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EXECUTIVE SUMMARY

The Captured Carbon Dioxide (@CCatalyst for the Production of Ethylene Oxide {C3
PEO), a technology being developed at RTI International, aims at producing ethylengEt@idea
high-value chemic& while consuming Ced a greenhouse gas (GHG). This technology is based on
novel catalysts using the following key discoveries:

1. Abstraction of oxygen (&) from CQ by using the reduced mixedetal oxide catalysts
2. Transfer of thabstracted @from CQ to react with hydrocarbons to form desired products
3. Operation at temperatures that make these catalysts commercially practical to produce EtO.

The catalysts react with G@nd remove anxygenatom to produce carbon monoxide (CO),
which is an intermediate for several valdded chemicals (e.g., methanol, acetic acid, vinyl acetate,
ethylene vinyl acetate) currently being produced in Alberta, Canada. Prior to this project, the
catalysts had been developed for othep Gidization agplications such as char gasification and
natural gas reforming. During char gasification, the oxygen taken fromsG@&combined with char
or petcoke to make pure CO from petrochemical feedstock. During natural gas reformimgj, CO
reformed with methan® create synthesis gas (syngas) with a mole ratio of 1:1 CO:hydrogen (H
The task at hand for the first part of this project was to formulate catalysts that can use the oxygen
taken from CQfor selective oxidation of ethylene to make EtO.

During RoundL, RTI staff improved on its previous catalyst formulations and developed
families of catalysts that can remove oxygen from @ transfer the oxygen to ethylene to make
EtO. The catalyst families are basednoetaloxide phases, which were found to Ioeikar to iron in
terms of reacting with Cbut are more selective than iron for ethylene epoxidation. Improvements
on the production of EtO have been made by using promoters, probing the catalyst support to identify
a correlation with support acidity drmbserving the impact of surface area on dispersion. Finally, the
catalyst was evaluated to obtain catabmtversion and selectivigata to develop an optimum
process design. Towards the end of catalyst development, two impactful trends were idbatified
improved the catalyst performance with respect to selectivity and conversion. First, it was found that
a support with lower surface area and overall lower acidity burned less of the EtO compared to
higher surface area supports, which had been usexduoh of catalyst development. Second, the
total amount of EtO produced was improved by increaaingetal oxidecontent, which resulted in a
CQO utilization catalyst that shows practically the same activity towards EtO production as one that
uses Q.

EtO has been produced in a fixbdd catalyst test reactor (between 5% and 8%), and was
observed to be produced in the cofeed and transport modes -8=tehesting was completed to
optimize the process conditions, including varying the space velocigitease the mole
conversions. In addition, the catalyst formulation was modified to increase the active catalyst on the
surface of acidic supports. Catalyst improvements were shown to increase the EtO yield to greater
than 7%, comparable to the yield fr@artonventional process using. @xperimental data were
incorporated into a process model to determine which mode of operation was most economically
viable for a complete process. The cofeed mode was found to be the most economical, given the
current catalst performance. A detailed analysis of the potential GHG reductions was completed for
the modeled system and was found to reduce greater Bdt af CO, emissions for each Mt of
EtO produced. Finally, a preliminary design package was developed fog tib&t novel catalyst
during a pilotscale process in Round 2 of tGémate Change and Emissions Management
Corporation CCEMC) Grand Challenge.

ES1
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PROJECT BACKGROUND

The Proposed Technology

A conventional hydrocarbon feedstdtlat is of particular interest to Alberta, Canada, is
ethylene, which is used to make ethylene oxide (EtO). EtO is an important feedstock for the
chemical industry and is used to make many useful products such as polyurethanes, polyols,
glycols, nitriles,alcoholamines, and ethers. EtO is manufactured by several closely related
industrial processes by major chemical makers worldwide (e.g., DOW Chemical, Japan Catalytic
Company, Shell International Chemicals, Sumitomo Chemical, BASF, Scientific Design}. EtO
particularly relevant to Al berta, Canada, bec
production plants. A portion of this ethylene could be converted to valuable EtO by the proposed
carbon dioxide (Cg) utilization process.

The chemicaimethodology by which EtO is currently produced during a process called
epoxidation, which is the partial oxidation of ethylene using oxygeh £Gsilver-based catalyst
is used, and either air or preferablyi®the oxidant. Ethylene epoxidation is peried at lower
temperatures (220°C to 280°C) compared with other selective oxidation processes and at high
pressure (10 to 30 bak).

RTI International has developed several catalysts that could be used in the temperature
range required for alkene epoxidations. We have tesése ttatalyst formulations and shown
them to be useful for multiple applications such as dry reforming of methane and char
gasification using C® We believed that these or similar catalysts can be used to produce EtO by
reacting ethylene with Crather han with Q during current statef-art processes). The
general reaction scheme using the catalyst as a chdoopahg agent is shown Rigure 1.

CO,+M° — CO+M'"0
M'O + C,H, — C,H,0+M°
Overall
co,+CH, —= C,H,0+CO

" M° = reduced metal, M = oxidized metal

Figure 1.  General reaction scheme for CQutilization approach for ethylene oxidation.

When considering the thermal stability of ethylene or EtO, both of these are highly
unstable at high temperatures (i.e., greater tR&C. Our proposed transport reactor process
for the Captured C@Catalyst for the Production of Ethylene Oxi€@3{PEO) is a twestep
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process detailed iRigure 2. During Step 1, an oxygen atom is abstracted fror @@reby
producing carbon monoxide (CO) in the reducing zone of the reactor. During Step 2, this highly
reactiveoxygenatom reacts with ethylene togaluce EtO in the oxidizing zone of the reactor as
shown inFigure2. One reason for this arrangement is the inherent reactivity betweean@O

EtO, which could lead to the formation of undesirable ethylene carbonate in a cofeed system.
There is uncertaintyegarding whether this inherent activity is a real concern because this will
depend ultimately on the process conditions, specifically on the partial pressuretbh€CO

would be used during a cofeed process. If the partial pressure is low enough, gtbgléme
carbonate formation might be avoided. If so, a cofeed system may be advantageous to create a
simpler process arrangement, so this possibility was investigated in the project. Another reason
for having separate reaction zones is that oxygen abstrdrom CQ typically requires higher
temperature than ethylene oxidation, which is a relatively low temperature process.

”
&
is
s Ethylene oxide
f
] Carbon
Monoxide
&
Reduced
} Catalyst Carbonyl Products, e.g.
Reduction ’] vinyl acetate monomer
Reactor (3 5‘% Oxidation
N
\ Reactor
? Carbon m
\ Dioxide
.\ - 1 w{.\( i
11 |

M — T e—
y N Oxidized

\ Catalyst
Ethylene —

Figure 2.  Conceptual schematic of the transport reactor process used by ZO.

The proposed EtO procgbas a concentrated CO-pgoduct stream, which could be
used to manufacture many products. Some of these products include methanol, dimethyl ether,
acetic acid, acetic anhydride, vinyl acetate, styrene, terephthalic acid, formic-batdnal,
2-methybropanal, acrylic acids, neopentylacids, propanoic acid, dimethyl formamide, and
FischerTropsch hydrocarborfsTherefore, the two marketable product streams from the
proposed process are EtO &@, which are both valuable intermediates for the established
Alberta petrochemical industry.
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The Conventional Process

The conventional process for making EtO is performed through epoxidation of ethylene
by using air or @separated from air at moderate temperatures (approximately 275°C). Catalysts
ar e pr i ma r-alumna sith tommaon prontoterslof alkali and chloride salts. Typical
singlepass ethylene conversion is approximately 13%, with a 42% selectivity tard@he
remainder to the competing side reaction of combustion of either the ethylene feed or produced
EtO. Table 1presents the data reported in the open literature for epoxidation catalysts used in an
Orbased process cgloapedprazadst o RTI 6s CO

Table 1. Comparison of Data from the Literature Regarding Epoxidation Catalysts
Used in @-Based versus C@-Based Processes

Reaction Ethylene EtO Selectivity
Catalyst Temperature (°C) Conversion (%) (%) EtO Yield (%)
Ag-a-Al>0s3 275 3.6 77.4 2.8
Ag-SiO, 275 4.4 86.4 3.8
Ag-TiO; 275 25 69.7 1.8
Re-Ag-Al;03 265 135 42.0 5.67
RTI-CO; 350 25.0 34.0 8.5

Note: ALO3 = alumina; SiQ= silica; TiQ, = titania.

Prior Work

Abstraction of Oxygen from Ce&by Tin(IV) Oxide Iron(lll) Oxide (SnO:Fe-03)i Based
Catalysts

Since 2010, RTI staff have been investigating the processes in which catalysts are used to
convert CQ into valueadded chemicals. The sheer amount of @@t mustbe consumed to
significantly reduce greenhouse gas (GHG) emissions has forced us to focus on the production of
fuels and highvolume commodity chemicals. These Qdilization processes must be
economically viable to facilitate their implementation. lis threna, we have developed several
catalyst formulations that can convert £8d hydrogen (b into substitute natural gas (SNG)
in a circulating fluidizeebed reactor with a capital cost that is at least 40% lower than current
commercial processes. Hover, given low natural gas prices in North America because of shale
gas plays, many commercial opportunities do not exist for this technology. The second major
application of this platform technology, which we have developed through funding from the U.S.
Department of Energy, National Energy Technology LaboratoryKBEE0004329), was to
gasify solid carbonaceous feedstocks such as coal, biomass, petcoke, waste, or a suitable mixture
thereof, with oxygen abstracted from £€B8oth of these applications havetpotential to easily
reduce GHG emissions by at least 1 Mt annually. Ow @ilzation technology has focused on
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conventional heterogeneous catalysts that are used ubiquitously in gasification and petroleum
refining industries. These industries mantdae products that are in high demand and are
sustainable for the foreseeable future. As such, the conventional heterogeneous catalysts align
well with the thriving hydrocarbon industries throughout the world, in particular those in
Alberta, Canada. Theyan be used in conventional fixed or fluidizieeld reactors.

In the following reversé@oudouard reaction (Equation 1), the conversion o &t
carbon to CO becomes thermodynamically favored beginning at approximately 700°C, but the
conversion is low, below approximately 900°C.

CO,+C —» 2CO  AH = 172.5 kJ/mol (Ea. 1)

The catalyst increases the rate of reaction at lower temperature. Themateddxide
with tin, iron, and alumina (Sng)FexOs]Al 203) material was shown to increase the rate of the
reverse Boudouard reaction by 30 times compared to iron without tin. We performed additional
work to show conclusively that the oxygen extracted from BCthe catalyst materiatesults
in the transfer of the extracted oxygen to an external carbon source and that the transfer involves
the catalystodos surface and | attice o0xysgeen. We
Figure 3). We also studied the reaction by using isotopically label@@Cthermogravimetric

analysis, and mass spectromé&iis).
>< (oo
co,

"X

Figure 3. Removal of oxygen from CQ by using a reduced iron catalyst.

SnO,(Fe,03)Al,05

SnFeAl,O4

Tin-oxide phases that are known to have temperatoitecedoxygenmobility compose
the mixedmetal oxides containing tthwe performed a series of experiments with a focus on
understanding how various phases in the catalyst redugel@®results yielthe conclusions
presentedn Figure 4.
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Figure 4. Percent weight change of catalyst during thermaravimetric analysis (bottom)
and the corresponding temperature (top).

Weight changes observed in the absence of a reductant (grey) are most likely because of
desorption of adventitious adsorbates (i.e., wate®]HCO;, possibly Q) from the surface of
the catalyst. In the presemof a reductant (green), both tin(IV) oxide (Shénd iron(lll) oxide
(Fex0s) sites are reduced when heated to 800°C, but the alumiz@g)Aites do not appear to
be reduced. The observed weight loss (15.5%) agrees well with the amount of oxygeatecalcu
to be associated with Sa@nd FeOz (16.7%). The weight is regained in the presence of an
oxidant (red), indicating that the oxygen transfer is reversible. The repeated reduction and
oxidation steps indicate that the process is reproducible. Lastlgample is treated with air
(orange) after the catalyst has been oxidized with, @ad there is little observable change in
weight during this event, signifying that the catalyst is effectively oxidized by CO

We conducted MS experiments with isotcglly labeled ¢80,. The study reveals details
about the fate of the oxygen abstracted from @@l the capability of the catalyst to transfer
metaloxide-associated oxygen to external carbon sources. First, we reduced the catalyst in CO.
Next, we introduced isotopically labeled®O., removed heavy oxygeffQ), and producetfO-
labeled CO (€°0) as the primary product. This process labeled the reduced catalyst@jth
and the labeled catalyst could then be reduced again with CO with the resulting production of
C!®0'%0 as shown irfrigure 5. In addition, we also observed g @0, and CG80; during this
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step. This result of this study indicates that oxygen is highly mobile within the catalyst and is
able to move between species.

co Cco, c’o, CoO

(SnO,)(Fe,03)A1,04 ~ A (Sn)(Fe)Al,0; ~ A (Sn'°0,)(Fe, °05)A1,0,

co'®o+co, co

Figure 5. Labeling of (SnQ)(Fe203)Al203

In summary, the mechanistic investigation of the@tlization catalyst
(SNQ)1.41(Fe0s) (Al203)1.82 confirmed that the reduced catalyst abstracts oxygen fropra@eD
transfers it to another carbon. Thermogravimetric evidence suggests that oxygen-{Paianide
SnQG is mobile and can be removed from the catalyst by reductants. Side reactions involving
rapid exchange of oxygen by the catalyst easily occur, resuitiogerall high mobility of
oxygen between the catalyst andLO

Development of Catalysts Performing at Lower Temperatures

Building on the promising performance of SF&Osi based catalysts, we investigated
the potential for using this and similar mixegktal oxide materials for other G@tilization
applications. As an oxygen carrier, the catalyst could be used for the selective oxidation reactions
of hydrocarbons, such as alkene epoxidattons.

Previous studies of8nQy)1.41(Fe03) (Al203)1.82indicated that it required a high
temperature (approximately 7Q0) to reduce C®@ To effectively make reactive oxidation
products such as EtO, the current formulation would need to operate inudilZza@tion process
with a large temperature swing betmea catalyst reducing zone and a catalyst oxidizing zone. It
seemed likely that a more active catalyst would be needed that can strip oxygen frandCO
oxidize hydrocarbons, such as ethylene, at lower reaction temperatures. To accomplish this, we
prepaed an alternative catalyst. We then used thermogravimetric arialyass spectrometry
(TGA-MS) to characterize these catalysts, and then compared them to determine whether an
improvement could be made with respect to the following:

T Lower reduction tempetare compared withSnQ)1 41(FeO0s) (Al203)1 82
I Ability to abstract oxygen from COpreferably at a lower temperature.
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The results of TGAMS testing are shown iRigure 6in terms of the rates of weight
change versus temperature. The negative valuesspand to weight loss during reduction of
the catalyst with CO, where oxygen is removed from the catalyst, whereas the positive values
correspond to weight gains when the catalyst removes oxygen frerfv&@ied by MS). We
performed these experimentsfingt degassing, then reducing the mixadtal oxide catalysts
with 20% CO in nitrogen, and then with a treatment of the reduced catalyst with 100%. of CO
We ramped the temperature from ambient to 800°C fofSh&)1.41(FeO3) (Al203)1.82 catalyst
and from ambient to 450°C for tiadternativecatalyst. The temperature ranges were previously
identified by using temperatugrogrammed reduction with hydrogen.

30 p— T T T T T T
— Sn-Fe
20H—_ Alternative 4

10f 1

N
[«)
1

Rate of Weight Change, mg/hr
w [l
<) <)

100 200 300 400 500 600 700 800
Temperature, °C

Figure 6. Oxidation and reduction rates of weight changes fo(SnQz)1.41(Fe203)
(Al203)1.82and the improved catalyst

When comparing these two catalysts, we clearly see a significant improvement. The
(SNQ)1.41(Fe03) (Al20s)1.82 catalyst is reduced starting at greater than 500°C, whereas the
improvedcatalyst is reducible at approximately 26Qwith a second reduction at approximately
375°C. There are two distinct types of reducible sites innifrovedcatalyst. In the
(SNQ)141(Fe03) (Al203)1.82 catalyst, there is primarily one type of reducible sites, occurring at
almost 600°C. The major difference is observed when the reduced catalysts are oxidized with
CQOz. The improved catalysemoves oxygen rapidly from G@t 400°C, wikreas
(SNQ)1.41(Fe03) (Al203)1.82 has two peaks at 600°C and 700°C. The ability to remove oxygen
from CQO at a much lower temperature shows a promising direction for further development of
the catalyst for ethylene epoxidation at lower temperature.
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Potential for Application to Ethylene Epoxidation

RTI has patented the previously mentioneck @Gtization technologies, which are based
on catalysts that catalyze the conversion of @@ CO. Catalysts of this type have the potential
to combine the abstrasd G with ethylene to selectively form EtO on a catalyst surface. The
(SnQ)1.41(Fe03) (Al203)1.82 material catalyzes the transfer of the extracted oxygen to a solid
carbonaceous feedstock (e.g., coal, biomass, petcoke) through a-Bxwedseiardtype
reaction to produce CO [GG3 C = 2COJ’ The secondatalystabstracts an oxygen atom from
CQO; and transfers it to methane to form syngas (a CO amdix{ure) through the dry reforming
reaction at fairly moderate temperatures.

Initial Findings

Early in the project, the application of these catalysts fof@ene epoxidation was

studied. Without modification, the catalysts are not selective for ethylene epoxidation, and a new
metal oxidephase must be added to the catalyst to achieve this selectivity. The new phase must
be active for the addition of oxygenrass the carben a r b-lmond of ethylene. The obvious
phase to consider first for this application is silver oxidex(Ydoecause it is used commercially
and is known to be active for ethylene epoxidafiévs. Step 1 in our catalyst development, we
tested the addition of AQ to ou ironi tin catalyst previously mentionédVe dopediie
(Fe03)(SNQ)1.41(Al 20s)1 82 catalyst with 15% AgO. Our doping procedure was to simply take
calcined (FeO3)(SNQ)1.41(Al203)1.82and to impregnate it with silver nitrate salt, followed by
calcination at 450°C. To distinguish the activity of-@gfromthe remainder of the mixeaietal
oxide, we prepared, and later tested, a catalyst of 15% sil\gealomina (typical commercial
formulation).Table 2compares the behavior of the three catalysts by using thermogravimetric
analysis (TGA).
Table 2. Comparison of Weight Change due to Reduction by CO and Oxidation by CO

for Conventional Ethylene Oxidation Catalyst (AgO) (AkO3) , RTI1 6s Gen

CO2 Utilization Catalyst (Fe203)(SnQz) (Al203), and an Early RTI Gen 2 CQ
Utilization Catalyst for Epoxidation AgO(Fe203)(SnQz) (Al203)

% Weight Loss Temperature % Weight Gain Temperature

by CO of Peak by CO2 of Peak Oxidation
Catalyst Reduction Reduction (°C) Oxidation (°C)
(Ag20) (Al,03) 0.60 700 1.30 700
(Fe03)(SnQy) (Al203) 9.16 600 9.85 700
Ag20(Fe0s3)(SnQy) (Al203) 5.99 500 7.35 600
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The data in Table 2 compare the weight loss or weight gain observed for each catalyst
under CO reducing (weight loss) and £8idizing (weight gain) conditions. The commercial
catalyst analog, (A®) (Al203), is reduced by CO near 700°C with a low capacity of available
oxygen and is reoxidized by G@ a small extent. The G@itilization catalyst (F€s3)(SnQ)
(Al203) is substantially reduced by CO near 600°C and is oxidized byn€& 700°C with an
appreciable capacity. The doped@gFeOs)(SnQ) (Al203) catalyst is reduced at lower
temperatures near 500°C and is oxidized by @&xr 600°C, also with approximately 5.5 times
higher capacity than A@ alone. This finding reveals that the additiorsibfer does not inhibit
the CQ utilization ability of the tiriron formulation and that a CQitilization catalyst can be
modified for ethylene epoxidation without the loss of the Gtidization functionality. The
primary focus of our work in Round 1 wasdevelop catalysts with the twoetal oxidephases
that work together.

We further tested A (FeOs3)(SnQ) (Al20s) to determine whether it was selective for
ethylene epoxidation. We found that it was not selective for ethylene epoxidation and never
observed the production of EtO when using this formulation. With this result, we revisited our
catalyst formulation strategy and developed othes @{lization catalysts that are selective for
ethylene epoxidation by using different metalde phases. Thedtalyst Results section of this
report describes these efforts.

Project Objectives

RTI staff have developed a Research Plan that will effectively build on our extensive
knowledge of C@and ethylene reactions and of catalysis chemistry to complete a pre
commercial demonstration of this novel catalytic technology. The Research Plan is divided into
three rounds. The project objectives in Round 1 focused heavily on the improvement of the
current catalyst formulation. The improvement criteria include conveasidrselectivity for
EtO, GHG reduction performance, and process economics. To support this optimization process,
additional Round 1 activities included developing necessary data for process design, conducting
a preliminary economic analysis and preliminbfie-cycle analysis (LCA). During Round 2, the
key objective will be to successlylscaleup catalyst production and process testing equipment
to enable pilot plant testing of the technology. In addition, the catalyst formulation will be further
optimized for increased EtO yield along with leteym stability of the catalyst. At the current
stage of development, a catalyst has been developed that is selective for EtO by using only CO
and ethylene as feedstocks with EtO yields very comparable to camadriitO catalysts used
in air or @-based processes. However, catalyst degradation pathways have not been studied. We
will use the knowledge and data collected during Round 2 to reduce the technical and design
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assumptions employed in the tecksmnomic aalysis and the LCA. During Round 3, the goal
is to complete a preommercial demonstration that would reduce the technical and economic
risks associated with the technology to allow for successful commercial deployment. The
roadmap for this Research Plarshown inFigure 7.

Round 1: Catalyst and Process Round 2: Prototype Pilot Plant Round 3: Pre-Commercial

Development Testing Demonstration
2014 - 2016 2017 - 2019

| JL JL J

1 T T
4

Initial Lab-Scale Catalyst Prototype / Pre-Commercial

and Process Development Pilot Plant Testing Demonstration
« Catalyst development and optimization - Catalyst Optimization
= Bench-scale reactor testing (includes - Design, construction, and operation of

catalyst performance evaluation and bench scale prototype / small pilot plant-

developing process design data scale unit

(operating conditions, heat management/ . Develop successful catalyst production

control requirements) process suitable for commercial production
= Preliminary techno-economic, GHG + Reduce technical risk through data

reduction, and life cycle analyses acquisition relating to catalyst performance

and process operating conditions

+ Detailed techno-economic, GHG
reduction, and life cycle analyses

- Business arrangement with potential host
for pre-commercial demonstration plant
and technology licensor

Figure 7. Technology roadmap for improving the catalytic production of EtO from
ethylene and CQ.

METHODOLOGY

Catalyst Preparation

We used two methods for preparing the catalysts: wet depositiczogurdcipitation.
Each preparation method has merit. Wet deposition has the merit of concentrating all of the
active catalyst phase on the surface of the support, but it does not have as many phase interfaces,
which could be important to the catalysis.-@ecipitation has more phase interfaces, but it
could lead to some of the catalyst phases being in the bulk of the material and not exposed to the
surface where gasolid interactions take place. The two methods are further described in the
following subsetions of this report.

Wet Deposition Method

Wet deposition is a catalyst preparation method during which the surfaces of inert
support materials are doped with small amounts of transitietals. The transitiometals are
deposited on the surface of theoport as decomposable inorganic salts. After deposition, the
inorganic slats are calcined at a high temperghatveen 300°C anbb°C)to make the
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transitionmetal oxide, or mixednetal oxides, when more than one transition metal is used. An
advantagef using a wet deposition preparation is that the active catalyst materials are
concentrated at the surface of the catalyst rather than elsewhere in tHa bultundbottomed
flask with a grounehlass neckmetal saltvas dissolved in ED. We used a gvimetric balance

to weigh outsupport and then theupportwas added to the roudzbttomed flask containing the
saltsolution. HO was added to completely covadt solids We used rotovary evaporationdoy

the solution. When the sample was air dried,performed calcination by heating the solid at
high temperature to obtain a calcirmalvder.

Co-Precipitation Method

Co-precipitation is a catalyst preparation method during which an aqueous solution of
metal salts is created, typically containing more than one metal salt, followed by adding an
agueous base to the solution, which raises the pH of the aqueous solstitiimgén
precipitation of the metal species in solution as insoluble metal hydroxides. The species often
precipitate together and form solids that are filtered from the solution, are dried, and then are
calcined to convert the metal hydroxides into tbeesponding metal oxide¥/e used this
method to prepare several catalybisa beaker, we addéd@o metal saltsand then dissolved
these in HO. With a Pasteur pipette, we added ammonium hydroxide to the solution until the pH
was greater than 8lext, we filtered and washed the vy
solid precipitate thoroughlyAfter the solid precipitate ~— .=
wasair dried, we further dried and calcinedatobtain
acalcined powder.

Catalyst Testing

We tested the catalysts in three systems to
evaluate their ability to abstriaan oxygen from C®
and to transfer an oxygen to ethylene to produce EtCugs
The three systems used for testing included an
atmospheric thermogravimetric analyzer jghh
pressure thermogravimetric analyzer (ABA), and an
automated microreactor. Each systis described
further in the following subsections of this report.

Figure 8. The TGA Q500 (TA
Instruments) that was
used to test catalyst

A TA Instruments TGA Q500 performance.

Atmospheric Thermogravimetric Analyzer

thermogravimetric analyzés a tool used to accurately
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investigate the effects of different process variables (e.g., tatope, feed composition) on
adsorbate (e.g., Gloading capacity, uptake rate, and desorption rate in new sorbent and
catalyst materials (sd@gure 8).

High-Pressure Thermogravimetric Analyzer

TheHP-TGA is a tool used to accurately investigate the effects of different process
variables (e.g., temperature, pressure, feed composition) on adsorbate (g.tpadify
capacity, uptake rate, and desorption rate in new sorbent and catalyst materkitgufee).
This laboratory system is also used to conduct detailed kinetic and equilibrium studies as well as
cyclic (regenerability) and lontgrm performance stability studies. This system is fully
automated for unattended, continuous operation. The hehis (iR TGA reactor system is a
Cahn microbalance that accurately measures the weight change of the catalyst or sorbent sample
in reactive or nonreactive, dry or humidified, single or multicomponent gas flows at high
temperatures and high pressures. Wagluhis system during Round 1 to provide detailed weight
change data to evaluate the material performance between approximately 300°C and 600°C and
10 to 30 bar.

4
‘; {eaab v
i gt i -

Cor P

Figure 9. HP-TGA for catalyst performance testing.
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AutomatedMicroreactor

We selected an automated microreactor to evaluate catalyst performance for conversion
of CO, and ethylene to EtO. The microreactor system has the ability to run various reaction
conditions unattended and is a good way to screen new catatystidtions.

Safety

The microreactor packdoed system has been designed to operate in an unattended
manner with limited user involvement. Such automated systems require adequate safety
measures because the reaction testing involves the use of eleeiakhhighpressure gases,
asphyxiating and poisonous gases, and potentially hazardous chemical materials. The system has
been designed and equipped with software temperature limits, hardware temperature limits, three
pressure relief valves, and failbsed MFCs to mitigate the adverse effects of unexpected
incidents such as ruaway temperature and overessurizing the system.

Experiments have been conducted by using CO (a toxic gas) as a reducing feed gas with a
maximum flow rate of approximately00 £cm. The desired product, EtO, is a toxic gas and is
expected to be produced at no more than 10% in the mfflureounting to a maximum of 50
sccm. Because EtO has an Occupational Safety and Health Administration (OSHA) time
weighted average exposure liroft1 ppm for an our day, the microreactor system opesate
fully enclosed inside a walin fume hood (seEigure 10), which eliminates any possible
exposure of EtO and CO from fugitive leaks. After a tést,system is purged for 3@inutes to
ensureltat all harmful gases are removed from the system. In addition, the hot box is purged
with nitrogento ensure that there is no buildup of EtO and CO from a leak.

14
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Testing Programs

The catalyst screening experimen
test programs consists of multiple cycles
Each cycle follows five fixed steps (i.e., |
feed test, analytical purge, oxidation,
purge, and reduction), which are each
described in the following paragraphs.

Step 1. Feed test This step
involves bypassing the reactor and
purging the analytical system downstrea
with the feed gas containing a known
concentration of oxidant (CGQr air).

This step allows for verification of the
exact composition of the feed gasgprio
each experiment. In addition, this
provides a check on the calibration of thg
gas analyzer and MFCs. To avoid
exposing the catalyst to oxidation gas  Figure 10. The microreactor packed-bed
prior to the oxidation step, this step was system in a walkin hood.
achieved in two stages. The microreactor

is first purged wth nitrogen, and then placed on bypass. During the next stage, oxidation gas
mixture is fed to the system to allow for a steady composition to be recorded in the analyzer. The
oxidation gas mixture is fed until a steady composition is recorded for 5ewinut

Step 2. Analytical purged With the sixport valve in the bypass mode, the feed gas
mixture is switched to nitrogen to purge off the oxidizing gas from the microreactor system and
analytics. Step 2 continues for a duration of 5 minutes until the ghzarsaindicate the
absence of active feed gas constituents.

Step 3. Oxidatiord This step ensures that the catalyst surface is fully oxidized and that
any carbon deposits are burned off that may have formed during the previous reaction. Nitrogen
is directedo the microreactor, which is then heated to the oxidation temperature (between 300°C
and 500°C). Then, the oxidant is directed to the microreactor catalyst bed. The duration for this
step is based on the effluent CO and.€@ncentration. Step 3 contiraiantil CO and C@are
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no longer produced, indicating that the catalyst is fully oxidized. Then, the microreactor is
cooled to the reducing temperature (between 250°C and 450°C) while under oxidizing gas.

Step 4. Purg® During this step, the microreactordgarged with nitrogen. Then, the
microreactor is bypassed and the desired reducing gas mixture is fed to the system to purge the
reactor downstream lines, condenser, and analytical system, which allows for the reducing gas
mixture to be recorded in the dywer. The reducing gas mixture is fed until a steady
composition is recorded for 5 minutes.

Step 5. Reductio® This step begins by directing the reducing gas mixture (ethylene or
CO) directly to the microreactor. The time allowed for Step 5 is 45 mioutestil the catalyst
is fully reduced. When this step has ended, the microreactor system is purged with nitrogen.

Depending on the Test Plan, Steps 1 through 5 are repeated to measure the effects of
changing conditions as a function of the cycle number déveloped two types of test modes
(i.e., transfer and cofeed) to simulate conditions of two different reactor types. These two test
modes are further described as follows:

Transport moded This Test Plan simulates a transport reactor by first oxidiziag th
catalyst surface with C{r air during Step 3 (Oxidation). Then, ethylene is fed to the reactor
during Step 5 (Reduction) to react with the oxidized catalyst surface to form EtO. This Test Plan
completes one transport cycle following Steps 1 through@eviously mentioned.

Cofeed modé This Test Plan follows a cofeed fixdéed reactor setup in which both
CO; and ethylene are fed to the reactor during Step 5 (Reduction) previously mentioned. In this
test mode, the CQeplenishes the catalyst surfacehnoxygen , and the ethylene reacts with the
oxygen forming EtO.

Although the proposed technology is represented by testing in transport mode, we also
investigated the cofeed mode because this may allow for a simpler process arrangement. It was
believed tlat this arrangement would not be possible becausea@®EtO may form into
ethylene carbonate. In addition, process conditions that would allow for both the abstraction of
oxygen from CQ@and the epoxidation of ethylene may not exist. However, as discustde
Results section of this report, EtO was found to be produced for various catalysts in cofeed
mode.

We used the microreactor to screen 28 of the developed catalyst formulations in more
than 460 cycles for EtO production under a range of test aomslieach in both cofeed and
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transport test modes. For these tests, we diluted 5 g of catalyst in silicon carbide to-filLa 15
heated reactor zone. The feed gas volume was between 100 and 600 sccm for each test condition
at 19 barg, with varying amoumnbf feed gas compositions and reactor temperatures. We used
design of experiments and response surface methods to vary the possible parameters that may
affect the production of EtO in the minimal number of experiments. This approach also allowed
us to inestigate any twdactor interactions that may exist between the parameters that would

not be found while varying each one at a time. We used a central composite design tovary CO
partial pressure, ethylene partial pressure, and temperature. The raegégated of the

parameters are summarizedliable 3. During each experiment, we repeated the center points

five times to increase the statistical power of the results and investigate any catalyst deactivation
during the course of each testing cycle.

Table 3. Design of Experiments Parameters for Testing

Varied Parameter Range
Temperature (°C) 3001450
CO; partial pressure (bar) 5110
Ethylenepartial pressure (bar) 2.510

Catalyst Performance Metrics

The desired elementargaction for formation of EtO from ethylene is shown as follows
(Equation 2):

60 0060600 O (Eq. 2)

Where M[O] represents an oxidized metal catalyst site, and M[ ] represents a reduced
metal catalyst site. We compared each reaction by tisenthree reaction metrics shown in the
following equations: ethylene conversion (Equation 3), EtO yield (Equation 4), and EtO
selectivity (Equation 5), which are presented as follows:

éﬁ{ '_w_ﬁ'-r_;m< (Eq. 3)
beap = (Eq. 4)
{p«p —Es (Eq. 5)

"rRe " RERO <

The major competing side reactitmEtO formation(i.e., complete oxidation of
ethylene) is undesired and is shown as follows (Equation 6).
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i A A T (Eq. 6)

For each test, we quantified the reactity® yield andH20 selectivity to compare
catalyst activity for the undesired reaction. Because the stoichiometric ratio of ethytexaito
the undesired reaction is 1:2, tHgO yield is defined in Equation 7 and the selectivity is
presented as Equation 8 as follows:

"5 Eh 0 <
5t T - (Eq.7)
, b 2B - (Eq. 8)

b Wﬁ';l " o <«
Gas Analysis

An FTIR multigas analyzer (MK$istruments) is used to analyze the gas effluent stream
from the reactor. The effluent is diluted by adding 750 sccm of nitrogen before the analyzer to
allow for enough flow to purge the sample cell and to not saturate the detector. We developed a
method © quantify the effluent composition of the following components: CQO, €fylene,

EtO, andH20. Calibration data for CO, GOEtO, andH-O were available in the MKS spectra
library to develop calibration curves for each component within the expected volume percent
ranges and verified with known gas mixtures. We developed a custom calibration curve for the
ethylene feed at high concentratigaseFigure 11).
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Figure 11. The custom ethylene calibration at high concentrations.

We identified unique spectral bands for each component to minimize analytical
interference with other components. For examipigure 12 shows he ethylene spectrum
(white) overlapping the EtO interference spectrum (red), with the quantification band for
ethylene highlighted in blue.
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Figure 12. Ethylene (white) and EtO (red) overlapping spectra.
CATALYST RESULTS

When signing a catalyst for GQutilization by ethylene epoxidation, there are three
main hurdles to overcome. The first hurdle is the low thermodynamic stability of EtO relative to
most reduced metals. The second hurdle is the high thermodynamic stal@idy flative to
most reduced metals. The third hurdle is formulation of a catalyst that includes a combination of
phases which can overcome the first two hurdles under similar reaction conditions.

As previously mentioned, we have developeddvancedron mixedmetal oxide
catalysts that can abstract oxygen fromp@Omoderate temperatures (400°C, Biggire 13)
compared to other iron mixedetal oxides (>600°C). Definitive mechanistic evidence has not
been obtained about this point; however, as disdussiie Results section of this report, the
reduced catalyst is capable of gaining nearly 20 wt% oxygen from T3 is a promising
catalyst material for C@utilization, but in order to use it for the purpose of ethylene
epoxidation, it must be able selectively transfer oxygen to ethylene to produce EtO. We spent
some time investigating this during catalyst development, but observetdlatvancedon is
not selective for EtO. We tried numerous combinations, but there was little evidence of EtO
formation.
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Figure 13. TGA testing of CO reduction and CQ oxidation of improved catalyst up to
800°C at atmospheric pressure.

Having observed good reactivity with @8y usinganadvancedron mixedmetal oxide,
we hypothesizethat we should see similar G@activity from other metal oxide®¥v/e
hypothesized that a differemtetal oxidephase might be more selective for EtO compared to
iron. We formulated severalew catalystsand te first investigations of the catalysts invedv
testing for oxygen abstraction at moderate temperatures with the effect of pressure. Initial
catalysts were able to show weight gain at 575°C and 19.3 barg (280 psig) inTlt&ABee
Figure 14).
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Figure 14. HP-TGA testing of CO2 oxidation on a catalystat 575°C and up to 19.®arg
(280 psig).

Further catalyst optimization sought to test oxygen abstraction at ambient pressures with

the possibility of up to 800°C temperatur€se catalysivas found to be able to use more than
10% of the oxygen in the catalyst as showhigure 15 (Task 3). We observed that the
combination led to the observation of EtO under several test conditions involving either
simultaneous or sequential exposure of the catalyst to ethylene an@@Onas one of the first
observations of a catalyst system in which the reduced form of the catalyst can reactamtgh CO
remove aroxygen,while the oxidized catalyst can transfer an oxygen to ethylene to make EtO.
The mechanistic pathway by which the EtO is formed is not clearly understood at this point.
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Figure 15. TGA testing of CO reduction and CQ oxidation of a catalyst up to 800°C at
atmospheric pressure.

Microreactor Results Summary

The catalyst screening test results under cofeed and transport test conditions
demonstrated cofeed mode produced the best results. While multiple catalyst families were
capable bproducing EtO in both transport and cofeed modes, EtO yields were limited to less
than 1% in transport mode. However, catalysts were able to produce EtO yields greater than 5%.
As a result, we performed further optimization of the best performing dstéigan cofeed
mode tests as detailed in the following sections.

Catalyst Support Modification

Although support materials are often mentioned as being inert, there can be synergistic
properties as a result of support and catalyst interaction. We sthdietféct of the support by
preparingcatalystson several different supports. We found that the support plays a significant
role in the catalyst activity. For example the highest EtO effluent in the product stream is
observed when it is supported ametain supportThe catalyst activity, however, asfferent
when the same formulation is supportedotimers When the same catalyst formulation is
supported omther supportsthe reactivity decreases by two orders of magnitude. The connection
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at this timeis not completely understooddditional factors that should be considered in the
support comparison are the pore size and surface area

Variations in theesults based osupportareshown inTable 4. However, the loweH>0
yields indicatedower selectivity towards complete oxidation of ethylene, which significantly
improves the economics of the process as described TretteeeconomicAnalysis section of
this report.The EtO:HO ratiois an important metric to distinguish the relative selggtof
ethylene conversion to EtO as compared to forriisi@ by the side reaction of combustidrhe
data reported are collected during the maximum average amount of EtO produced-over a 1
minute period.
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Table 4. Comparison ofa Catalyst on Two Different Supports
Reduction Feed Conditions Results
Total
Flow  CO2 Ethylene Reactor | phylene EIO  EtO H-0 H:0  EtO/H:0
Catalyst (sccm)  (vol%) (vol%) (°C) Conv. Sel. Yield Sel. Yield Yield
Cat 1 on Support A 300 1535 5-25 300450 13 45 5.7 78 9.9 0.58
Cat 1 on Support A 300 15-35 5-25 300450 15 39 5.7 78 11.5 0.50
Cat 1 on Support A 300 1535 5-25 300450 15 37 5.4 91 13.3 0.41
Cat 1 on Support B 300 1535 5-25 300450 12 44 5.3 64 7.6 0.69
Cat 1 on Support B 300 1535 5-25 300450 13 41 5.2 62 7.8 0.66
Cat 1 on Support B 300 1535 5-25 300450 13 39 5.0 56 7.0 0.71
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Catalyst Formula Optimization

We performed a statistical ANOVA test of the best performing cycles from the catalyst
screening test® optimize the catalyst formulation. The analysis found that the variable that had
the most significant impact on EtO yield and the EtfQHield ratio was the percentage of
certain metalén the catalyst. We developed variations of the best performtatysafrom the
screening testwith higher andower concentrationsWe employed the same set of conditions
used to test the support variations to test the variatiomscatalyst formula produced the
highest EtO yields measured thus far, ranging frd2fe6o 8.5%. Théd20 yield was higher at
21.7% for the experiment that resulted in an 8.5% EtO vyield; however, the other experiments
resulted in more comparaltO yields. To further optimize the catalyst, higher compos#tion
mayresult in even better EtO té,0 yield ratios. The results are shownTiable 5.
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Table 5. Comparison of Various Compositions of Catalyst

Reduction Feed Conditions Results
Total Flow CO2 Ethylene  Reactor | Ethylene EtO H20 EtO/H20

Catalyst (sccm) (vol%) (vol%) (°C) Conv. EtO Sel. Yield H20 Sel.  Yield Yield
Cat A 300 1535 5-25 300450 25 34 8.5 87 21.7 0.39
CatB 300 1535 5-25 300450 35 21 7.5 28 9.9 0.76
CatC 300 1535 5-25 300450 20 36 7.0 51 10.0 0.69
CatD 300 1535 5-25 300450 16 42 7.0 78 12.9 0.54
CatE 300 1535 5-25 300450 41 17 6.8 25 10.3 0.66
CatF 300 1535 5-25 300450 18 35 6.2 48 8.6 0.72
Cat G 300 1535 5-25 300450 13 45 5.7 78 9.9 0.58
CatH 300 1535 5-25 300450 15 39 5.7 78 115 0.50
Catl 300 1535 5-25 300450 15 37 54 91 13.3 0.41
CatJ 300 1535 5-25 300450 46 11 4.9 23 10 0.47
CatK 300 1535 5-25 300450 46 11 4.9 23 10.5 0.47
CatL 300 1535 5-25 300450 39 12 4.6 21 8.3 0.55
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Although the catalyst showsomising results already in terms dfEyield, catalyst
optimization will lead to even better performance. Calcination temperature is a variable in the
synthesis procedure, which could prove to be impactful on catalyst activity, but at this point in
thedevelopment, this aspect has not been optimized.

PROCESS MODELING

RTI has developed a novel catalytic process for producing EtO from ethylene by using
CQO, as the oxidizing agent. With the aim of understanding the economic and technical
feasibilities andhe environmental impact of this process, we developed a process model using
Aspen Plus, a commerci al process simulation
detailed analysis of the process. We developed the process models to depict the ovessll proce
to produce 250,000 tonnes/yr of EtO.

The main reactions that define this process are presented in Equations 9 through 12 as
follows:

Reaction 160 0060 0 0 WO (g (Qiia £ ¢p (Eq. 9)
2AAAGHRTIOT O 0 ©600 OO p e@wQia & (Eq. 10)
2AAAGHETIOT @ O °© ¢ OO0 @O ocRQdé o (Eq.11)
2 AAAGPT -0 P 0 OO ¢ x&Qia € & (Eq. 12)

Reaction 1 (Equation 9) defines the oxidation of the metal catalyst, where the metal
catalyst in its initial state is denoted by
Reaction 2 (Equation 10) is the oxidation of ethylene by the oxidized cag#dyst to produce
EtO. Reaction 3 (Equation 11) is the undesirable side reaction, which is the combustion of
ethylene, where the combustion agent is the oxidized metal catalyst. It is important to note that
this reaction is endothermic, mainly due te #imultaneous metal oxide reduction. In this
reaction, each mole of ethylene is oxidized by 6 moles of metal oxide. Although ethylene
combustion is exothermic, the simultaneous endothermic reduction of 6 moles of the metal oxide
makes the overall side r&#n endothermic in nature.

Based on the experimental studies in the project, two modes of the process have been
developed. The first mode is referred to as the transport mode, in which the oxidation and
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reduction reactors are carried out in separatgoesa In the oxidation reactor, the reaction in
Equation 12 occurs in which the metal catalyst is oxidized. This oxidized metal catalyst is
separated from the gas stream containing a CO anadrB®@ure in a cyclone, and the catalyst is
sent to the redudn reactor where Reactions 2 and 3 (Equations 10 and 11, respectively) take
place. The reduced metal catalyst is thegycledto the oxidation reactor for another cycle of

the redox reactions.

The second operating mode is referred to as the cofeed mkel¢he name suggests,
both the main reactants G@nd ethylene are fed together into the main reactor where the
oxidation and reduction reactions occur sequentially in the same reactor.

The block flow diagrams and the process description for the twatopg modes are
discussed in the next section.

Model Architecture

During this process, the main reactants are & ethylene. The inlet conditions for
CQO, are considered to be 151 barg an82&ssuming that C{s procured from the Alberta
Carbon truk line, in this scenariét The inlet conditions are similar to G@vailable from the
Souris Valley Pipeline in North Dakotd1? Ethylene is assumed to be available at 102 barg
and 25C from the Ethylene Distribution System operated by Nova Chenditals.

Transport Mode

The block flow diagram of the tnaport mode is shown ffigure 16. The main reactants
(i.e., CQ and ethylene) are first heated to 2Dy using steam and then expanded to 20.7 barg.
COuis heated to 70€ and is then sent to the oxidation reactor, where the catalyst is oxidized
and CQOis produced. The reactions in Equations 9 through 11 (Reactions 1, 2, and 3,
respectively) are net endothermic, and the heat of reaction is supplied by preheating the feed inlet
gases to the oxidation and reduction reaciois additionally supplying exteal heat to the
reactors. A wide range of reaction conversions have been evaluated in this study, and to ensure
convergence for the different reaction scenarios, the reactors have been assumed to be isothermal
in the process model, and the heat duty requént of the reactors was used to estimate the
thermal energy requirement of the procdd®e outlet gas from the oxidation reactor contains
CO, CQ, and the oxidized metal catalyst. This-gatid mixture is sent to a cyclone, where the
oxidized catalysis separated and sent to the reduction reactor, while the gas stream containing
C(O and COis sent to the purification section. This stream is sent to an amine treatment system
for separating Cepresent in this stream. The purified CO stream is-prbglct in the process,
and the captured G@s recycled back to the oxidation reactor.
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Ethylene is heated to a temperature of°€58nd sent to the reduction reactor. The
oxidized catalyst sent to the reduction reactor reacts with ethylene to form Et® rédtiction
reactor, an undesirable side reaction between ethylene and oxygen from the oxidized catalyst
results in ethylene combustion and produces &@H20. The outlet stream from the reduction
reactor is sent to a cyclone where the reduced catalgsparated, heated, and sent back into the
oxidation reactor. The gas stream containing EtO, ethyleng,d®@H20 is sent to a scrubbing
column where the gas stream is scrubbed WiB. EtO dissolves in thEl>O and exits with the
water stream while thgas stream exiting the scrubber contains ethylene andT®@ EtO
water stream is sent to a distillation column to separate the product EtO frelaCth€he EtO
separation from the product gas using water scrubbing and subsequent distillation is @a commo
practice and is employed in the conventional direct oxidation process &4 vildle unreacted
ethylene and C@Omixture is sent to an amine absorber for.€&pture and the unconverted
ethylene is recycled to the reduction reactor.
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Figure 16. Block flow diagram of the transport mode.
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Cofeed Mode

The block flow diagram for the cofeed mode of operation is showigire 17.
Ethylene and C& after heating and expansion to 20.7 barg, are mixed and heated@@00
provide the heat requirddr Reactions 1, 2, and (Equations 9 through 11, respectively).
Additional external heat is supplied to the reactors to provide the heat required for the reactions
to take place. A wide range of reaction conversions were evaluated in this study anddo ens
process model convergence, the cofeed reactor was assumed to be isothermal in the process
model, and the heat duty of the reactor was considered in the TEA to estimate the cost of the
thermal energy requirement for this process.

The feedmixture is sent to the cofeed reactor, where the oxidation and reduction
reactions take place over the metal catalyst to produce CO and EtO. Sensea30 formed as
a by-product of the undesirable combustion reaction. The outlet gas stream contains @ mixtur
of products (CO, EtO, and>0), as well as the unreacted €é&nd ethylene. This stream is used
for partial reheating of the feed gases and is sent to a scrubbing section thituasshe
scrubbing agent. Product EtO is recovered in the water stratingehis section, and thd>O
andEtO mixture is distilled to recover EtO as the product similar to the transport mode process.
The gas stream leagrthe scrubbing section with CG0,, and unconverted ethylene is sent to
a carbon capture system, wh@&®; is captured and recycled to the cofeed reactor. The CO
free gas stream is a mixture of CO and ethylene at this point and is senydgenic
separation unito condense ethylene from the mixture and obtain a pure product stream of CO.
The separation may be able to be achieved in a cold box unit instead of requiring cryogenic
separation, which would further lower the energy requirement. As a conservative estimate, the
cryogenic separation unit was used in the process mddetnvertecethylene is recycled to
the cofeed reactor.
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Figure 17. Block flow diagram of the cofeed mode.
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Model Assumptions

Specific assumptions were made during the process of developing the models on Aspen
Plus. Theassumptions were made basedonservativeesults from the experimental analysis
of the process. The assumptions considered are listed as follows:

~

-

-

In the transport mode of operation, the operating conditions for the oxidation reactor
are 19 barg and 600, and 19 barg and 430 for the reduction reactor.

In the cofeed mode, the operating conditions in the cofeed reactor are assumed to be
19 barg and 450°C.

In both the operating modes, the reactors are considered to be isothermal to
accommodate the widange of reaction conversions evaluated. The heat duty of the
reactors was considered to estimate the total thermal energy requirement for the
process.

The conversion for the side reaction, Reaction 3 (Equation 11) was assumed to be
10%.

To enable devefument of the process model simultaneously while screening
catalysts for the best performing combination, the metal to metal oxide conversion
has been assumed to be iron tedze Thus, heat of reactions for the three key
reactions in the process are basadhe iron catalyst oxidation reduction cycle.

Techno-economic Analysis

We performed a techreconomic evaluation on both the modes of operation of the C3
PEO technology. The assumptions, approach, and the results from this study are discussed in
the folowing few subsections of this report.

Technaeconomic Analysifrchitecture

The economic model assumptions made for the process are summaiiabteif. All
of the costs considered in the study are in 2015 U.S. dollars.

Table 6. Summary of Economic Assumptions Considered for the GBEO Process
Parameter Assumption
Taxes 38%
Capacity factor 85%
Interest rate 8%
Capital depreciation 20 years; 150% double declining method
% of Total capital that is depreciated 100%
Total debffinanced 60%
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Parameter Assumption

Term of loan 20 years

Capital expenditure period 3 years (20162017)

Operational period 20 years (201i72037);

Economic analysis period (for calculatiimgernal 23 years (capital expenditure period + plant operatio
rate of returrfIRR]) period); (20152037)

Escalation of revenue, operating and maintenanc 3%
costs, and fuel costs

Repayment term of debt 20 years
Grace period on debt repayment 0 years

Other information required to calculate the yearly cash flows would be the raw material
and product price information. For all the cases, the product or raw material prices considered in
the economic evaluation are summarizedable 7.

Table 7. Summary of Product and Raw Material Cost Assumptions

Feed and Product Pricing

Product

Carbon monoxide, $/MMBtu $12.50
Ethylene oxide, $/tonne $990.00
Raw Materials

Carbon dioxide, $/tonne $0.00
Ethylene, $/tonne $600.00

Forevaluating the cash flow of any process, it is essential to know the capital costs and
the operating costs for the process. We used the Aspen Process Economic Analyzer to estimate
the capital cost for both cases. From the process models developed filvebrdkes, we then
listed and sized all the equipment. Using the sizing information, we then estimated the capital
costs of the plant. The process model serves as the basis for estimating the operating costs. We
determined the operating costs of the predssestimating the total raw material, labor, and
utility costs.

Using the estimated capital costs and operating costs information, we calculated the
yearly cash flow values for each of the cases. Starting from the year when construction began
(2015) to he end of the economic analysis period (2037), we calculated the taxable income, the
net revenue after taxes, and the operating cash flow for every year. Using the operating cash
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flow values for the entire economic evaluation period, we calculated tieahtate of return
(IRR) for each case.

For each year in the economic analysis period, we calculated the earnings before interest
and taxes (EBIT) as the difference between the total annual revenue and the total annual
expenses. While estimating EBITjstimportant to note that depreciation is also considered as
an expense. We then calculated the taxable income as the difference between the total annual
revenue and the total annual expenses, less the depreciation and the interest payment. As shown
in Table 9, 38% of the taxable income was assumed to be taxes. We then calculated the net
revenue as the difference between EBIT and the taxes plus interest payment. Because
depreciation is not a tangible cost or a real cash flow, the annual depreciation snaoded
back to the net revenue to estimate the operating cash flow for a year. The operating cash flows
for the entire economic evaluation period are considered to calculate the IRR for each case. The
cash flow analysiassumptionsire included irError! Reference source not found A.

Model Results

RTI used the Aspen Process Economic Analyzer from the AspenTech Suite of process
simulation software testimate the capital costs for the two cases. We used the information
from the process models developed on Aspen Plus to size the equipment, and then utilized the
sizing data in the Aspen Process Economic Analyzer to estimate the total capital costs. The
capital costs for the two cases are present@dlite 8. The capital costs for the two cases are
similar. In the transport mode, the number of equipment components are higher in the reaction
area of the process, and the separation zone of the procasly istfaightforward. In the
cofeed mode, the reaction zone is fairly straightforward and has fewer equipment components,
and the separation of the mixture containing both the products and the unconverted reactants is
complex. In addition to the GQ@epaation and scrubbing towers, the separation zone also
includes acryogenic separation urtib separate the unconverted ethylene from the product CO.
Overall, the capital costs for the two process cases are estimated to be approximately $100
million for a plant producing 250,000 tonnes/yr of EtO.

Table 8. Capital Costs for the Two Cases

Transport Mode Cofeed Mode

Total capital cost (2 U.S. dollars) $101,004,002 $105,371,798
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We performed the cash flow analysis for both the transport and cofeed modes, and the
results are presentedfigure 18. We evaluated the ethylene to EtO conversion that is required
for each case in order to have an IRR of 15%. For cofeed case, we ektimage main
reaction conversion of 9% is needed with the assumptions previously discussed to achieve an
IRR of 15%. For the transport case, however, the main reaction conversion must be at least 12%
for an IRR of 15%. The experimental results for ethgleridation by CQ@in the transport
mode do not appear to be capable of achieving the required conversion value. Therefore, we
performed a sensitivity analysis only for the cofeed mode of operation to better understand the
impacts of various process pardars on the economics.

14%
12%
10%
8%
6%

4%

Ethylne to EtO conversion

2%

0%
Cofeed case Transport Case

Figure 18. Comparison of main reaction conversion required to achieve
an IRR of 15% for the two cases.

The economic analysis results previously discussed are based on current product and
raw material price. To understand the impact of the prices, we developed the process
economics for best, base, and worst case scenarios. The assumptions for the best and worst case
scenarios are presentedTliable 9. For the best case scenario, a credit of $15/tonne 9f<CO
considered.
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Table 9. Summary of Process Costs for the Three Scenarios

Best Case Base Case Worst Case
Products
Carbon monoxide, $/MMBtu $20.00 $12.50 $5.00
Ethylene oxide, $/tonne $1,090.00 $990.00 $890.00
RawMaterials
Carbon dioxide, $/tonne T$15. 0 $0.00 $15.00
Ethylene, $/tonne $500.00 $600.00 $770.00

For these three scenarios (i.e., best, base, and worst case), we estimated the ethylene to
EtO reaction conversion with the objective of achieving an IRR of 15%. We kept the side
reaction conversion for the three scenarios constant at 10%. The resshievaneinFigure 19.
In the best case scenario listed in Table 12, for 4% of the ethylene converting to EtO, an IRR of
15% is obtained, whereas in the worst case scenario with unfavorable raw material and product
costs, a reaction conversion of 22% is reggiito achieve an IRR of 15%.

25%

20% 22%

15%

10%

9%
5%

ETHYLENE TO ETO CONVERSION

4%

0%
Best Case Base Case Worst Case

Figure 19. Main reaction conversions for the three scenarios.
Process Sensitivity Analysis

Technoeconomic Analysis

Furthermore, it is important to understand the impacts of the various procas®e s
on the process economics. RTI varied the impacts of various parameters (e.g., the ethylene
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price, the CQprice, the product values) one at a time to understand their individual impact on
the process economics. The objective was to determine whibbse parameters had the most
impact on the economic feasibility of the process. We varied each of the process parameters,
and then determined the main reaction conversion required to achieve an IRR of 15%. The
results of this exercise are summarize#igure 20. As previously discussed, with the base

case assumptions, a minimum conversion of 9% is required, which is the median value.

Main reaction conversion, %

5 6 7 8 9 10 11 12 13 14 15
Eth)flene 5500/tonne $770/tonne
price
CO2 price -%15/tonne +515/tonne

EtO Price $1090/tonne -$390,ftonne

Figure 20. A tornado chart for process sensitivity analysis.

CO price

From the analysis, it was evialethat the ethylene price has the most impact on the
process economics. In addition to the conversion of ethylene ts&ti@ethylene is also
converted to C@andH20. The overall consumption of ethylene is found to have the most
impact on the procegconomics. Therefore, it is of very high value to improve the catalyst
properties so that the side reaction is minimized. The price eiv@®found to have the next
highest impact, due to its high consumption, to provide the oxidized catalyst for EtO
production, as well as the undesirable side reaction. EtO price was found to have a moderate
impact, and CO price was found to have the least impact on the economics. This analysis shows
that it is very important to inhibit the side reaction and to effectiveythe two reactants,
ethylene and C®
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The next task was to evaluate the production cost of EtO and understand the factors that
have the most impact on the production cost. The previous sensitivity analysis focused on
estimating the minimum EtO yieldchder different scenarios. The current analysis aims to
understand the impact of various process factors on the EtO production cost, while keeping the
EtO yield constant. In this evaluation the ethylene to EtO yield has been considered to be 5%,
while the &e reaction yield was assumed to be 7% to match the best performance case from the
experimental runs. The EtO selectivity was estimated to be 41% in this case. The EtO
production cost for this base case is estimated to be $980/tonne. The base cas®assisagt
for this analysis are listed ifable 10. Base Case Assumptions for Producti@ost
Sensitivity Analysis The variation in EtO production sbwith a change in each of these
process parameters is showrkigure 21.

Table 10. Base Case Assumptions for Productiofost Sensitivity Analysis

Parameter Assumption
EtO selectivity 41%
Ethylene price, $/tonne $500

CO; credit, $/tonne $15

CO price, $/MMBtu $10

EtO production cost $980
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EtO production cost, $/tonne

700 750 800 &850 900 950 1,000 1,050 1,100 1,150 1,200 1,250 1,300

EtC_} _ 56% 28%
selectivity

Ethy_rlene $600/tonne
price

CO2 credit

CO price $20/MMBtu 55/MMBtu

Figure 21. A tornado chart for process sensitivityanalysis.

Out of all the factors listed, EtO selectivity has the biggest impact on the process
economics. A 15 percentageint increase in EtO selectivity from the current selectivity of
41% to 56% reduces the production cost of EtO by as much asTA&production cost at
56% selectivity is estimated to be $770/tonne. Similarly, a 15 perceptagtereduction in
selectivity has a detrimental effect on the process economics, increasing the production cost by
approximately 33%. As discussed in the jwas sensitivity analysis, ethylene consumption is
the next biggest impact factor, as it is the key raw material. A $100/tonne increase or decrease
in ethylene price, results in a 17% increase or decrease in the EtO production cost. CO price
does not sigriicantly impact the production cost of EtO, while an increase in thecgit to
$30/tonne reduces the EtO production cost by 11%.

GHG LCA

One of the key advantages of the-BBO process is that G@® effectively used to
oxidize ethylene to make EtOheh is a valuable product. It is very important to understand
the environmental benefits of this process by performing a GHG LCA. To enable a fair
comparison, RTI compared the GHG impact of theRE®D process to the conventional EtO
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manufacture processp@we estimated the GHG benefits in producing a tonne ofA&tO.
preliminary LCA was completed during the proposal stage of the projegtadpdated with
the process model results to include an increased level of detaddleto-gate approach for
andyzing the GHG benefits for the @BEO process compared to the conventional process is
outlined in the following subsections of this report

Various studies have documented the resources required in the production of EtO in
cradleto-gate type approachésln such approaches, the GHG emissions associated with each
precursor and inpuisto the process are included, along with the impact of the EtO production
process. The analysis concluded with the desired product of EtO, independent of how it may be
used or disposed of beyond that step. Following the production of EtO, its subsegueitiier
as an end product or more commonly as an intermediate in further chemical production and
associated emissions will be the same regardless of the production method used. Therefore, the
cradleto-gate analysis of the current production methodstGf Eompared with that of the €3
PEO technology, will help distinguish the possible GHG benefits.

The block diagram of the conventional EtO manufacture process is sh&igure 22.
In the conventional processhylene (9598% purity) and @(95 mole %) ge mixed in a ratio
of 1:10 by weight and are passed over a catalyst consistigpOfdeposited on an inert carrier
such as c ealumimadQGemeralty,ran ddtatalyst such as ethylene dichloride
(approximately 2% based on the weight of ethylena@plded to the ethylene feed to suppress
the formation of C@**

The pure @stream is produced on site by using an air separation unit, which is energy
intensive. During the conventional process, the side reaction conversion is approximately 5.6%.
The EtO purification step is similar in both the conventional and thBEX3 proceses.
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Hectricity, . Refinery
Thermal Energy Transports Energy Carriers Products
Air Distillation Bhylene Oxide
Ar Sepgratlon Absorber Carbon Dioxide
Unit
Reactor
Bhylene -

Figure 22. A block diagram of the conventional ethylene oxidation process from a GHG
perspective.

A block flow diagram of the process layout for the transport mode is shokgure
23. The blocks in blue represent the units implemented in the process model that were not
previously considered in the preliminary GHG analysis previously developed. In addition,
compressors and pumps, when required, have been considered in this analysis.

Electricity A Refinery
Thermal Energ Transports Energy Carriergs Products
I CQrecycle l
Gas Oxidation L Carbon
cQ heatng [ | Reactor CO purification Monoxide
Catalyst
heating
G Reduction L .
Ethylene Re;ctlor EtO purification Ethylene Oxide
Ethylene recycle

Figure 23. A block flow diagram of the C3-PEO process, transport mode from a GHG
perspective.

The block diagram for the cofeed mode is showhigure 24. Using the process model,
RTI estimated the electricity consumption, amaei€O; used and heat input to the system.
We used these estimates in the GHG analysis to estimate the total amoupeofi@€al per
tonne of EtO produced. Estimating the £nissions, allows us to calculate the amount of CO
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emissions that can be potatly avoided if EtO was produced by using the-PBO process
instead of the conventional direct oxidation proc&sg main contributions to the LCA are
outlined in the following subsections.

Electricity . Refinery
Thermal Energ Transports Energy Carriers Products
CQrecycle
Gas Cofeed EtO CQ Cryogenic
— o e — :
cQ heating Reactor purification removal separation
A T Y
Heat Ethylene recycle
Input
Gas Ethylene Carbon
Ethylene heating Oxide Monoxide

Figure 24. A block flow diagram of the C3-PEO process, cofeed mode from a GHG
perspective.

Air separation unit

CQO is the main oxidizing agent in the O process; however, for the conventional
process, @is the main oxidizing agent, for which an air separation unit would be necessary.
The CQ generated during the production of electricity used for the air separation unit is
considered in estimating the total tonnes ok @@duced per tonne of EtO produced in the
conventional process.

Carbon dioxide (C@) input

In the C3PEO process, C{s consumed, and the benefit of reducing GHG gases
should be considered in this analysis. Some E@roduced as a byroduct from the
undesirable combustion of ethylene, but the nettG&i is consumed in the process is essential
to estimate the GHGenefits of the novel procesBhe source of th€0O, was not considered in
this analysis and any GHG impacts from @@, consumed in the process must be integrated
depending on the source.
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Electricity

The electricity consumed for compression, pumpind,@nveying is determined for
the conventional and the €O processes and are considered when estimating the GHG
produced per tonne of EtO produced in these two processes.

Natural gas

The cradleto-grave impacts for the natural gas consumed for heptirgpses in the
two processes are considered in the evaluation of GHG produced. RTI estimated the natural gas
required to supply the heat of reaction for all the key reactions in the process for each case and
took into account the C@missions from burnonthe natural gas when determining the GHG
emissions for the GBREO process.

Carbon monoxide (CO)

CO is a byproduct in the C3PEO process. A cradle-gate GHG impact for CO
produced conventionally was considered in this analysis.ifipiactwould be téal GHG
emissions that are avoided by producing CO by using thREZ3 process instead of through
conventional processes and hence, considered as a GHG benefit. This gas manufacture typically
occurs through the processing of syngas that may originateafraimber of different
hydrocarbon resources. Although the GHG impact of syngas may be minimized with the use of
biomass, steam methane reforming of natural gas is more likely suited for use in Kldéesta.
used ThinkStepbs propri et atheyGHG @mssienofort war e, Ga
conventionally producing CO.

CO Purification

In both of the process modes, CO in the exit stream from the reactor is present in a
mixture of other components in the system. In the transport mode, it is a CO andx@@e,
whereasn the cofeed mode, it is in a mixture of CO, ££@nd ethylene. To separate £ e
gas mixture is sent to an amine separation unit; to recovefr@® the amine solvent, the
solvent is subjected to thermal regeneration. To account for the heatimgmesqnis in the CO
purification step, RTI considered the €@ermal regeneration energy.

We determined the previously described factors for the conventional EtO production and
the C3PEO process in the two modes of operation. All other factors suchapdraand
refinery products would be similar for the conventional @36PEO processes and hence can
be ignored to estimate the GHG benefiiise results are discussed further in the next section of
this report.
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LCA Results

The LCA results for the two cases are summariz&dbie 11. RTI used the GHG
emissions from the conventional ethylene direct oxidation in the GHG benefit evaluation. The
GHG emissions for the two process modes were evaluated from the process modeeand we
used to determine the amount of £&Voided by each of these processes per tonne of EtO
produced.

The EtO yield for the transport and cofeed modes was assumed to be 12% and 9%,
respectively, and the side reaction conversion was assumed to be 10% filvebzases. The
amount of CQconsumed per tonne of EtO produced is in the same range for both the modes of
operation of the GPEO process. However, the consumption of electricity and natural gas is
higher for the transport mode compared to the cofemdermainly because of the intermediate
catalyst heating and additional recycle compression in the transport mode case. However,
because C@is one of the main reactants, in both the modes of operation of tRE€03
process, the amount of G@voided is grater than 2 tonnes ptmne of EtO produced. The
amount of CQavoided for the cofeed mode was found to be higher @bBrizs petonne EtO
produced.

Table 11. Results of GHG Benefit Analysis for the Two Cases

Transport Mode Cofeed Mode

Traditional C3-PEO C3-PEO
Production Production GHG Benefit Production GHG Benefit
(tonneftonne  (tonne/tonne  (tonne/tonne of  (tonne/tonne  (tonne/tonne

of EtO) of EtO) EtO) of EtO) of EtO)
Air separation unit 0.035 o} 0.035 0 0.035
Carbondioxide o} 1T5.08 5.080 T5.17 5.172
input
Electricity 0.064 0.225 1T0.161 0.171 1T0.10
Natural gas 0.390 2.550 1T2.160 1.967 T1.57
Carbon monoxide o} i3.21 3.214 T3.10 3.108
Carbon monoxide o} 1T3.96 1T3.965 1T3.41 1T3.41
purification
Transports o} o} o} o} o}
Energy carriers o} o} o} o} o}
Refinery products o} o} o} o} o}
Total 2.043 3.215
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To understand the effects of various parameters on the GHG emissions, RTI performed a
sensitivity analysis for various scenarios of main reaction and side reaction conversions.
However, we found that the higher the side reaction conversion was, thetheyBG
avoided as well. This can be better understood by studying the following key reactions involved
(Equations 13 through 15):

YQHhopdE ¢ 0080 O 0O (Eg. 13)
YQOOagEx O 0 © 600 O Eq. 14)
YOOO@EPERE @) 0 © 60 Ol @b (Eq. 15)

Only 1 mole of the oxidized metal catalyst is required to convert 1 mole of ethylene to
EtO in the main reaction, Reacti@r{Equation #). However, for the undesirable side reaction,
every mole of ethylene p&ipating in the side reaction consumes 6 moles of the oxidized
metal catalyst. These 6 moles of the oxidized catalyst require 6 moles ¢ G& to the
oxidized state from the initial state. Therefore, a combination of Readtenmd3 (Equations
13 and 15, respectively) would show that every mole of ethylene participating in the side
reaction indirectly consumes 4 moles of &Dd hence, the overall GHG benefits are higher
when the side reaction is dominant, though valuable products are not gerserdtta
ethylene reactant is consumed. As a result, this side reaction has a positive effect on the GHG
benefits, but would have a negative effect on the economics of the process.

This analysis suggests that although it is important to understand thes&#i@s using
the novel process, the GHG benefit analysis should be tightly integrated to thed¢eohomic
analysis of the overall process. The results of the integrated analysis are presented in the next
few subsections of this report.

GHG Benefit Analsis

From the LCA, it was evident that the GHG benefits that could be realized by-the C3
PEO process should be evaluated with integration into the process economics. With this
objective, we evaluated the base case process economics at different side re@otiEOCS.
The results are presentedrigure 25.
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Figure 25. IRR and GHG variations with different side reaction conversions.

From the LCA, we concluded that the higher the side reaction conversion, the higher
were the GHMenefits. The main reaction conversion was maintained constant at the base case
value of 9%, and the process economics and GHG benefits were estimated at three different side
reaction conversions of 5%, 10%, and 15%. From Figure 35, for a 5% side rehetitRRR is
estimated to be 32%, and only 0.65 tonnes of &®© avoided per tonne of EtO produced.
However, at a 15% side reaction conversion, 4.7 tonnes pafeGvoided per tonne of EtO
produced, and the IRR is 0%, which shows that the processpsamoising in this scenario.

For the base case scenario, 3.2 tonnes efat®avoided per tonne of EtO produced, and the
IRR is 15%. Figure 36learly shows that there is a tradeoff between the GHG benefits and the
process economics, and it is very impott understand the integrated environmental and
economic performance of the process for different economic and process scenarios.

Techno-economic Analysisand GHG Benefit Analysis for Current Catalyst Performance

The sensitivity analyses previously delsed show the importance of balancing the EtO
and RO yields of the C3?EO catalystTable 12 lists the calculated IRR and GHG benefit for
three of the top performing catalysts developed in Round 1 @lihmate Change and
Emissions Management CorporatiCCEMC) Grand Challenge. We calculated each of the
IRR values by using the best case scenario values previously listed. While Figure 35 shows a
major variability in the IRR and GHG benefit as the side reaction conversion is varied, Table 15
shows that bitn a high IRR and GHG benefit may be achieved as long as the £3Qiéld
ratio is approximately 3:4.
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Table 122 IRR and GHG Benefit of Three Top Performing Catalysts

Catalyst 1 Catalyst 2 Catalyst 3
EtO yield 7.5 6.2 5
H>0 yield 10 8.6 7
IRR 27% 23% 21%
GHG benefit, tonne/tonne of EtO produce 4.20 4.31 4.33

The total GHG reduction benefit for the ®EO process in Alberta, Canada, is
estimated a#.33tonnes of C@e per tonne of EtO produced. Therefore, to achianegnanum
emission reduction of 1 Mt of G&, 023 Mt of EtO would need to be produced by the C3
PEO procesper annum, or approximately 1 plant sized at 250 ki value is approximately
20%of the current market size in Canada and less1#@of the epected global market size of
24.5 Mt in 2017’ Conservative market penetraticates were assumed to determine the
expected GHG reduction from GZEO deployment. With the EtO market growing between 3%
and 4% per annum, we assumed an average global market penetration rate of 2% and a higher
penetration rate for Alberta of 4%, givére ideal market for the technology and prodd¢tg.
As a result, following the demonstration of the process in 2020, the cumulative GHG reductions
of C3-PEO can be calculated in-1&nd 20year increments as shownTable 13. This
technology has an expected GHG benefB2Mt of CO-e by 20% in Alberta and 356 Mt of
COp-ereductions globallyWwith the annual global demand of EtO expected to grow to nearly 50
Mt by 2050 and 2.3 Min Alberta, there is a potential GHG emission reduction of more than
200Mt of COz-e per annum if the entire global supply adopted th&E® process antD Mt
of COp-e per annum in Alberta.

Table 13. Cumulative Emissions Reductios from C3-PEO Market Penetration

10-Year Increment 20-Year Increment
20161 2026 20161 2036
Alberta 5.8 Mt of COz-e 32 Mt of CO»-e
Global 65 Mt of COz-e 356 Mt of CO.-e

PRELIMINARY DESIGN P ACKAGE

The process flow diagram for the ®EO pilot system to be built during Round 2 of the
CCEMC Grand Challenge is shownRigure 26. The reactant gas consisting of ethylene,
nitrogen, CQ, and a tracer gas, is preheated before entering the fluidized lotat rednich can
be operated as a fixed or fluidized bed. The product gas is then filtered and reduced to near
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atmospheric pressure in a BPR. The effluent stream then enters a heat exchanger to cool the
product gas to the scrubber operational temperat@P€}7/and the EtO is converted to ethylene
glycol. The remaining products are combusted in a thermal oxidizer.

Back Pressure
Regulator

Vent

A A AN
IAVAVAVAVA

Filter

Heat Exchanger

EtO Reactor EtO Scrubber Thermal Oxidizer

Ethylene
Nitrogen
Carbon Monoxide

Carbon Dioxide
Tracer Gas Gas Preheating

Figure 26. Process flow diagram for the C3PEO pilot system.

GHG Emissions ReductionsStatus

This project is not projected to begin reducing GHG emissions until commercial
development begins after the end of Round 3 of the CCEMC Grand Challenge.

CONCLUSIONS

During Round 1, RTI has improved on its previous catalyst formulations and deVvelope
families of catalysts that can both remove oxygen from &1@ transfer the oxygen to ethylene
to make EtO. Although previous work focused on iron in terms of reacting wighv@O
determined that ivas not selectivéor ethylene epoxidation. Insteaather catalyst families
were found tdhavehigher EtO selectivity. We have made improvements regarding the
production of EtO by incorporating promoters, by investigating the catalyst support, and
observing the impacts of dispersidie evaluate the technadgyto obtain longterm catalyst
activity and stability data and to develop an optimum process design.

RTI developed catalysts that have been shown to be able to produce EtO in both a
cofeed mode and a transport mode of operalomvever, afteincorpording experimental data
into a process moddt wasdetermine that the cofeedhode of operatiors the most
economical embodimefdr a complete proces®/hile the catalyst is not optimized, the current
experimental results have achieved yields compatalitee conventional process with a yield
of EtObetween 5% and 8% he TEA resulthave indicated that the €EO technology could
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be economically viable given favorable market conditions. Optimization of the catalyst during
continued development couldcirease the economic advantage of thePE® technology

beyond the conventional proceB3 | alsousedthe modeled system to perform a detailed
analysis of the potential GHG reductions of the procEss.LCA shows that greater than 4.3

Mt of CO»-e may be woided for each 1 Mt of EtO produced. One standgazdd 250 kt EtO

plant in Alberta would be able to achieve greater than 1 MMfemissions avoidance per
annum.Finally, we develoggda preliminary design package for testing of the novel catalyst in a
scaledup process in Roundd the CCEMC Grand Challenge for Innovative Carbon Uses

SCIENTIFIC ACHIEVEME NTS

RTI presented the results of the project at various conferences over the course of the
project including the following:

1 Mobley, P. D, & Lail, M. A. (Invited Speaker). (2014, AprilCapturedCO;
Catalyst for the Production of Ethylene Oxide {BO). Presented at Zero14,
Alberta, Canada.

1 Lail, M. A., Mobley, P. D, & Peters, J. Hinvited Speaker). (2015,
May). Carbon dioxide utilizatiorior the production of ethylene oxid@oster
presented at Gordon Research Conference on Carbon Capture, Utilization, and
Storage, Easton, MA

1 Mobley, P. D, Lail, M. A., & Peters, J. HIlnvited Speaker). (2015, November).
CQO, Utilization for the Production of Ethylene Oxideresented at AIChE
Annual Meeting, Salt Lake City, UT.

In addition, a patent applicationirsprogresgo secure the intellectual property of the
C3-PEO technology and will be submitted after completibRa@und 1 of the project.

NEXT STEPS

RTI is seeking to secure continued funding through CCEMC during Round 2 of the
Grand Challenge for Innovative Carbon Uses to continue development of fARE@3
technology. An industrial project partner and psotle &sting host site is currently being
negotiated to accelerate the development path toward commercialization. We have developed
presentation slides outlining the project findings and development path for the next several
years. Multiple industry representats have visited RTI to discuss the progress of the
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technology and the potential role they may play as a partner in the development into a
commercial process.
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DISCLAIMER

CCEMC and HeMajesty the Queen in right of Alberta and each of them make no
warranty, express or implied, nor assume any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information contained in this publication, nor that use
thereof does not infringe on privately owned rights. The views and opinions of the author
expressed herein do not necessarily reflect those of CCEMC and Her Majesty the Queen in right
of Alberta and each of them. The directors, officers, employees, agentgresudkants of
CCEMC and the Government of Alberta are exempted, excluded, and absolved from all liability
for damage or injury, howsoever caused, to any person in connection with or arising out of the
use by that person for any purpose of hiblicationor its contents.
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