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Section 1: Abstract

A comprehensive front-end engineering design (FEED) study has been undertaken by Bechtel
National Inc. (Bechtel) for locating a post-combustion capture and compression (PCC) unit at
Panda’s Sherman natural gas—combined cycle (NGCC) power plant in Sherman, Texas. This is
described in the unredacted FEED Study report (Attachment 1) with all supporting documents,
numbering over 150. The Study Report is publicly available.

Sizing of the PCC plant is based on treating an amount of flue gas equivalent to that produced
when generating 420 MW, which is approximately 68% of the total flue gas emitted by the
NGCC power plant operating at guarantee condition with duct burners off. A reduced power
plant capacity factor was used for sizing the PCC plant because the gas turbines at the site often
operate at reduced load due to the high penetration of renewable power in the ERCOT region.
The cost of carbon capture is primarily driven by capital cost (and therefore is highly sensitive
to capacity factor). Sizing the capture unit so that when used it is nearly always operating at
full capacity is critical to the economic viability of the proposed investment.

The PCC unit uses 35 wt% mono-ethanolamine (MEA) as the solvent to capture 85% of the
CO3 in the flue gas slipstream. MEA was selected because extensive information is available
for it in the public domain and a previous NGCC retrofit study has shown that it would be
comparable in performance and overall costs to a range of proprietary solvents. It is also widely
available at low prices. At the design flue gas throughput of 704 kg/s, the PCC unit captures
129 t/h of CO2. Energy consumption for solvent regeneration is estimated as 3.65 GJ/tCO: (of
which 0.14 GJ/tCO; is provided by waste heat recovery from the CO, compressors), with design
lean and rich loadings of 0.254 and 0.475 mole CO2/mole MEA respectively, and an absorber
liquid/gas ratio of 1.07.

To maintain low level of degradation products in the circulating solvent, a semi-continuous
thermal reclaimer is used to process the equivalent of a complete plant solvent inventory every
28 days. Reclaiming takes place in two stages with 150°C operating temperature in both. The
first stage vents to the stripper at 2.6 bara, allowing the heat in the evaporated water vapor and
MEA to be recovered. The second stage vents to the top of the absorber, at near atmospheric
pressure. Solvent recovery in the reclaimer is estimated at >90%, with net solvent consumption
2 kg MEA/tCO> captured. MEA supply cost at the plant site was ascertained to be $1.15/kg
delivered, 99% purity, iron and chlorine free. Reclaimer bottoms disposal costs are estimated at
$500/t. This cost has been estimated at the high end of liquid hazardous waste haulage and
disposal due to lack of actual waste characterization. Actual disposal cost is expected to be
lower when the residuals are fully analyzed and classified.

In addition to heat recovery from the reclaimer, energy consumption for solvent regeneration is
reduced by flashing some of the rich solvent using heat from the CO> compressor intercoolers
and returning the resulting semi-lean solvent partway down the absorber.

The overall capital cost for the PCC retrofit is estimated at $477M, including indirect costs,
owner’s and contractor’s costs, and interest during construction. CO; absorption equipment, at
34%, is the largest part of the capital cost; two cylindrical stainless-steel absorbers are used,
internal diameter 11.8 m and 44.3 m straight section, with a superficial gas velocity of 2.76 m/s



and a total packing height of 15 m in two beds. Flue gas conveyance and conditioning, via a 6
x 6 m duct, with a water fogging system to reduce flue gas temperatures, accounts for 23% and
the stack modifications, cutting a grid of perforations feeding into a transition manifold—a
further 7% of capital costs. The solvent stripper and reboilers costs are 17% of the total. CO>
compression and conditioning account for 19% of capital costs. A centrifugal compressor,
send-out pump, and dehydration are used, delivering 151 bara CO,. Installation and
commissioning is based on 30 months from notice to proceed.

Estimated baseline CO; capture costs (both annualized capital and annual O&M together) are
$114.50/tCO>, dominated by capital recovery charges. For a 70/30 debt-to-equity ratio with 6%
interest rate on debt over 15 years and 12% return on equity, plus PCC operation for an average
of 5,000 hours per year, these total $83.10 $/tCO> for just the annualized capital portion. Power
plant net output is reduced by 67.3 MW when supplying PCC steam and electricity
requirements. The PCC plant is not operated during those limited periods when the Texas
ERCOT power grid has elevated prices (up to $9,000/MWh) (nor when the power plant is not
operating), and average foregone electricity revenues are assessed at $25/MWh, contributing
$13.00/tCO; captured. Other costs are maintenance ($7.00/tCO»), staffing ($7.75/tCO>),
solvent replacement ($2.30/tCO>), and waste disposal ($1.35/tCOz).

At the time of this FEED study, no full-scale NGCC power plants with PCC was built
anywhere in the world; even pilot studies using NGCC flue gas conditions were limited. This
leads to a lack of data for process simulation model validation under conditions of interest for
commercial NGCC+PCC plants, that is, low CO» concentrations, relatively low absorber
packing heights, and low liquid-to-gas ratios. MEA concentrations above 30 wt% have also
received little previous attention in public domain testing. Slight differences in performance
modeling predictions were observed between ProMax® and the MEA Steady-State Model from
the Carbon Capture Simulation Initiative (CCSI) running under Aspen Plus® 10, leading to
some uncertainty in precise values for the FEED design parameters. In addition, model
predictions do not consider the actual variation in performance that can be expected under
nominally constant process conditions. During normal operation, the solvent will not be a pure
MEA solution but will attain an equilibrium composition as degradation and build-up of
impurities are matched by reclaiming. Fouling and so on in service will also degrade
component performance (for example, heat exchangers, pumps, and fans). These effects can be
assessed based only on realistic long-term testing. The power and PCC plant loads may also, in
practice, change rapidly enough for the plant never to achieve complete steady-state operation
as process models assume. Transient modelling can be employed but again requires
verification.

A pilot testing program is therefore proposed to resolve most of these design uncertainties,
generally duplicating all process elements of the full-scale PCC unit apart from CO> product
compression. The pilot plant will operate solely on flue gas from the Sherman power plant,
accommodating the same frequent shutdowns of up to 48 hours that are expected for the
commercial plant, with consequent possible impacts on PCC solvent quality and overall system
performance. Proposed pilot plant sizing is based on a stripper column diameter of 0.4 m,
which is considered by some packing vendors as the minimum diameter for meaningful test
data, with a corresponding absorber diameter of 1.0 m. For test purposes, it will be possible to



use 10, 15, or 20 m of packing in the absorber and to assess reduced stripper packing heights.
The primary pilot plant test objectives are to confirm the base case mass and energy balances
for the PCC unit under design steady-state conditions; assess long-term solvent management
requirements and reclaimer performance; confirm emissions levels of MEA, ammonia, and
other degradation products in the absorber vent gas during long-term operations; and determine
equipment corrosion rates and confirm materials selection. Initial confirmation of CO>
recovery and heat and mass balances should be possible within a 30- to 60-day test program,
but credible confirmation of amine degradation rates, reclaiming effectiveness, emissions rates,
and system corrosion should be based on at least a 12-month run. With additional runs—for
example, at reduced or increased packing heights—the overall test program would last 18-24
months.



Section 2: Introduction

This Final Scientific/Technical Report for DOE Award Number DE — FE 0031848 covers the
entire project period from October 1, 2019 to January 31, 2022.

Section 2.1: Project Objectives and Scope of Work

This DOE-funded and Bechtel-led study was conducted to prepare a front-end engineering
design (FEED) for a carbon capture and compression facility that captures approximately 85%
CO: from the flue gas directed from a natural-gas combined-cycle (NGCC) plant. The design is
based on using a low-cost generic solvent. The study includes quantities, cost estimates, and
schedule for installing the carbon capture and compression plant at the Sherman combined-
cycle plant in Texas, a duct-fired 758-MWe facility with F-class gas turbines.

Transportation of CO> and its ultimate use are not part of this study, but the location selected
offers enhanced oil recovery opportunities and has saline aquifers and sedimentary basins for
potential CO» storage. The proposed capture plant is based on conventional technology
readiness level 9 technology comprising a generic solvent (e.g., mono-ethanolamine) and an
absorber-stripper (regenerator) cycle and multi-stage centrifugal compressors.

To provide the greatest transparency and utility from the results of this study, an open-access
philosophy was adhered to for this project and all aspects of the capture unit design are non-
proprietary. These are summarized in the attached (Attachment 1) unredacted FEED Study
report, along with supporting drawings and data sheets—numbering over 150 documents that
are also publicly available.

Section 2.2: Project Tasks

The following tasks were completed in carrying out this Study:

Task 1 - Project Management and Planning

Bechtel managed and directed the project in accordance with the Statement of Project
Objectives (SOPO) and the Project Management Plan (PMP) to meet the project’s technical,
schedule, and budget objectives.

Task 2 - Initial Process Engineering Design Package

Subtask 2.1 - Development of Project Design Basis

A Project Design Basis document was developed to define project requirements such as site soil
condition, ambient conditions, flue gas characteristics, environmental requirements, cooling
water quality, site specific design considerations, etc.



Subtask 2.2 - Initial Process Engineering Design Package

Bechtel developed the initial versions of process engineering documents to include block flow
diagrams, process heat and mass balance diagrams, and process flow diagrams for the blower
and quench sections, the two absorbers, lean amine cooling, the stripper, and fresh and lean
amine storage.

Task 3 — Interim Process Engineering Design Package Review

Bechtel completed an interim review of the design package initially developed in Subtask 2.2.
This interim review was conducted by the Board of Technical Counsel (Board) that was made
up of individuals with industry and research backgrounds, who have significant process
knowledge and process plant experience.

Task 4 - Final Process Engineering and Initial Electrical, Automation Systems, Utilities and
Other Engineering Design Package

Subtask 4.1 - Final Process Engineering and Initial Electrical and Automation Systems Design
Package

Bechtel resolved and incorporated comments from the interim review to develop the final
version of the design package initially created in subtask 2.2. In addition, Bechtel developed
the initial electrical and automation system design package, which included drawings or
specifications for capture block electrical building layout, switchgear and transformers, power
factor correction, and electrical loads summary.

Subtask 4.2 - Hazard and Operability / Process Hazard Analysis Documentation

Once the process design was developed, a Hazard and Operability study was conducted as part
of a Process Hazard Analysis by a team of knowledgeable individuals drawn from relevant
disciplines.

Subtask 4.3 - Civil Engineering

A Civil engineering design package was developed that addressed topics including soil load
analysis, storm water runoff plan, geologic assessment, and spill containment assessment.

Subtask 4.4 - Structural Engineering

A design package consisting of structural and architectural engineering drawings was
developed.



Subtask 4.5 - Mechanical Engineering

A Mechanical engineering design package was developed to include the following:

e  General site plan view(s)

e 3-Dimensional model and/or equipment elevation sections and plan drawings
e Piping/tracing/insulation line list and material specification

e Piping isometrics

¢ Piping layout/routing drawings

Subtask 4.6 - Fire Protection Engineering

A fire and explosion strategy was developed to address fire and explosion hazards, ignition
sources, fire and gas detection, and active and passive fire protection systems.

Subtask 4.7 - Facilities Engineering

A building security plan was developed that included controlled access, video surveillance and
monitoring. Monitored areas included the front office, control room and maintenance/shop
areas.

Heating, ventilation, and air conditioning was designed to meet the environmental conditions
required for comfort in occupied areas. In areas such as the electrical room, the HVAC system
was designed to meet the environmental conditions required by the equipment supplier.

Task S - Layout Design Package
Bechtel completed and reviewed the layout design package, including:

e  Process Plant Arrangement Drawings

Site plan and general arrangement plans were prepared for the carbon capture and
compression facility showing all major process equipment, flue gas ductwork, pipe
racks, access roads, supporting facilities and buildings and other significant facility
elements.

e Piping and Piping and Instrumentation Diagrams

Piping and Instrumentation Diagrams were prepared defining the flow of the process,
indicating the quantities of equipment and components, characterizing the control and
instrumentation, and identifying components furnished by others.



e Pipe Class Selection, Design Report, and Piping and Arrangement Safety

For the major piping noted on the Piping and Instrumentation Diagrams, piping class
sheets were prepared that define the material requirements and identify details of
construction for piping systems.

Task 6 - Final Electrical, Automation Systems, Utilities and Other Engineering Design
Package and Material Take-Off of Main Components Design Package

Bechtel completed and reviewed the final versions of all documents developed in Tasks 2
through 5, including completion of mechanical and electrical equipment lists and material take-
off design package for cost estimating.

Task 7 - Site Security and Logistics

A plan for site security during construction and plant operation was developed, including a
summary of the changes to the site security requirements associated with the installation of the
carbon capture and compression facility at the power plant. A logistics plan was also
developed.

Task 8 - Basic Contracting/Purchasing Strategy and Constructability Review

Subtask 8.1 - Basic Contracting and Purchasing Strategy

Contracting and purchasing strategies were proposed after reviewing various options.

Subtask 8.2 - Constructability Review

A constructability review was performed to review and identify construction access, lay-down
areas, and sequencing of construction work.

Task 9 - Cost Estimation Design Package

Bechtel developed an overall project capital cost estimate within a +/- 15% accuracy. An
estimate of the cost for operation and maintenance of the carbon capture facility was prepared
as well. Fixed and variable costs were estimated. Based on these costs, the cost of carbon
capture was calculated.

Task 10 - Final Front-End Engineering Design Study Package

A complete study package was prepared and is included as Attachment 1.



Section 2.3: Project Milestones

Project milestones are listed below:

e M1 Mobilization and Kick off
e M2 Project Management Plan Submittal
e M3 Initial Process Engineering Document Package (DP)

e M4 Final Process Engineering DP and Initial Electrical, Automation System, Utilities, and
other Engineering DP

e M5 Layout Document Package

e M6 Final Electrical, Automation System, Utilities and Other Engineering DP and Material
Takeoff of Main Components DP

e M7 Final FEED Study Report and Cost Estimation DP



Section 3: Project Execution

Bechtel has performed a comprehensive front-end engineering design (FEED) study for a
carbon capture and compression plant retrofit to an existing natural gas-fired combined cycle
(NGCC) power plant located in Texas. The capture plant is based on conventional technology
comprising a non-proprietary aqueous solvent, mono-ethanolamine (MEA), an absorber-
stripper cycle, and multi-stage centrifugal compressors.

The combined cycle power plant utilizes two Siemens F class gas turbines that discharge
exhaust gas into their respective heat recovery steam generators (HRSG’s). Both HRSG’s
supply steam at multiple pressure levels to a common steam turbine generator. Flue gas from
each HRSG is discharged to atmosphere through a dedicated stack. Flue gas slipstreams from
both units will be diverted to the post-combustion carbon capture (PCC) unit.

The PCC unit uses 35 wt% MEA as the solvent to capture 85% of the CO; in a slipstream,
corresponding approximately to the flow that maximizes use of the new investment. MEA was
selected because extensive information is available for it in the public domain and a previous
NGCC retrofit study has shown that it would be comparable in performance and overall costs to
a range of proprietary solvents. It is also widely available at low prices. At the design flue gas
throughput of 704 kg/s, the PCC unit captures 129 t/h of CO,. Energy consumption for solvent
regeneration is estimated as 3.65 GJ/tCO; (of which 0.14 GJ/tCO is provided by waste heat
recovery from the CO> compressors), with design lean and rich loadings of 0.254 and 0.475
mole CO>/mole MEA respectively, and an absorber liquid/gas ratio of 1.07.

To maintain a low level of degradation in the circulating solvent, a semi-continuous thermal
reclaimer is used to process the equivalent of a complete plant solvent inventory every 28 days.
Reclaiming takes place in two stages with 150°C operating temperature in both. The first stage
vents to the stripper at 2.6 bara, allowing the heat in the evaporated water vapor and MEA to be
recovered. The second stage vents to the top of the absorber, at near atmospheric pressure.
Solvent recovery in the reclaimer is estimated at >90%, with net solvent consumption 2 kg
MEA/tCO; captured.

MEA supply cost at the plant site was ascertained to be $1.15/kg delivered, 99% purity, iron
and chlorine free. Reclaimer bottoms disposal costs are estimated at $500/t. This cost has been
estimated at the high end of liquid hazardous waste haulage and disposal due to lack of actual
waste characterization. Actual disposal cost would be expected to be lower when the residuals
are fully analyzed and classified.

In addition to heat recovery from the reclaimer, energy consumption for solvent regeneration is
reduced by flashing some of the rich solvent, using heat from the CO, compressor intercoolers,
and returning the resulting semi-lean solvent partway down the absorber.

Following is a description of the work done for each Task in the Project scope of work.



Section 3.1 Task 1 - Project Management and Planning

The Project Management Plan (PMP) was developed to manage the project’s technical,
schedule, and budget objectives and requirements. The PMP was revised, as needed, through
consultation with the Project Officer during the execution period of the project.

The philosophy followed by Bechtel in developing the PMP included the following concepts:

Never compromise on safety goals and quality

Stay aligned with the Owner’s and other project stakeholders’ goals

Use a cost-effective standard approach

Modify the project approach to suit customer and project specific conditions
Always maintain control of areas affecting schedule and performance targets

Use designs that support customer objectives

Following these proven concepts was the key to successful project management and execution.

After the kick-off meeting, one of the first tasks done was to form an execution team. The
team consisted of all the disciplines required to execute the project as follows:

Engineering- The team was led by a Project Engineering Manager (PEM) who was
responsible for the design.

Board of Technical Counsel- This Board comprised of process specialists with
extensive expertise in carbon capture using amine solvents. The Board reviewed
technical deliverables to ensure their accuracy and conformance to project
requirements. The Board included specialists from industry, academia and the
Electric Power Research Institute (EPRI).

Procurement and Contracts — A Procurement manager was assigned for interface with
the suppliers and obtaining budgetary quotes.

Project Controls — A planning and scheduling engineer was assigned to prepare and
monitor the schedule on a regular basis. In addition, an estimating manager was
assigned for preparing an estimating plan and the final cost estimate.

Construction — Construction manager provided input on all design drawings including
interface items, Hazid review, and was the lead for the constructability plan.

Startup and Commissioning — Startup engineering manager was assigned to review
and provide input on P&IDs, participate in Hazop review and assist in any

startup/commissioning related issues.

All these disciplines worked under a Project Manager.

In addition to the team above, a consultant who is a specialist in carbon capture technology,
assisted throughout the FEED study. All the disciplines and the consultant worked under a
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Project Manager. Since the team members worked remotely due to the Covid pandemic, daily
meetings were held via Microsoft TEAMS.

The project management and planning were done based on Bechtel’s execution philosophy.

Bechtel managed and coordinated the technical scope, budget, risk, requirements of the
National Environmental Policy Act (NEPA), and the schedule, consistent with task-oriented
work breakdown structure (WBS) to effectively accomplish the Project. Bechtel worked with
the DOE Contract Specialist and Project Officer to revise the PMP and award documents as
necessary.

Section 3.2 Task 2 - Initial Process Engineering Design Package

Task 2 consisted of two subtasks as described below:

Section 3.2.1 Subtask 2.1 - Development of Project Design Basis

Following the formation of the project team the project site was selected and a design basis
document was developed which is provided in Chapter 2 of the FEED study report. The
reasons for selecting the Sherman Plant for this FEED study were Bechtel’s familiarity with this
plant, Owner’s support and interest in carbon capture, and availability of space at the site for the
PCC plant.

Design basis included parameters such as the ambient conditions, snow load, wind speed,
seismic criteria, freeze protection criteria, requirements related to flood plain, soil conditions,
rainfall, snowfall criteria, building/enclosure permitting, local community requirements, etc. It
also included power plant data, water quality data, soil conditions, and composition of the flue
gas to the PCC plant. Flue gas composition was finalized based on information from Siemens,
the power island supplier, supplemented by actual power plant performance data and fuel
analysis.

Design basis document also included the emissions and noise requirements that the project must
meet. Existing power plant design basis requirements were checked to ensure that the design
basis criteria for the PCC plant is consistent with it. Design criteria for the PCC plant included
COz compression process and the CO» purity requirements for its intended purpose.

Electrical distribution voltage requirements were specified for motors of various sizes as well as
for use by other loads and services. Project modularization requirements were described to
optimize the balance between shop versus field fabrication and minimizing time required for
erection of equipment while ensuring ease of transportation for modularized packages.

Refer to Attachment 1, Study Report chapter 2 for details on the Project Design Basis.

Section 3.2.2 Subtask 2.2 - Initial Process Engineering Design Package

A preliminary design was first developed for the PCC plant including all the tie-ins between the
power plant and PCC. This preliminary design was reviewed internally, including by the
consultant Bechtel had contracted to assist in the design development.
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The key activities performed during the preliminary design development were as follows:

e The PCC plant site location was selected after reviewing the power plant layout drawings
and considering areas required for laydown and fabrication during construction.

e General arrangement drawings, piping drawings and electrical drawings of the power
plant were reviewed and interface points selected based on construction ease, minimizing
quantities, minimizing cost, and minimizing impact on the existing plant.

e Power plant calculations were reviewed to confirm that the power plant systems (e.g.
cooling tower, water treatment system) have sufficient capacity to meet PCC requirements
and there will be no deleterious impact to the operation of the power plant after tie-ins are
done.

e Heat integration opportunities between the power plant and carbon capture plant were
identified for incorporation in the design.

e Heat and mass balance for the carbon capture were done based on Promax model.
e Heat and mass balance of the power plant were done using Thermoflow.

e  Process flow diagrams (PFDs), Utility drawings, and P&IDs were developed.

e Sizing was completed and data sheets prepared for major equipment.

e  Mechanical utilities were sized based on heat and mass balance results.

e  Control philosophy was developed for the operation, monitoring and shutdown of the
plant.

e  System descriptions were written for the PCC plant.

The major systems included in the initial process design were the flue gas blower and quench
system, CO» absorption, semi lean amine system, CO; stripping and heat integration, CO>
compression and drying, CO; pumping and dense phase transfer, amine reclaiming and storage.
The preliminary design included process performance, process cooling and water balance,
pressure safety valves and relief considerations, and exhaust, emissions and waste streams
handling.

The focus of the PCC equipment selection and plant arrangement was on safety, followed by
ease of operation and employing the most economical and cost-effective measures that
successfully and effectively minimize piping quantities, use the most cost-effective materials,
and integrate automation and controls requirements.

The PCC plant equipment and process have been selected to reduce the risk and magnitude of
impact on the health and safety of workers and neighbors and the impact on the surrounding
environment. Specific examples include the following:

* Closed amine drain system. All amine-containing streams are drained into a closed system to
limit fugitive emissions and worker exposure.

* Sound limits. Generally, equipment is selected to produce a noise level not exceeding 85 dB
at 1 meter. Blowers and compressors are located indoors to limit noise level at the site
boundary.

» Pump seals. Pumps are specified to have high-integrity seals to reduce the risk of
environmental releases.

12



Several meetings were held with Siemens during this phase to:

e Select the optimum tie in point that has least impact on the plant performance.
e To decide the scope of changes that will be in Siemen’s scope.

e To check plant performance under different operating scenarios and to confirm
that the steam flow through the LP turbine meets the minimum steam flow
requirement at low load operation even after some of the LP steam is extracted
from the crossover leg for PCC use.

Coordination meetings were held with the Power Plant Owner on a regular basis to keep them
informed and to obtain their concurrence with the design.

Refer to Attachment 1, Study Report chapter 3 for details on the Interim Process Engineering
Design Package.

Section 3.3 Task 3 - Interim Process Engineering Design Package Review

A cold-eye review was conducted by the Board of Technical Counsel consisting of third-party
technical consultants. The Board of Technical Counsel were provided all design data and
documents and after they had the opportunity to review the design, two half day sessions were
held to address their comments and questions.

The relevant process design documents (process flow diagrams, data sheets, heat and material
balances, and supporting evidence used for design) were shared with the team a week prior to
the sessions for familiarization. During the two working sessions, process flow diagrams were
displayed on the screen and reviewed in order of flow; comments, suggestions, and questions
were addressed. Suggestions made throughout the sessions were recorded, before addressing
them in detail design or in pilot testing. The complete record of discussion with clarifications
and responses for both sessions is included in Appendix B of the Study Report

Refer to Attachment 1, Study Report Appendix B for details on the Interim Process Engineering
Design Package.

Section 3.4 Task 4 - Final Process Engineering and Initial Electrical,

Automation Systems, Utilities and Other Engineering Design Package

Task 4 consisted of seven subtasks as described below:
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Section 3.4.1 Subtask 4.1 - Final Process Engineering and Initial Electrical and
Automation Systems Design Package

After the cold-eye review by the technical committee, their comments were incorporated in the
final design or resolved otherwise as documented in Appendix B of the Study Report. Some
recommendations by the technical committee were noted for incorporation or further
investigation in the next phase of the project.

In addition to updating and finalizing the documents developed in Subtask 2.2, Initial Process
Engineering Design Package, the following additional documents were prepared as part of the
Initial Electrical and Automation Systems Design Package:

e FElectrical single line drawings and controls architecture drawings.
e Routing of cables and underground utilities.
e Electrical load list.
e Emergency diesel generator specifications.
e Uninterruptible power supply (UPS) specifications.
e Capture block electrical building layout.
e Switchgear and transformer specifications.
e (Cable and raceways descriptions.
e Earthing and Lightning Protection.
e Lighting.
e Electrical Interfaces.
e The following design features of the electrical systems aspects were confirmed:
o Power factor correction.
o Short circuit.
o Load flow.
o Transient stability.
o Harmonic distortion analysis.

The automation system initial design package was developed and included the following key
documents/topics:

14



e  Overall control systems architecture

e  Control philosophy and approach: human factors
e  Safety and shutdown analysis and provisions
e  Safety and automation system

¢  Gas and emissions monitoring and metering
e  Startup and shutdown considerations

e  Primary control system and equipment

e  Central control room layout

e Local equipment/instrument room layouts

e Packaged equipment controls interface

e Field instruments and devices

e External controls systems interfaces

e  Major upset conditions

Control systems operational aspects were developed from the control systems architecture
specification to include normal, upset and shutdown operating modes. Carbon capture process
control methodology and required functionality and instrumentation were developed and
presented in narrative and diagram formats.

Refer to Attachment 1, Study Report chapters 3, 4 and 6 for details on the Final Process
Engineering Design Package and Initial Electrical, Automation Systems, Utilities and other
Engineering Design Package.

Section 3.4.2 Subtask 4.2 - Hazard and Operability / Process Hazard Analysis
Documentation

HAZID Review:

After completion of the process design, a team of knowledgeable individuals representing all
relevant functions and disciplines was formed and several discussions held to examine the
hazards associated with the post-combustion capture and compression (PCC) Plant Retrofit to
the Natural Gas-Fired Combined Cycle (NGCC) Power Plant (PP). Integration of the two
facilities was reviewed with regards to impact on environment, safety and security, health,
constructability, interface hazards, etc. Safeguards were recommended and/or items identified
so they can be resolved during detail engineering.

The study reviewed a wide range of possible project issues and considered future project
phases.

The safeguards identified in the HAZID study are based on the design proposed during the
FEED stage and served as the front-end input to other risk management and process hazards
analysis studies conducted during later stages of the FEED. Recommendations made shall be
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addressed during the engineering, procurement, and construction (EPC) phase of the project.
The following systems were addressed in the HAZID study:

Impact of the existing Sherman NGCC power plant on the proposed post-combustion carbon
capture facility

Impact of the proposed carbon capture facility on the existing Sherman power plant, from the
flue gas tie-in (at the heat recovery steam generator [HRSG] stacks) to the PCC plant
absorber towers—including the newly installed diversion duct, water mist injection
facilities, and flue gas blowers

Main carbon capture plant (processing trains from the absorber towers to the CO, compression
building, bunded storage tank area, and general inside battery limit (ISBL) areas of the carbon

capture plant).
» General construction and scheduling issues.

HAZID findings for the FEED stage are included in the HAZID worksheet (Attachment 1,
Study Report Appendix N).

Hazop Review:

Another team was formed from all relevant disciplines and functions and the Hazop review was
conducted under the Chairmanship of a Process Safety Engineer using project

P&IDs. Deviations within the project design which could result in unsafe operating conditions
or unexpected operational difficulties were identified during the review and the condition,
function, malfunction, or operation which caused the deviation noted. Safeguards such as
instrumentation, alarms, shutdowns, relief valves, or operator action, that could help mitigate
the situation (consequences) were also identified and recommendations provided when change
was warranted to improve safety or operability hardware, instrumentation, controls, or
operating procedures.

In the HAZOP study methodology, questions were asked regarding the changes/deviations to
the process parameters to examine consequences from a design intent perspective at selected
locations in the process flow.

Deviations were chosen by the team, and any condition, function, malfunction, or operation
that could cause the deviation being examined was noted in the Cause column. The
Consequences column was used to record the resulting worst-case consequences from each
cause if no safeguards were in place. If system safeguards were included in the design—such
as instrumentation, alarms, shutdowns, relief valves, or operator action, which could mitigate
the situation (consequences)—these were entered in the Safeguards column of the worksheet.
If the available safeguards were not sufficient to protect the plant from the identified
consequences, the team decided that a change was warranted to improve safety or operability,
and recommendations were noted in the Recommendations column for a revisit during the
detailed design of the EPC phase. These changes could be in hardware, instrumentation,
controls, or operating procedures. The HAZOP worksheet serves as a record of the sessions.

Refer to Attachment 1, Study Report Appendix O for details on the HAZOP review.
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Section 3.4.3 Subtask 4.3 - Civil Engineering

The PCC site is adjacent to the NGCC plant as shown in the plot plan, 26301-000-P1-0010-
00001 (Attachment 1 Study Report chapter 4). The selected site is relatively flat, and the
amount of earthwork required for the rough grading of the site is minimal as shown in Drawing
26301-000-CG-0000-00001 (Attachment 1 Study Report Appendix R).

The soil properties for the PCC site were considered the same as those for the NGCC plant due
to proximity of the two sites. See Attachment 1 Study Report Appendix T for the preliminary
soil analysis. It is recommended that an investigation be conducted specifically for the PCC
site prior to the engineering, procurement, and construction (EPC) phase to confirm the site’s
soil properties. There are no known underground utilities in the PCC area, but this should also
be confirmed during the EPC phase.

The geotechnical report for the NGCC plant indicated that soils consist of clay, CL (lean) to CH
(fat), overlying shallow bedrock. The fat clay layer is thin near the ground surface; evaluation
for NGCC foundations had concluded that shallow mat foundations are acceptable without the
risk of heave and settlement. PCC plant foundations use the same basis as the NGCC; it was
concluded that piles or piers are not required.

Stormwater runoff determination was based on design storm having a 10-year recurrence
interval, 24-hour duration. Surface runoff will be controlled using ditches and/or catch basins
and underground conduits. The drainage for uncontaminated runoff from the plant area,
including roof drainage from the buildings and enclosures, will be diverted to natural
watercourses through closed conduits and/or open ditches. The site drainage plan is shown in
Drawing 26301-000-CD-0000-00001 (Study Report Appendix R). The site is above the 100-
year flood boundary and has no wetlands.

Prior to start of construction, a permit will be required from the Texas Commission on
Environmental Quality (TCEQ) for stormwater discharges during construction. The U.S.
Environmental Protection Agency (USEPA) has delegated the implementation of the National
Pollutant Discharge Elimination System (NPDES) program to TCEQ. The requirements for
erosion and sediment control for the PCC site are expected to be similar to the program adopted
for the NGCC. Soil erosion and sediment controls will generally consist of control of runoff,
vegetation stabilization, and sediment traps. All slopes, drainage ditches, and other exposed
areas will be stabilized by vegetation. Sediment traps such as hay bales or synthetic filter fabric
(silt fence) will be installed around catch basin inlets, culvert inlets, and at the top and toe of
slopes.

Grading and pavement designs comply with the applicable codes and standards as well as
national highway regulations.

The groundwater at this site is expected to fluctuate seasonally based on precipitation according
to the observations made during NGCC geotechnical investigation. Where excavation is carried
out below the groundwater surface, a dewatering system will be required to maintain
groundwater elevation below the working surface of the excavation so that backfilling and
material compaction are not affected by groundwater.
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Refer to Attachment 1, Study Report chapter 8 for details about the Civil Engineering Design
Package.

Section 3.4.4 Subtask 4.4 - Structural Engineering

Design of structural and miscellaneous steel is in accordance with the American Institute of
Steel Construction (AISC) Specification for Structural Steel Buildings. Materials for structural
steel and miscellaneous steel conforms to the requirements of the American Society for Testing
and Materials Standard Specification for Structural Steel, ASTM A36, A572 Grade 50, A913
Grade 65, A992. Structural steel and miscellaneous steel for exterior use are galvanized.

Structural steel grating is welded and galvanized and shall conform to Federal Specification
RR-G-661, type I. Bearing bars will be 1-1/4 in. x 3/16 in. minimum at 1-3/16 in. on-center
(O.C.) with crossbars at 4 in. O.C. minimum.

Structural steel typical sections and details, are shown in Drawings 26301-000-S0-0000-00001,
26301-000-S0-0000-00002, 26301-000-S0-0010-00003, and 26301-000-S0-0010-00004 in
Attachment 1 Study Report Appendix R.

Refer to Attachment 1, Study Report chapter 8 for details about the Civil Engineering Design
Package.

Section 3.4.5 Subtask 4.5 - Mechanical Engineering
The Mechanical Engineering design package included the following activities:

e Heat balances for the power plant
e P&ID’s for systems listed below:
- Steam
- Flue gas
- Compressed air
- Fire protection
- Compressed gasses
- Potable water
- Steam condensate
- Cooling water
e Sizing of the following key mechanical equipment
- Air compressors and dryers
- Main cooling water pumps
- Pressure vessels

- Flue gas duct from stack tie-in to flue gas blowers
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e Equipment data sheets were prepared to obtain budgetary quotes
e  Overall facility performance was evaluated

e  Water balance was developed

Development of the General site plan views, 3-Dimensional model and equipment elevation
sections and plan drawings, piping/tracing/insulation line list and material specification, piping
isometrics, and piping layout/routing drawings is described under Task 5, Layout Design
Package.

Mechanical Utility Systems:

The mechanical utilities for the Sherman post-combustion carbon-capture and compression
(PCC) plant are as follows:

e Steam (low pressure [LP] and medium pressure [MP])
e Condensate

e Potable water

e Cooling water

e  Fire protection water

e Compressed air

e Inert gases (nitrogen)

The requirements for these utilities are listed in Attachment 1 Study Report Appendix I. The
heat and mass balances in Document 26301-000-M4-CN-00001 (in Study Report Chapter 3).
These utilities support the plant’s main amine process for capturing COa.

The PCC plant piping design is governed by ASME B31.3, plumbing code, NFPA, and/or local
codes as applicable. The line designation table is shown in Attachment 1 Study Report
Appendix H and piping material classes are given in the piping class selection document
(26301-000-3DS-P72G-00001 in Appendix F).

Piping is designed to resist plant-specific loads. Typical loading for a piping system includes
the following:

e Dead loads

e Live loads

e  Wind loads

e Seismic loads
e Test loads

e  Temperature and pressure loads
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Parts of the PCC plant requiring insulation to reduce heat loss or afford safety to personnel are
thermally insulated. Piping, ducts, and other hot surfaces within reach of personnel are limited
to 60°C regardless of ambient conditions or have standoffs or other protection in combination

with insulation to meet this standard.

Thermal insulation materials are calcium silicate, fiberglass, or mineral fiber. Asbestos
materials are prohibited. A jacket or suitable coating is provided on the outside surface of the
insulation. Where a hard-setting compound is used as an outer coating, it is non-absorbent and
non-cracking. Thermal insulation remains chemically inert even when saturated with water.
Insulation system materials, including jacketing, have a flame spread rating of 25 or less when
tested in accordance with ASTM E 84.

A pipeline list was developed that identified large bore piping, heat trace and insulation
requirements, and piping class designations.

Design temperature limits for thermal insulation are based on system operating temperature
during normal operation.to allow for more realistic cost estimates.

Refer to Attachment 1, Study Report chapter 5 for details about the Mechanical Engineering
Design Package.

Section 3.4.6 Subtask 4.6 - Fire Protection Engineering

The fire water system is shown in P&ID 26301-000-M6-PF-00001 in Attachment 1 Study
Report Appendix A.

The PCC plant is provided with an 8 in. fire loop that receives water from the NGCC
underground fire loop. Two separate fire water supply lines feed the PCC plant fire loop.
Isolation valves are provided so that fire water supply is available if a portion of the fire loop
has to be isolated. The fire water will be supplied at approximately 11.5 barg and at ambient
temperature. The system is sized to supply the design maximum water demand for automatic
suppression system plus 114 m*/hr for fire hydrants or hose stations based on National Fire
Protection Association (NFPA) requirements.

The fire loop provides firefighting water to yard hydrants, hose stations, and the automatic wet
pipe sprinkler system through service water branch lines. The only automatic suppression
system is the wet pipe sprinkler system covering the CO, compressor area.

Fire hydrants are spaced at approximately 250 ft (76 m) intervals around the fire loop. The
hydrants are located in accordance with NFPA 24 and local fire codes. Hose houses are
provided for each hydrant. The fire protection system is augmented by portable fire
extinguishers located throughout the plant.

The F&G detection system is largely an alarm system, but it can also take actions other than
activating remote or local area alarms devices—such as shutting off heating, ventilating, and
air-conditioning (HVAC) systems upon combustible/toxic gas detection or starting HVAC
systems upon CO2 detection in case of fire or gas or spill detection.
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The plant fire alarm system includes local fire alarms, automatic fire and gas detectors, and a
fire- and gas-detection programmable logic controller (PLC), as required by design codes. The
PLC interfaces with the plant DCS.

As part of safety and health plans, a Fire and Emergency Services (FES) study should be
developed in accordance with ISO 13702 to examine fire and explosion hazards associated with
the PCC plant.

Following are the design objectives of the FES:

e Provide direction to project management in controlling fire and explosion (F&E) hazards
associated with this project

e Establish a strategy to ensure that the identified F&E hazards associated with the
operational development phases are addressed

This section lists preliminary FES components and/or recommendations for the PCC:

e  Fire and explosion hazards
e Ignition source control

e Fire and Gas Detection

e  Depressurizing

e Active Fire Protection

e Passive Fire Protection

e Emergency Power systems
e Drainage systems

Refer to Attachment 1, Study Report chapter 5 for details about the Fire Protection Systems
Design Package.

Section 3.4.7 Subtask 4.7 - Facilities Engineering

The site will have controlled access and CCTV monitoring as described in Section 3.7. The
building that includes the offices and central control room (CCR) will also have controlled
access. The CCR and administration areas have wide corridors and clear exits designed in
simple linear formation to facilitate emergency evacuation.

The CCR and administrative areas of the control/workshop/laboratory building have two 100%
thermostatically controlled, packaged heating, ventilating, and air-conditioning (HVAC) units.
The air-conditioned areas are maintained at 25°C £1.7°C and 55% relative humidity (summer)
and 21°C £1.7°C (winter).

The electrical building has two 100% thermostatically controlled, packaged HVAC units to
maintain conditions suitable for the equipment. The battery room also has two 100% exhaust
fans to limit the hydrogen concentration below 2% by volume.
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The PCC plant’s CO> compressor building has wall mounted ventilation supply fans. The fans
automatically cycle from the thermostat setting. Thermostatically controlled electric unit
heaters are provided to maintain the indoor temperature at 10°C during the winter in
unoccupied areas. In the event of a fire or combustible gas detection, the supply air fans will
automatically trip.

Lighting levels meet applicable Occupational Safety and Health Administration (OSHA)
guidelines.

Section 3.5: Task S - Layout Design Package

The PCC plant is located adjacent to the natural gas—combined cycle (NGCC) Sherman Power
Plant in Grayson County, Texas, which is owned and operated by Panda Power. See
Attachment 1 Study Report Figure 4-4 for PCC location and in Attachment 1 Study Report
Appendix E. The PCC plant is within a fixed area of 70 m x 210 m that includes two flue gas
blowers, two absorber columns, one stripper column, a CO; compressor building, an electrical
building, a tanks/unloading area, and a control/administration/ storage/laboratory building.

The layout design package for the PCC project was developed by Bechtel using industry best
practices to ensure that incompatible pieces of equipment and processes are kept a sufficient
distance apart and safe egress is available from the operating areas.

Safety measures are planned and incorporated with regard to head clearances, walkways, clear
safety escape routes, pull spaces, and machinery maintenance areas. The PCC plant
arrangement is shown on Plot plan 26301-000-P1-0010-00002 and on Layout/General
Arrangement Drawings 26301-000-P1-0010-00001, 26301-000-P1-0310-00001, 26301-000-P1-
0310-00002, and 26301-000-P1-0310-00003. These drawings are included in chapter 4 of the
Study Report. Piping arrangement and elevations of the PCC plant are shown in “P4” drawings
in Appendix E of the Study Report.

Routing of the ducting from the NGCC HRSG stacks was a key factor in determining the
location and arrangement of the absorbers. The two 11.8 m diameter absorber columns are set
to accommodate the incoming 6.2 m square flue gas duct in an equal distribution through the
two flue gas blowers. The associated equipment, pumps, exchangers, and so on are
strategically located to accommodate the shortest possible pipe runs and symmetrical
configuration for the process design.

To control the average circuit and umbilical lengths, the electrical building and the continuous
emissions monitoring system (CEMS) building have been located to be central to the process.
The piping is routed with particular attention to achieving the shortest route. The piping sizes
and wall thicknesses are based on the system design pressures and temperatures. The piping
sizes and pipe class designations for each system are shown on their respective P&IDs (Study
Report Appendix A). The piping material, size, and schedule information for each system are
provided in Pipe Class Selection, document no. 26301-000-3DS-P72G-00001 (Study Report
Appendix F).

Refer to Attachment 1, Study Report chapter 4 for details about the Layout Design Package.
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Section 3.6: Task 6 - Final Electrical, Automation Systems, Utilities and
Other Engineering Design Package and Material Take-Off of Main
Components Design Package

In this task Bechtel completed and issued the final versions of the following design packages
and documents:

e  Project Design Basis

e  Process Engineering design package

e FElectrical, Automation Systems, Utilities and Other Engineering design package
e Hazard and Operability / Process Hazard Analysis Documentation

e  Civil Engineering design package

e  Structural Engineering design package

e  Mechanical Engineering design package

e Fire Protection Engineering design package

e Facilities Engineering design package

e Layout design package

Mechanical and Electrical equipment lists and material take-offs were developed and issued to
Estimating. All documents were reviewed prior to their issue by persons qualified to check and
verify the completeness and accuracy of those deliverables.

Refer to Attachment 1, Study Report chapters 3, 4 and 6 for details on the Final Electrical,
Automation Systems, Utilities and Other Engineering Design Package and Material Take-off of
Main Components Design Package.

Section 3.7: Task 7 - Site Security and Logistics

Site security and logistics were planned during the Hazid and Constructability reviews. A
permanent fence will be provided around the PCC with two gates for controlled ingress/egress.
During construction, the fenced area will be extended, as necessary, to include areas of
construction outside the PCC for the interconnecting ducting, piping, pipe rack, etc.
Unauthorized access to the power plant area will not be allowed during construction.

Normal site security measures will be enforced during construction of the PCC site such as the
traffic plan and emergency response plan. Post construction, integrated emergency response
plan, evacuation plan, and traffic plan will be used by the power plant and PCC plant. Entry to
the plants, including materials deliveries to the site will be controlled.
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CCTVs will be located at the PCC plant for monitoring. In addition, key signals will be
exchanged, and communication link established between the PCC and power plant control
rooms.

Section 3.8: Task 8 - Basic Contracting/Purchasing Strategy and
Constructability Review

For basic contracting and procurement, the proposed strategy should be to source globally and
think locally, matching project schedules with market conditions, shop availability, and
potential local capacity to find the best materials and services at the most competitive prices.

Task & consisted of two subtasks as described below:

Section 3.8.1 Subtask 8.1 - Basic Contracting and Purchasing Strategy
The following activities were performed by the procurement group.

e Key suppliers were identified and contacted to obtain budgetary proposals
e  Traffic and logistics plan was prepared
e  Strategy for procurement of equipment during EPC phase was prepared.

For supply chain, the goal of safely delivering equipment, materials, and services of the right
quality, on time, and within established commercial budgets can be achieved using a
combination of the following buyout strategies:

e A competitive bid, evaluate, award (BEA) process. For select items, shortlisting may take
place based on a preliminary technical and commercial assessment to expedite award. To
the extent practical, low-cost country sourcing from proven suppliers and “manufacturer’s

standard” strategies should be used.

e Single-source procurements. The procurement group should evaluate single-source
procurements based on customer standardization initiatives (if any; that is, limit
operational spare holdings), positive past performance, favorable commercial terms from
recent projects, and where there are appropriate opportunities to leverage strategic
agreements. This strategy will save both Engineering and Procurement service hours
while striving for target pricing at or below previous project levels and foster business

relationships within the supply chain.

e Sole-source procurements. Equipment selections resulting from the FEED study and
lessons from the pilot plant should be considered for sole-source procurement in

collaboration with Engineering and vendors.

e Consider online bidding (reverse auction) for commodities where it may be commercially
advantageous. These commodities consist of items such as cable, cable trays, bulks, and

general service pumps.

e Identify commodities that could be procured off-the-shelf (OTS), eliminating the need for

a technical evaluation.

e Consolidate commodities, where possible, to reduce the number of purchase orders which

will reduce job hours and increase purchasing volume to drive down commitment costs.
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e Promote opportunities to procure the supplier’s standard equipment (“buy what they
build”) to reduce cost, improve quality, shorten vendor drawing review, and shorten
delivery.

e Direct hire execution supplemented by specialty subcontractors.

e Incentivize early receipt of critical vendor data and critical path services with key selected
suppliers/subcontractors.

e  Make limited use of liquidated damages.

Contracting Strategy:

One major EPC vertical lump sum turnkey (LSTK) contract package is recommended for easier
coordination and to ensure that all responsibilities lie with one contractor.

The alternative contracting plan options are based on the principle of identifying a small
number of large contracts. This allows the larger, more capable construction companies to be
engaged in their area of expertise. In addition, there will be several smaller service-type
contracts in which smaller companies will participate. Contract packages should be determined
using the following parameters:

e Integrated project schedule requirements

e Technical and functional uniqueness

e Engineering design schedule

e Equipment and material delivery schedule

e Capability and availability of local contractors

The contracts could be a mixture of horizontal and vertical packages.
The selection of the form of contract to be used should depend on several factors:

e  The nature of the work and/or technology
e  The maturity of engineering completion

e Capability of contractors

e Availability of contractors

e  The degree of schedule control required
e  The risk profile of the work package

e The amount of risk transfer vs. cost

Section 3.8.2 Subtask 8.2 - Constructability Review

A construction representative was assigned to lead the constructability review but it was
conducted jointly by Construction and Engineering groups and input from Procurement group
was also obtained, when needed. Constructability review considered the delivery dates of the
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equipment for the construction sequencing and ensured that sufficient space is available to set
each heavy lift.

In addition, the constructability plan considered the following:

e Safety

e Quality

e  Timely completion

e  Productivity

e  Environmental issues
e  Cost-effectiveness

e  Operability

e  Maintainability

e Reliability

The construction scope is subdivided into two construction areas:

e  Modifications within the Sherman NGCC plant
e PCC plant

One of the goals of the constructability plan was to minimize disruption to the operating NGCC
plant and reduce the outage periods. This led to the decision to use a mix of stick-build and
pre-assembly approach as the preferred construction method. It was also agreed that a security
barrier should be established between the NGCC plant and the PCC plant to ensure that only
authorized personnel are present at the NGCC site.

Constructability reviews performed for the heat recovery steam generator (HRSG) stack tie-in
determined that the minimum duration of outage for this work. A four-week outage window
would be sufficient to complete the tie-in only if several construction activities are performed
prior to the outage. An evaluation of the potential impacts to construction led to the decision to
ensure that the guillotine dampers are installed during the pre-outage scope of work. The
dampers will have to be installed and tested pre-outage to ensure that the flue gas can be
isolated once the tie-in is made. This would permit construction and testing activities to
continue on all equipment downstream of the dampers.

For the PCC plant, a step-by-step construction sequence from the initial site preparation to the
final commissioning was prepared. Absorbers and stripper towers will be installed as soon as
their on-site fabrication and testing is complete. The identification of installation dates for the
absorber and stripper towers allowed the rigging sequence for related ductwork and pipe racks
to be established.
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After the absorbers and stripper towers are set, the installation of large-bore pipe commences.
An important constructability issue is crane access around the towers during pipe installation.
Therefore, areas with restricted access are a primary focus early in the piping phase.

The compressors are long-lead critical equipment. Constructability reviews revealed that the
building design needs to accommodate late delivery of the compressors. Compressor sections
are transported into the building through the roll-up door and rigged onto the foundation. This
approach permits the bulk of the building to be constructed without the compressors.

A Level 1 construction schedule was prepared after the constructability review. The integration
of construction knowledge and experience into the planning, design, and engineering process
are the greatest benefits of the constructability program.

For further details on Basic Contracting / Purchasing Strategy and Constructability Review,
refer to Chapter 15 of the Study Report (Attachment 1).

Section 3.9: Task 9 - Cost Estimation Design Package

The cost estimate was developed using the following approach:

e Budgetary quotes were obtained for all the major equipment, bid evaluations performed,
and cost estimates that should be used were decided.

e In-house data was used for all equipment and material costs that were not covered by the
budgetary quotes.

e An estimating plan was prepared and it included all the qualifications and assumptions
used for cost estimation.

e OPEX estimation was done
e Impact of operating hours was calculated on the capacity factor and operating cost.

The capital costs for the PCC plant at Sherman, which is sized to treat the flue gas from an
equivalent power plant operating at 420 MW output, are provided in Table 1 below and in
Appendix AC of the Study Report. The quantities associated with this cost estimate are
included in the Appendix as well.

Table 1: Capital Cost Estimate

. Stack connection/modification including engineering, procurement, construction, and all ducting o e
within the operating plant property ”

Flue gas conditioning including engineering, procurement, construction from operating plant fence
2 $52,418,588
to absorber inlet flange

CO, absorption including engineering, procurement, construction from flange in flue gas
3 $79,589,477
conditioning, and utility systems to flange toward solvent regeneration system
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10-A

10-B

10-C

Solvent regeneration including engineering, procurement, construction $40,740,128

CO, compressor and conditioning including engineering, procurement, construction from flange

solvent regeneration system, and utility system to flange of the CO, pipeline to transport project $43,349,473

General utility system including engineering, procurement, construction $51,319,711

Civil structural work including engineering, procurement, construction $46,915,097

DCS, communication, main power supply, all distribution system and auxiliary system including $55,674,815
engineering, procurement, construction

General (indirect) costs $59,132,274

Contractor’s costs $444,990,899

Owner’s cost 5,009,101

Direct cost 450,000,000

Interest during construction, 1-1/2 years at 4% 27,000,000

Total cost 477,000,000

Cost Estimate Assumptions:

Estimate is based on worldwide sourcing, with 1) no country and or melt of origin
restrictions, 2) no Buy American Act obligations, and/or 3) any other potential project
financing obligations such as export credit agencies (ECA), overseas private investment
corporations (OPIC), international financial institutions (IFI), and international
commercial and investment banks.

Includes per diem for 60% of craft.
The cost includes only 2% forward escalation.
Pilot plant costs are excluded from this estimate.

Costs are specific to the Sherman, Texas site and associated Transportation & Logistics,
soils, craft, climate, and so on.

Estimate includes builder’s risk insurance and general liability. All other insurances are
excluded (marine cargo, terrorism, and so on).

Taxes are excluded.
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OPEX estimate is shown in Table 2.

Table 2: Operating cost estimate is as follows (excluding capital cost recovery):

$100,000 mil
Personnel 40 people x ——— = $4.0 —
person X yr yr
Solvent $1.14 9 2 kg 9 645,000 tonne _ $15 m_ll
yr tonne CO, yr yr
Maintenance allowance $4.5 m_ll
yr
. mil
Admin allowance (parent company) $1.0 —
T
Reclaimer waste disposal 1732 tonne X $500 =% 0_87m_ll
yr tonne
Annual operating cost $20_30m_ll
yr

The total cost per tonne of CO; captured (on the basis of operating 5,000 hours/year) is shown
in Table 3 below:

Table 3: Cost per Tonne of CO> Captured

Annualized capital cost 83.10
Annual O&M cost 31.40
Total cost per tonne CO, 114.50

Refer to Attachment 1, Study Report chapter 16 for details on the capital and operating cost
estimates.

Section 3.10: Task 10 - Final Front-End Engineering Design Study Package
The final Front End Engineering Design Study Report was issued after completion of all the

tasks described above. That Study Report is included as Attachment 1 to this Final Scientific
and Technical Report.
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Section 4: Summary

Bechtel has performed a front-end engineering design (FEED) for a post-combustion capture
and compression (PCC) facility that captures approximately 85% CO; from the flue gas
directed from a natural-gas combined-cycle (NGCC) power plant. The design is based on using
a low-cost generic solvent, mono-ethanolamine (MEA), an absorber-stripper cycle, and multi-
stage centrifugal compressors. The study includes quantities, cost estimates, and schedule for
installing the carbon capture and compression plant at the Sherman combined-cycle power plant
in Texas, a duct-fired 758-MWe facility with F-class gas turbines.

The overall capital cost for the PCC retrofit is estimated at $477M, including indirect costs,
owner’s and contractor’s costs, and interest during construction; completion is 30 months from
notice to proceed. CO; absorption equipment, at 34%, is the largest part of the cost; two
cylindrical stainless-steel absorbers are used, internal diameter 11.8 m and 44.3 m straight
section, with a superficial gas velocity of 2.76 m/s and a total packing height of 15 m in two
beds. Flue gas conveyance and conditioning, via a 6 x 6 m duct, with a water fogging system to
reduce flue gas temperatures, accounts for 23% and the stack modifications, cutting a grid of
perforations feeding into a transition manifold—a further 7% of capital costs. The solvent
stripper and reboilers costs are 17% of the total. CO compression and conditioning account for
19% of capital costs.

The study estimated baseline CO: capture costs (both annualized capital and annual operations
and maintenance [O&M] together based on current pricing) at $114.50/tCO,, were dominated
by capital recovery charges. For a 70/30 debt-to-equity ratio with 6% interest rate on debt over
15 years and 12% return on equity—plus post-carbon capture (PCC) operation for an average of
5,000 hours per year—these total $83.10/tCO; for just the annualized capital portion.

Average foregone electricity revenues as a result of reduced output when supplying PCC with
extraction steam and its electricity requirements are assessed at $25/MWh, contributing
$13.00/tCO; captured. Other costs are maintenance ($7.00/tCO»), staffing ($7.75/tCO>),
solvent replacement ($2.30/tCO»), and waste disposal ($1.35/tCOy).

Electric revenue loss is based on Sherman power plant net output reduction of 67.3 MW due to
LP steam extraction and PCC electricity requirements. The PCC plant is not intended to be
operated during limited periods when the Texas ERCOT power grid has elevated prices (up to
$9,000/MWhr) or when the power plant is not operating.

The economic review of the Sherman PCC project is based on 5,000 hours per year of operation
of the PCC at its full capacity (see Table 4). Although this may be overly optimistic in the
context of the ERCOT market with its high rate of increase in renewable generation, the
ancillaries market in ERCOT continues to evolve and may provide opportunities for additional
generation hours at Sherman. The capacity factor assumption requires detailed interrogation
prior to the customer’s financial investment decision.
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Table 4: Total Annual Cost; 5,000 hrs per year basis

Annualized capital cost 53.6
Annual O&M cost 20.3
Total annual cost 73.9

It should be recognized that the hours of operation that the PCC plant will operate each year
have a significant impact on the annualized capital cost per tonne of CO; captured, as seen in
Table 5 below:

Table 5: Operating Hours Impact on Capacity Factor and Capital Cost

5000 645,000 57% 83.108
4000 516,000 46% 103.90
6000 774,000 68% 69.25
7750 1,000,000 88% 53.60

As can be seen in the example above, the over-estimation of the capacity factor (hours and rate
of operation) of the PCC results is a dramatic under-estimation of the real capture cost.

Key economic metrics of the Sherman Carbon Capture project are presented in Table 6 below:

Table 6: Power Plant Carbon Capture Economics

Economic Values Units Current R&D Value Target R&D Value
Cost of Carbon Captured $/tonne CO2 114.50 114.50
Cost of Carbon Avoided $/tonne CO2 136.50 136.50
Capital Expenditures $/MWhr 3243 32.43
Operating Expenditures $/MWhr 11.50 11.50
Cost of Electricity $/MWhr 63.93 63.93!

! Assumed cost of electricity is $20.00 per MWh without carbon capture.
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A pilot testing program is proposed to resolve any design uncertainties highlighted in the report,
generally duplicating all process elements of the full-scale PCC unit apart from CO> product
compression.
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Section 5: Recommendations for future research and development

At the time of this FEED study, no full-scale NGCC power plants with PCC have been built
anywhere in the world; even pilot studies using NGCC flue gas conditions are limited. This
leads to a lack of data for process simulation model validation under conditions of interest for
commercial NGCC+PCC plants, that is, low CO» concentrations, relatively low absorber
packing heights, and low liquid-to-gas ratios. MEA concentrations above 30 wt% have also
received little previous attention in public domain testing.

Slight differences in performance modeling predictions were observed between ProMax® and
the MEA Steady-State Model from the Carbon Capture Simulation Initiative (CCSI) running
under Aspen Plus® 10, leading to some uncertainty in precise values for the FEED design
parameters. In addition, model predictions do not consider the actual variation in performance
that can be expected under nominally constant process conditions. During normal operation,
the solvent will not be a pure MEA solution but will attain an equilibrium composition as
degradation and build-up of impurities are matched by reclaiming. Fouling and so on in service
will also degrade component performance (for example, heat exchangers, pumps, and fans).
These effects can be assessed based only on realistic long-term testing.

The power and PCC plant loads may also, in practice, change rapidly enough for the plant never
to achieve complete steady-state operation as process models assume. Transient modelling can
be employed but again requires verification.

A pilot testing program is therefore proposed to resolve most of these design uncertainties,
generally duplicating all process elements of the full-scale PCC unit apart from CO> product
compression. The pilot plant will operate solely on flue gas from the Sherman power plant,
accommodating the same frequent shutdowns of up to 48 hours that are expected for the
commercial plant, with consequent possible impacts on PCC solvent quality and overall system
performance. Pilot plant sizing is based on a stripper column diameter of 0.4 m, which is
considered by some packing vendors as the minimum diameter for meaningful test data, with a
corresponding absorber diameter of 1.0 m.

For test purposes, it will be possible to use 10, 15, or 20 m of packing in the absorber and to
assess reduced stripper packing heights. The primary pilot plant test objectives are to confirm
the base case mass and energy balances for the PCC unit under design steady-state conditions;
assess long-term solvent management requirements and reclaimer performance; confirm
emissions levels of MEA, ammonia, and other degradation products in the absorber vent gas
during long-term operations; and determine equipment corrosion rates and confirm materials
selection. Initial confirmation of CO; recovery and heat and mass balances should be possible
within a 30- to 60-day test program, but credible confirmation of amine degradation rates,
reclaiming effectiveness, emissions rates, and system corrosion should be based on at least a
12-month run. With additional runs—for example, at reduced or increased packing heights—
the overall test program would last 18—-24 months.

33



ATTACHMENT 1

Front-End Engineering Design (FEED) Study for a Carbon Capture Plant Retrofit
to a Natural Gas-Fired Gas Turbine Combined Cycle Power Plant
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