
=
T

CO,
INPUTS

@_@ RENEWABLE ENERGY
Carbon Capture <= A= =

= -1 n
©°° )))1‘7)))) u)’),ﬂ )))"ww"o&' To—Io*
9 7)))7‘."':)))? :;)\ ) o° 5> D~
QP WY R >

Extraction of CO, from material Compression

of CO, gas Transport

Reactive Capture 1

TEM
( A ons & M
| Co-reactant | -
L ) Temperature
A oomd

ey, 5
Q

EN B We
> 7S ﬂ A
s 0ooo
4%’§ 3 o;) ‘LE? oot Selectiity
gl cn B e e oam
@)) § —
Pressure Thermodynamics

N
Biolod®

M. Freyman, et al., Joule 7 (2023) 631-651.

GREENHOUSE GAS MITIGATION

Carbon

o

/ Conversion of CO,
to useful products
—Fuels
—Chemicals
-Materials

Co-reactant

—

i Y -~ ) N
s (ﬁ )
o | WA

U .

)

Material
Compatibility
&

L §

NREL | 20



Proposed Value Proposition

Our proposed value proposition
for reactive CO, captureis:

1. Lowerenergyintensity

2. Increased capital-expense-
normalized productivity (i.e.,
capital utilization)

relative to the separate CO,
capture and conversion processes
that require a purified CO,
intermediate.

Compressed

t CO,in CO, {+39}—
fluezgas Pure CO; _—{+24} Polyester
Lo} sl
Carbonate \
iy I ‘
in solution 'f'/,oo 2 PO%}rbonate
sk 0%,\‘ [-49]
€Ss Methanol
‘247 3 /Z)A/?
. 4’50&/
Carbamate ERA TION? 1
in solution MgCO,
Relative
energy " —
(kJ/mol) Reaction coordinate Ca{COQ}

D. Heldebrant, etal., Chem. Sci. 13 (2022) 2445-6456

NREL | 21



Value Proposition: Potential Savings

Conversion
Energy

Capture

ENERGY REQUIRED TO MAKE
1 TONNE METHANOL PRODUCT

49.4
A

GJ

: Energy saved
by using RC
could make

an additional

1.1 tonne
methanol

— ——— —— —

e

Energy

Separate Capture Reactive
& Conversion Capture

NORMALIZED CAPEX TO MAKE
1 TONNE METHANOL PRODUCT

61 $Capex/
tonne MeOH

38 $Capex/
tonne MeOH

Separate Capture Reactive
& Conversion Capture

*Calculation assumes same methanol synthesis yield/efficiency regardless of CO, purity/captured state

NREL | 22



Reactive Capture Technology Categories

Diverse slate of technologies under development, most of which are at
the proof-of-concept stage

Electrochemical Thermal Biological
Conversion Material @) PRODUCT CO, ) )ol)) PRO?UCT
© 0¢ i ;] PRODUCT
: O C :)) hf))) ‘ \\’\ m‘r',é?gbes
€ oo goo o 9) Yy ) £
% o
e %9 ° €3 Co-reactant i
Liquid electrolyte captures the CO, CO, Capture Material ) RC material Co; Co-reactant
I Capture [ Conversion
NREL | 23

M. Freyman, et al., Joule 7 (2023) 631-651.



Overarching Challenges and Needs

Integrating with real process streams

Transitioning from batch to continuous processing —
matching capture and conversion rates

Understanding and mitigating impacts of impurities
Quantifying capture media stability, attrition, and

cycleability t
|dentifying figures of merit £
()
— Energy intensity E ;§
— Productivity-normalized capex (>z E
o O
® a
<

Decreasing CO, concentration

NREL | 24



Summary

CO, conversion to fuels and chemicals has significant opportunity space
and can reduce GHG emissions, but is expensive today

Fundamental to applied R&D is needed to close this cost gap, with an
emphasis on integration

Achieving high energy and carbon efficiency to C;-C; intermediates
creates near-term CO, conversion opportunities when coupled with
renewable energy

H, Storage e-Chemical

Wind Power

Conversion
Technologies

e

Solar Power Electrical Current

NREL | 25



Acknowledgements

Our Team and Contributors:
e Dwarak Ravikumar

* DanRuddy
*  Wilson McNeary
* AnhTo

e Susan Habas
e Martha Arellano-Trevino
* EricTan

Zhe Gary Ling « JenKing
Huang Grim Tao AaronBarker
*  MattYung
. *  Mike Griffin
Special thanks to 40+ . Jimmy Crawford
reviewers and subject *  Mike Guarnieri
0 * JackFerrell

QrpQ-e

CHANGING WHAT'S POSSIBLE

e Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY

BIOENERGY TECHNOLOGIES OFFICE

KC Neyerlin

Mike Resch

Zhenglong Li (ORNL)
Dong Ding (INL)

Lesley Snowden-Swan (PNNL)
Steve Phillips (PNNL)
Chirag Mevawala (PNNL)
Richard Boardman (INL)
Al Weimer (CU-Boulder)
Megan Freyman (LLNL)
Eric Duoss (LLNL)

Sarah Baker (LLNL)
Simon Pang (LLNL)

Yat Li (UC-Santa Cruz)
Doug Kauffman (NETL)

U.S. DEPARTMENT OF FOSSII Energy and

N ENERGY Carbon Management

NREL | 26



Thank You

www.nrel.gov

Joshua.Schaidle@nrel.gov

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy,
LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided by U.S. " “
Department of Energy Office of Energy Efficiency and Renewable Energy Bioenergy Technologies Office, the

Advanced Research Projects Agency —Energy, and the Office of Fossil Energy and Carbon Management. The views ‘\ l‘

expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the article for publication, acknowledgesthatthe U.S.

Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published
form of this work, or allow others to do so, for U.S. Government purposes.

Transforming ENERGY




Resources

Technology Optionsand Challenges

Energy &
Envir?gnmenul c....-

Science

Transforming the carb y: challenges
and opp in the gence of low-cost
welectricity and reductive CO; utilization

N Gary Coam T Mo Mchan T Cammert Jeck § Forsed B g Tea 8¢ ol
Ndusa A e 0

N St b qaman

oo P gy b &

T M oy OF M SO OO R, S - - -

P 2 i
e S

e B . O . Do) O St el A W .
R (e — (e o e S Cy S W o v ey by
0 i s 35, g o e b | e o o 4 W o v ——
B B TG A VA P S04 A s - Sy
| ——

[T TS,

Economic Feasiblity for CO, WRikzation Data

Visualzation Toel

https://www.nrel.gov/bio
energy/co2-utilization-
economics/

Economics

Energy &
Environmental
Science

The economic outlook for converting CO; and
electrons to moleculest:

v Hasrg B 4 R Garp Gom 0§ Joures &, Scasaie (0 * and Ling Tas B+

p

ROYAL SOCIETY
OF CHEMISTRY

W) it e pditen

[ T ——
XAL 16 e

Wy Mo s & il s Wy o T R G iy P i) ] ey

roAad revmry s v W P grested helren g reated. (0, Srhamon maiomy
DORORE By MOWIAG GOCINCTY R § POUN KA 10 WA OuF OUTON I COM 0N

T g o s il gty st o

o W s i AT W A 23, T B W A Ty o [T A
U ¢ e s o 200 e oeon e yeer beseshend fckry kon 900 Mo CO per e
L e AR T ey R O RO TO GRS T

W My e st o ] p— ——— W oy
W S Comerurvy o ey o e s PO Souts. (hr wrelve Vhony Pt Aeh
PRI WOMCH AV M B SCOON) MCIOR ) MR CRon 1 SOBS WV b
et T, e w5 W0 g bwwew 8 me W T
DRI LONS MY W, ¥ W et . LU Pt et

v

G 2 bt 4
At | Mg 24 oo

L ORI

3, dewerd ke bewe #w g s nach
e

1200

1000
800

600

400

Monthly Pageviews

200

CO,-to-SAF

Energy &
Environmental
Science

™ RovAL SOCIETY
e OF CHEMISTRY

View Article Online
Vi ol | Vo e

PAPER

M) Check for updates Electrifying the production of sustainable aviation
g : fuel: the risks, nics, and i L

benefits of emerging pathways including CO,f

Cite this: Energy Emavon. Sct
202,15 4798

R. Gary Grim, (5 ** Dwarak Ravikumar.” Eric C. D. Tan, (9* Zhe Huang*
Jack R Ferrell I, ©5* Michael Resch, 0 Zhenglong Li.” Chirag Mevawala,”
Steven D. Phillips, Lesley Snowden-Swan, Ling Tao @ ° and

Joshua A Schaidle &+

Due to chatenges refaled o weight and travel datance, the medhum 1o long-haul svston sector
expectad to remain reliant on liguid hydrocabon fueks Into the foresessbile futlee, representing 3
prsstent source of CO emisions wiin the canbon cycie As hihe
ermvronmental (lkout roem rising CO; errissions. & prevailnn Siratesty 10 MAGRe e iMpact of ar tiavel
twouch the ublization of sustarstie avigtion fust (SAF) produced from biogeric cesbon sources such as
fats. ois, gresses, and tromoss. However, with the demand for SAF expected 10 grow substartially i the
corming decades, there is concem around the avalabilty of these fesdstocks at scale. Recen studes have
proposed that this potential gap i supply coud be €O, as o
Carbon combined Wi renewabk @iecticky 1o dive the chemical translommation. In tHis study. 3 Cross
CAting comparson of an emengng CO,-10-SAF pathvady with existing routes 1o SAF is performed.
reveslng the potentisl for CO;-derdved SAT 10 be competiive both in tenrs of costs and carbon intensity.
further diversifying future options for SAF and prowiding a complementary opton for the conversion of
CO;-to-SAF beyond the decades oid methancl to olefirs {MTO) and Fischer~Tropsch (FT} technoiogies.
In addition, we discuss potentist lechnical, market, and systems inkegraton risks for the WBmate scale-up
the pathwary

Recewed 20t
Acoepted 6 October 2022

DO 101039/20e012435)

raciliees

8000
7000
6000 °

eviews

5000
4000
3000
2000
1000

Total Cumulative Pag

NREL | 28



	Slide 1
	Slide 2: Market Size and Value of CO2 Utilization Products
	Slide 3: Brutal Reality of CO2 Reduction
	Slide 4
	Slide 5: What is the Feasibility of CO2 Utilization?
	Slide 6: Technology Snapshot
	Slide 7: Technical Perspective
	Slide 8: Economic Perspective
	Slide 9: Decarbonization Perspective
	Slide 10: What about Biomass?
	Slide 11: Methanol Production: Biomass vs. CO2
	Slide 12
	Slide 13: CO2 Utilization to Fuels and Chemicals
	Slide 14: Need for Integration Science
	Slide 15: Producing Sustainable Aviation Fuel (SAF) from CO2
	Slide 16: Cost of SAF Production Relative to Alternatives
	Slide 17: Carbon Intensity of SAF Production
	Slide 18: CO2-to-SAF Risk Assessment
	Slide 19
	Slide 20: Emerging Approach: Reactive Capture of CO2
	Slide 21: Proposed Value Proposition
	Slide 22: Value Proposition: Potential Savings
	Slide 23: Reactive Capture Technology Categories
	Slide 24: Overarching Challenges and Needs
	Slide 25: Summary
	Slide 26: Acknowledgements
	Slide 27
	Slide 28: Resources

