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IEA GHG OVERVIEW

Background

IEA GHG has undertaken several studies on power plants with CCS which include assessment
of operation at steady state full load. An important aspect which has not been considered in
detail is operability, which includes the ability to change the power output in response to
changes in power demand, to be able to accommodate changes in ambient conditions, fuel
compositions etc., to be easily started-up and shut-down and to be able to accommodate
equipment failures in a safe manner.

Operability of fossil fuel power plants is likely to become more important in future as more
renewable power systems with variable outputs and more nuclear plants, which are relatively
inflexible, are built to reduce CO, emissions. The operability of power plants with CCS could
have a major impact on the extent to which CCS will be used in future and it could also be a
significant factor in the choice of the optimum CO, capture technology. However, little
information on the operability of power plants with CCS is currently available.

IEA GHG has employed the University of Waterloo in Canada to undertake an initial scoping
study on CCS plant operability which provides the following:

- Areview of operability drivers and issues within electricity systems

- Arreview of literature on operability of power plants with CCS

- Discussion of techniques for the detailed assessment of the operability of power plants
with CCS

- Discussion of the trade-off between operability and cost

- A proposed scope of a detailed study, including an estimate of the amount of effort
required

Results and Discussion

Operability drivers and issues within electricity systems

Much of a power generator’s need for operability results from control actions taken by
electricity system operators, in particular due to variations in electricity demand. Other factors
such as changing ambient conditions and fuel analyses can also be significant. To provide
background to the discussion of CCS power plant operability, this report discusses the main
drivers for power plant operability within present and future electricity systems and the resulting
operability issues for power plants.

Literature on operability of power plants with CCS

To date there is little mention of the operability of power plants with CCS in the literature. Of
the three different CO, capture approaches: post-combustion, pre-combustion and oxy-
combustion, operability of oxy-combustion has received the most attention. Extensive gaps exist
in the consideration of the important operability issues of power plants with CCS and it is not
possible to comment on the relative operabilities of the three capture options. Some further work
may be being undertaken by CCS process licensors and utilities but such work is not in the
public domain. There is a need for a public domain, impartial analysis of the operability of the
leading CO, capture technologies which would be available to other researchers, potential



customers of CCS technologies and policy makers. Undertaking impartial technical analyses is
one of the main roles of IEA GHG.

Techniques for the detailed assessment of the operability of power plants with CCS
Techniques are available for the assessment of flexibility, controllability and start-up and
shutdown issues. The technical discussion of these techniques included in this review will
provide a basis for a more detailed study on CCS plant operability. In anticipation that
commercially-available process simulation software will be used to perform the studies, four
applications that have been featured in the literature on power plants with CCS have been
identified and their capabilities investigated. Of these four: AspenPlus®, Unisim
(formerlyHYSIS), gPROMS and Pro Treat, all but the latter appear to be well suited to the
investigations that are proposed.

Trade-off between operability and cost

Improving the operability of a process may result in higher costs. It is important to understand
the trade-off between costs and benefits of improved operability. While costs are relatively
simple to assess, estimating the benefits is significantly more difficult and to do so with
reasonable accuracy requires the simulation of the overall electricity system. Future electricity
systems may be substantially different from current systems and will vary between countries, so
the application of CCS power plants in a range of systems should be assessed.

Proposed scope of a detailed study
The scope of a study that would assess the operability of CCS power plant more deeply is
proposed. The four main areas of the study, which would be undertaken sequentially, are:

Flexibility: The focus is on steady-state performance of the power plants with CO,
capture at a variety of conditions

Controllability: The scope is expanded such that dynamic performance of the processes
is considered in the face of set-point changes and disturbances

Start-up/shutdown: At this level, the dynamic performance of the processes in the special

cases of start-up and shutdown are also included in the analysis
Operability trade-offs: Information garnered from the above studies is used to enable the
benefits of operability to be assessed

The study would cover examples of the three leading CO, capture processes, namely post-
combustion, pre-combustion and oxy-combustion capture. The effort required for the proposed
study is estimated to be 4-11 man-years. The uncertainty depends mainly on model development
and the capabilities of the investigators undertaking the work.

Major Conclusions and Recommendations
Operability is an important consideration for power plants operators and it is likely to become
even more so in future due to the increased use of renewable energy sources with low-CO,
emissions. It could be a significant factor in the choice of the optimum CO; capture technology

and it may also affect the extent to which CCS will be used in future.

There is currently little published work on operability of power plants with CCS.



The amount of effort required for detailed analysis of the operability of power plants with CCS
would be substantially greater than that of IEA GHG’s other technical studies. For such a study
to go ahead addition funding would be needed, for example from any IEA GHG Members and
Sponsors that are especially interested in this subject.

IEA GHG will organise a workshop to discuss CCS plant operability. This will involve
researchers working on modelling and design of CCS plants and modelling of future electricity
systems. This may lead to IEA GHG setting up a network of researchers on this subject and
organising technical studies.



University of

Waterloo

%

Scoping Study On Operating Flexibility
of Power Plants With CO, Capture

prepared for
International Energy Agency Greenhouse Gas R&D
Programme

by

Colin Alie and Peter Douglas

Department of Chemical Engineering
University of Waterloo
Waterloo, Ontario, Canada N2L 3G1

August 4, 2008



Contents

1 Introduction| 1
1.1 Study objectives . . . . . .. 1
1.2 Definition of operabilithl ......................... 1
1.3 Outline of report . . ... 2

2 Operability within today’s electricity systems 3

2.1 Operability drivers . . . . . . . . . ...

221 Flexibility ISSUES . . . .

3
2.2 Operabilityissues . . . . . . . . . . . 6
6
7

\2.2.2 Controllabilityissues . . . . . . . . . . ...

2.2.3 Issues related to start-up/shutd\own. v <)

2.3 Summary of operability of existing powerplants . . . . .. ... ..

2.4 Closing EMArKS . . o o o o e 20

3 Review of literature on operability of power plants with ccs 22

4 Techniques for the detailed assessment of the operabilibf power plans with

CCS 30
4.1 Evaluation of flexibility . . . . . ... 03
4.1.1 Flexibility testproblem . . . . . . .. .. ... ... ...... 30
4.1.2  Flexibility index probleh\ ..................... 32
4.1.3  Assessing flexibility of power plants with CCS ........ 32
4.2 Evaluation of controllabilify ....................... 37
4.2.1 Frequency response approach . . . . ... ... ... ..... 38
4.2.2  Simulation approakh ....................... 40
4.2.3 Assessing controllability of power plants with CCS..... 41
4.3 Start-up/shutdown . . . . . . . ... 43
4.4 Tools for evaluating flexibility of power plants withCCS ... . ... 43
4.4.1 Review of Aspen PI@:{AspenTecﬁ) ............... 45
4.4.2  Review of UniSim Design (formerly HYSYS, Honeywell) ... 47
4.4.3  Review of gPROMS (Process Systems Enterprise, Ltd.). . 49

4.4.4  Review of ProTreat (Optimized Gas Treating, Inc.) . ...... 50




5 Assessing the trade-offs between operability and cost 52

6 Proposed scope of detailed study 57
6.1 FIeXiDility . . . . oo 59
6.2 Controllability . . . . . . 60
6.3 Start-up/shutdown . . . . . . .. ... 61
6.4 Operability trade-offs . . . . . . .. .. ... ... .. ... ..., 62
6.5 Comments regarding proposed detailed operability Etudy ...... 63

7 Conclusion 65

A Reformulation of flexibility test problemas an MINLP problem\ 66

List of Symbols 68

\List of References 70




List of Tables

Flexibility issues of existing power plahts ..............

Summary of information availability on flexibility of poweplants with

CCS . e

Summary of information availability on controllabilityf power plants

with CCS . . . .

Summary of information availability on start-up/shutdoaf power plants

with CCS . . . .

Examples of uncertain parameters associated with difféiexibility is-

SUES . . . . o e e e e e e e e e e e

Examples of set-points and disturbance variables asedaiath differ-

ent controllabilityissues . . . . .. ... ... L L oL

Software used for simulating power plants with CCS . . . . ......

Summary of effort required for detailed operability study. . . . . . .

Summary of effort required for supplemental anal&/ses. e

63
64



List of Figures

1

Classification of existing power plants with respect to oatability and

start-up/shutdown characteristics . . . . .. ... .. ... .. ...

Summary of operability drivers andissues . . . . .. .. ... .....

Uncertain parameter space when parameters independent. .. . . .

Uncertain parameter space when parameters depéndent. - e

Block diagram for closed-loop process with feedback céntro. . . .

Process flowsheets for post-combustion capture usingessoiments . .

Simple electricity system bus diagﬁam ..................

Onion diagram for power plant with G@apture operability study . . .



1 Introduction

1.1 Study objectives

The IEA GHG (International Energy Agency Greenhouse Gas R&myRmme) has
devoted considerable resources toward the study of poveetsplwith CCS (Carbon
Capture and Storage). However, past studies have only @eslithe steady-state per-
formance of these processes; tperabilityhas, to date, been ignored. Given that oper-
ating flexibility may be the deciding factor in terms of:

* the overall adoption of CCS as a gdnitigation strategy and

* the choice of the optimum CCrapture technology,

and that little information on the operating flexibility obywer plants with CCS is
currently available, the IEA GHG believes that a detaileal@ation of the three leading
CO, capture technologies €., post-, pre-, and oxy-combustion), for both coal and natu-
ral gas, is in order. This study, representing a first ste@tdwneeting that goal, has as
objectives to:

 determine the existing state of knowledge,

identify the information gaps that exist,

 suggest approaches to secure the missing information, and

estimate the effort required to fulfill the above objecsive

1.2 Definition of operability

Operabilityis the ability of a process to operate satisfactorily unaerditions different
than the nominal design conditions.[1] To declare a prot@ssrable”, four criteria must
be met:

1. The process must beexible That is, the process must be able to operate in an
acceptable manner over a range of steady-state conditions.

2. The process must lmntrollable That is, it must both be able to recover from
process disturbances and move to new set-points in a melamunle¢imely fashion.

3. The process must be able to be (easily) started-up andistaurt.

4. The process must accommodate equipment failures in arsafeer.

In this study, the emphasis is on the first two criteria witmamniconsideration given
to start-up and shutdown and none with respect to the ldstiom.

1



1.3 Outline of report

Operability becomes an issue when processes are requiesthfit to changing condi-
tions. In Section 2, aspects of current electricity systémasnecessitate operability are
described. In addition, characteristics of future eletirisystems that have operability

implications are also presented.

The treatment of operability as it relates specifically tovpoplants with CCS be-
gins in Section 3 with a review of the existing relevant ktierre. This is followed by a
discussion in Section 4 of approaches for quantifying pseoperability and then by the
presentation of a methodology for performing operabilibgttbenefit analysis in Sec-
tion/5.

Finally, recommendations for the scope of a detailed studyaen in Section 6.



2 Operability within today’s electricity systems

Electricity systems consist of generators and loads, adedevia a transmission system,
under the coordination of a system operator. Electricistays are designed to safely
and reliably provide consumers with electricity, on deman@n economically efficient
manner. As conditions within electricity systems chanbe,g@xpectation is that genera-
tors’ operation will adapt to compensate. This sectiontedy presenting ‘drivers’ for
operability within present-day electricity systems andapates as to what new drivers
will present themselves in the future.

Contemplation of the drivers for operability within the dledty system leads to the
identification of several essential points to consider weesduating the operability of
existing or proposed power plants. Presentation of theseabpity issues is given next.

Finally, this section concludes with a summary of how erigtion-fossil fuel power
plants and those fossil-fired plants without CCS fare in #uefof the operability issues
relevant in today’s electricity systems.

2.1 Operability drivers

With respect to present-day electricity systems, much efgtanerators’ need for oper-
ability results from control actions taken by system opamat

* Electricity systems are, for the most part, demand driVidre almost continuously
varying demandequires near simultaneous adjustment of generatorsubaip
large-scale storage of electric energy is infeasible.

» Through a process callathit commitmentsystem operators select the states that
generators are to assume in future time periods. The typighlcommitment
problem will cover a single day subdivided into 24 one-hawetintervals. Up to
four different states are considered:

Cold shutdown: the unit is completely shutdown

Warm shutdown: the unit is shutdown but the generator is kept ‘warm’

Unit synchronized, no load: the generator frequency is synchronous with that of
the grid but power is not being injected

Unit in operation: the generator is injecting power to the grid

» Solving the unit commitment problem requires an estimdteach generator’s
capabilit@ and of total electricity demand for each future time intérnées part of
the unit commitmentreserve capacity— extra generation capability beyond the
anticipated requirement — is committed:

1Capabilityis the maximum amount of power that a generator is able toetedit a given moment in
time.



— to accommodate unexpected changes in generator capability

— to account for uncertainty in the demand or price forecast,

— to provide some protection in the case of an unexpected emuipfailure
— etc

Note that different classes of reserves exist distinguighyethe speed with which
the reserve capacity can be brought online. For exampleytbs for the Ontario
Electricity Market identify 10-minute and 30-minute opkmg reserves.

* Immediately prior to a dispatch interval, system opematoe charged with deter-
mining theoptimal power flow Solving a load flow problem consists of finding
a reasonable set of voltages, phase angles, and power floars thie electricity
demand, the generators in operation, and the charaatseritithe transmission
system. In practice, many different feasible load flowstexisl the optimal power
flow is the load flow which optimizes the performance metrigndérest. Some
examples are:

— generation cost

— pollutant emissions

— combined cost and security
— minimum load shedding

» Occasionally, the transmission line capacity is insudficifor the most economic
electricity dispatch. This condition is referred to @gestion One method of
relieving congestion is for system operators to re-digpgeneration. That is, to
provide a new set of power output instructions such that estign is alleviated.

* Many loads require a well-controlled frequency to run mndyp and, thusfre-
guency controls an important function of system operators. Frequencygbs
occur whenever the supply and demand of electricity arembéaiance. If system
operators need to increase power output, a new dispatcehgtish is given to the
marginal generators which typically have ten minutes tpoes.

In other cases, generator owners require flexibility androdability to respond to
their own unique challenges.

* The heat input characteristic of a generator can be depéngenseasonal vari-
ationswhich affect things like ambient temperature and coolingewéempera-
ture. By illustration, according to data collected at the .UN&tional Oceanic and
Atmospheric Administration’s Buffalo office, water in Lakei& the source of
Nanticoke Generating Station’s cooling water, varies leetw0.6C and 23C2
Assuming a steam temperature of 33§main steam temperature of Nanticoke),
the Carnot cycle efficiency goes from a maximum of 66% to a mimmof 63%
— a substantial difference.

2Measured at a depth of 9m.



* In the face ofuel-price volatility a generator owner might be inclined to substitute
fuels in an effort to minimize generation costs. For examible Lennox Generat-
ing Station, located on the eastern shore of Lake Ontares fiatural gas most of
the year but switches to fuel oil residues during the winteewdemand of natural
gas for space heating causes its price to jump.

» Fuel heterogeneitgt power plants using, for example, coal or municipal waste a
a primary energy source, if uncontrolled, can lead to suiov@ and even unsafe
power generation.

Deregulation, energy security, climate change, and dersigiednanagement are the
dominant forces guiding the evolution of electricity syste Thus, in the future, new
and different operability drivers will become manifest.

* In aderegulated electricity systemmarket-based mechanisms are used to deter-
mine the generators and loads that are active in any timegand to arrange
ancillary services. In theory, deregulation creates amfthl revenue streams for
nimble generator companies to exploit.

* An increasing share of generating capacity maybe-dispatchablée.g, solar,
wind, run-of-the-river hydroelectric, tidal). In the alose of new energy storage,
greater reserves will be required to manage the uncertauepavailability from
these generators.

» A push towardssnergy self-sufficiencgncourages the use of domestically pro-
duced and, perhaps, alternative fuedgy( biomass) either as a replacement or a
supplement for imported fuefs.

» Regulation ofCO, emissionwvill become pervasive; C&emission caps (whether
hard caps or intensity based) and/or carbon taxes will gpieeenore countries as
will areas participating in C®emission trading regimes.

* Nuclear powewill experience a resurgence as it is capable of produciecietity
without emitting CQ while also being dispatchable. Nuclear generators, though
are ill-suited to frequent load changes.

» Hydrogen is gaining appeal as an energy carrier ahgidesogen economgould
present an opportunity for power plants with co-genergpiotential.

» There may be more interestéombined heat and powetants. These plants allow
for greater overall plant efficiency by making use of wastatliem power gener-
ation. These plants may be less flexible than plants thatggednly electricity or
only heat.

30ne could also argue that energy self-sufficiency is a dtiwgard wind and solar power.



 Providing generation capacity for demand ‘spikes’ is algggoposition angeak
shavingwould delay the need for new capacity by increasing the ggpatiliza-
tion of existing stock. One way of achieving timely reduaosan electricity de-
mand is by increasing the number of interruptible loads éndlectricity system.

* “Smart” meter deployment enables the implementation aftleer peak shaving
initiative. These electricity meters capture both the tane quantity of electric-
ity consumed and their broad deployment allawse-of-usepricing to be imple-
mented. Consumers are charged the market price of eleg{jacia time-sensitive
tariff) — a price that changes to reflect the ease of matchipgply to demand in
any given time period. Presumably, allowing consumersdel*the true price will
allow more efficient use of the resource.

2.2 Operability issues

Given the aforementioned operability drivers in presentfature electricity systems, the
following operability issues emerge. An exhaustive discus of each issue is beyond
the scope of this report but, that being said, for each issxemnples of questions that
fall within its domain and the motivating operability drigeare presented.

2.2.1 Flexibility issueld

1. Part-load operation.

Can the generator operate at part-load? What is the minimud? |d%hat is the
maximum load (which may exceed the nameplate rating)?

Drivers: frequency control, reserve capacity, non-dispatchabl&lear power,
combined heat and power

2. Support for standby modes.

Can the generator be placed on standls, (warm shutdown)? A generator on
standby has a net power output of zero but can begin prodymimger more
quickly than if it were completely shutdown. However, maintng this advanced
state of readiness incurs additional expenses that mayerfollis recoverable.

Drivers: unit commitment, reserve capacity, non-dispatchable Jeaucpower,
combined heat and power

3. Changing ambient conditions.

Can the generator accommodate changes in ambient condi@ansambient air
temperature, temperature of cooling water source, winddjesc)?

4Flexibility refers to a generator’s ability to operate in an acceptahbienar over a range of steady-state
conditions.



Drivers: seasonal variations, combined heat and power

4. Variable fuel inputs.

Can the power plant, in whole or in part, make use of differeield? Can the
power plant accommodate the changing properties of hetesmys fuelsd.g,
coal, municipal waste)?

Driver: fuel price volatility, energy self-sufficiency

5. Variable CQ capture rates.

Can the emission rate of G@ary independently of the plant load? If so, what are
the minimum and maximum rates of G@apture? Can the power plant operate
without capturing C@?

Drivers: optimal power flow, congestion, unit commitment, reserveciy fre-
guency control, non-dispatchable, regulationGD, emissions
6. Unsynchronized hydrogen and electricity production.

Can a pre-combustion plant divert a portion of its hydrogedpction away from
electricity production — either to be stored for later ettty production or sold
into the hydrogen economy? For that matter, can hydrogenitmhased from the
hydrogen economy in lieu of being produced on site?

Drivers: congestion, unit commitment, frequency control, hydragmmomy

7. Unsynchronized hot water/steam and electricity pradaoct

Can a combined heat and power plant change gross electnfpraheat output
independent of the other?

Drivers: congestion, unit commitment, frequency control, combiveed and power

8. Variable CQ transmission and well injection.

Can the CQ transmission system and well injection accommodate diffeflow
rates of CQ?

Drivers: regulation of CQ emissions, peak shaving, time-of-use pricing

2.2.2  Controllability issue€
1. Ramp rate.
How quickly can a generator respond to a change in set-point?

Drivers: congestion, frequency control, non-dispatchable, nucfeaver, com-
bined heat and power

SControllability refers to a generator’s ability to recover from processudistnces and move to new
set-points in a measured and timely fashion



2. Variable CQ capture rates.
How quickly can the C@emission rate be varied?

Drivers: optimal power flow, congestion, unit commitment, reserveciyy fre-
guency control, non-dispatchable, regulationG®, emissions

3. Variable CQ transmission and well injection.

How quickly can the CQ transmission system and well injection accommodate
different CQ flow rates?

Drivers: regulation of CQ emissions, peak shaving, time-of-use pricing

4. Resiliency.
How well can the process recover from disturbances?

Drivers: fuel variability, changing ambient conditions

2.2.3 Issues related to start-up/shutdown

1. Generator start-up and shutdown.

After being shutdown, how long must a generator wait untdah be restarted?
How long does it take for a generator to come online afterdggircold shutdown?

Warm shutdown? Synchronized, no-load state? And, how laeg @ take for a

plant that is running to be shutdown?

Drivers: congestion, unit commitment, reserve capacity, non-disyédole, nu-
clear power, combined heat and power

2. Start-up and shutdown of G@apture plant.

Is it possible to start-up and/or shutdown the &@pture-part of the plant without
requiring simultaneous start-up and/or shutdown of theegeor? If so, how long
does start-up and shutdown take?

Drivers: congestion, reserve capacity, non-dispatchable, regaaif CO, emis-
sions

2.3 Summary of operability of existing power plants

Existing power plants are grouped in the following categsiri

1. Wind
2. Solar (therma{f)

5Most likely configuration is a solar concentrator with a that fluid or steam driving a turbine.

8



Solar (photovoltaic)
Hydroelectric (with storage)
Hydroelectric (run-of-the-river)
Nuclear

PC (Pulverized Coal)

Natural gas/oil (thermal)

© © N o 00 b~ W

Natural gas/oil (SCGT (Simple-Cycle Gas Turbine))
10. NGCC (Natural Gas Combined Cycle)

11. IGCC (Integrated Gasification Combined Cycle)
12. Diesel

From the point of view of flexibility with respect to existingower plants, there
are four key issues that need to be considered: part-loagtoge® support for standby
modes, changing ambient conditions, and variable fueltiﬁ?pAn analysis of the power
plants with respect to these flexibility issues is given ibl&dL.

"Diesel generators, burning either oil or gas, are typica#igd in remote communities or to provide
emergency backup. This category is listed for completesalss but it is felt that diesel’s niche role in the
power generation sub-sector is reason to preclude it frathduconsideration.

8The other flexibility issues — variable G@apture rates, unsynchronized hydrogen and electricity
production, unsynchronized hot water/steam and elegtrarioduction, and variable CQransmission
and well injection — are omitted as they are not relevant twgyglants inexistingelectricity systems;
significant CQ capture from power plants has yet to be implemented and ttiebgn economy has yet
to rear its head.
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Table 1: Flexibility issues of existing power plants

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

Wind

power output is continuously

variable from 0-100% of rated

capacity

wind speed,u, must exceed
a minimum threshold (abou
3.5-5m/s) for power output
[2,13,4,5]

exists an upper-end cut-out
speed where the system turns
the turbine out of the wind or

brakes

e No.

—

e power output,P, affected by
changes in wind speed® =
f (u)

» At most, small to modest affeg

on power output with changing

ambient air temperaturep O
1/T and relationship betwee
power output and air density i
likely P = f (p®)

—

(2=}

No.

Solar
mal)

(ther-

power output is continuously
variable from 0—100% of rate
capacity

correct thermal fluid temper
ature and pressure threshol
must be met in order for powe
output to be possible

e supports warm shutdown an
d synchronized, no-load states

=

upon intensity of incident sun
light although thermal inertig
delays the onset and dampe
the effect of variations in elec
trical output caused by inten
sity changes

de power generation is dependente

1

a solar thermal

of energy to supplement (g
replace) solar energy but th
would suggest suboptimal sit
ing of the solar thermal gene
ator

continued. ..

installation
could use an alternative sourg
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Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

Solar (photo-
voltaic)

power output is continuously

variable from 0-100% of rated

capacity

there exists a threshold inten

sity below which no power is
generated

e No.

* no light (e.g, at night), no

power output

clouds, smogetc are an issueg
as power output is directly pro
portional to light intensity but
the extent of the influence de
pends upon collector type.@,
standard or concentrating cell)
and whether or not the array
designed for diffuse light

n

* No.

Nuclear

limited possibility for part-load
operation if incorporated intg
design

base-load steam temperatu
and pressure is relatively loy
and, hence, part-load operatig
is particularly inefficient

changing loads introduce
change into a heavily safet
system-loaded design whic|
increases the risk of transien
that might cause units to trip

* No.

<

o< Om

(s

changing cold sink temperd-+ No.

tures affect the achievable con
denser vacuum which, in turn
affects the overall efficiency
(by about 1-2%) and the un
capability

—

the effect is more pronounced
for sites with cooling towers as
opposed to lake bottom cooling

continued. ..
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Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

Hydroelectric
(w/ storage)

power output is continuously

variable from 0-100% of rated
capacity subject to cavitation

prevention

no threshold flowrate require
for power generation; open th

gates, close the breakers and

electricity will flow

e No.

D &=

e gross head can experien(

large seasonal fluctuations and
power output is a function of
head and flowrate. Generators
capabilities’, particularly those
with low head, will fluctuate in

accordance with these changes.

ces No.

Hydroelectric
(run-of-the-
river)

power output is continuously
variable from 0—100% of rate
capacity

no threshold flowrate require
for power generation; open th
gates, close the breakers a
electricity will flow

¢ No.

i

D =<

inlet volumetric flowrate can o
experience large seasonal fluc-

tuations and power output is ja
function of head and flowrate.
Generator output will fluctuA
ate in accordance with these
changes.

continued. ..




€T

Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

PC

power output is continuously
variable over the interval
[Pminapmax]

turn-down to between 20—259
using just coal is possible [6, 2

auxiliary fuel may be used 4
low loads to support unstabl
burners([7, p 1132]

minimum load is a function of
steam cycle efficiency, impact
on steam turbine and boilg
components,  controllability
cost of shutdown/startuetc

Pmax> Phase(i-€., itis possible
to exceed the base-load pow
output albeit not for extende
periods of time)

e supports warm shutdown an

synchronized, no-load states

de changes in the temperature pfe significant capability to burn

cooling water will have a mod
est effect on plant power outpy

e changes in air density may
[

limit capacity because of fa
limits

* wet and frozen coal will have

a small effect on power plan

output (the main impact is on

process stability) due to re
duced pulverizing

different coals although lowe
quality coals will incur an effi-
ciency penalty

—

* itis possible to co-fire biomas

nor equipment modifications

t « petcoke can be co-fired wit
coal depending upon the pe
coke type €.g, fluid, sponge,
etc), the original properties
of the liquid fuel €.g, fuel
source determines increases
SOy, SO;, NOy that are expe-
rienced), and cost

(perhaps up to 20%) with mit

h
t

in

continued. . .
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Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

Natural
(thermal)

gas

e power output is continuously
variable over the interval
[Pmina Pmalx]

e minimum power output is ber

tween 10-25% on a continuod
basis but it can be less depen
ing upon steam turbine, boile

design acceptable life expendi

tures, and cost (very inefficien
at low loads and natural gas
expensive)

=

—

e supports warm shutdown an
synchronized, no-load states

de changing cold sink temperg
tures will have a modest effeq
on the power output

 to a lesser extent, thermal eff
ciency depends upon the amh
ent air temperature

-+ generally possible for a light
t fuel oil or a liquid or gaseous
fuel derived from biomass to
be used but radiant and comn
vective characteristics may he
different and hence heat trans
fer surfaces need checking and
sometimes modification

continued. ..



aT

Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

Natural
(SCGT)

gas

e power output is continuously
variable over the interval
[Pmina Pmalx]

e minimum power is theoretiq
cally between 20-30% but, i
practice, Pmin = 70%+ 10%
for efficiency and emission reg
sons

* various means are available fi
temporarily increasing pea
output but at the cost of gas tu
bine parts life and maintenang
cost

Dr

-
1

* no, it is not possible to isolatg
combustion from power gene
ation

-

thermal efficiency depend
upon ambient
typical lapse ratesi.g., rate
of power reduction versu
ambient temperature) are 22
and 12% for aeroderivative an
frame SCGT's, respectively
from 15°C to 32°C [8]

high ambient temperatures r¢
sultin a reduction of maximun
power output [8]

inlet air cooling and humidifi-
cation is done to offset the im
pact of increasing air tempet
ature on the efficiency of thg
Brayton cycle

temperature;

5 can use syngas, biofuel, arn

D

D

also ail (in the latter case, con
siderations at the design sta
would have been required)

hydrogen-rich fuelsife., natu-
ral gas) provide the greatest c
pacity and efficiency; switch
ing to, for example, residua
oil would result in capacity and
efficiency reductions of abou
10% [9]

continued. ..
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Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

NGCC

e power output is continuously
variable over the interval
[Pmina Pmalx]

» exhaust from the gas turbin

can bypass the HRSG (Heat
Recovery Steam Generator) [,

p 4]

e The turndown ratio depend
upon the ratio of power be
tween the gas turbine and th
steam turbined.g, 1x1, 2x1,
3x1). For a 1x1, performanc
is similar to SCGT. That is
power output could be as loy
as 20-25% but usually kep
at 50+% due to efficiency an
emissions. N@and CO rise a
lot as load is decreased belo
50-65% for most units.

« significant efficiency drop al
minimum load compared t¢
base-load operation (perhaj
about 40%][9])

* various means are available fi
temporarily increasing pea
output by between 3—-10% by
at the cost of gas turbine par
life and maintenance cost

[¢]

)

e

o ———

» the exhaust from the gas tu
bine could be vented whicl
would keep the gas turbin
and, maybe the steam turbin
warm

o steam turbine supports warl
shutdown; support for syn
chronized, no-load is possibl

if steam turbine does not shar

shaft with gas turbine

W

DS

Dr

It

IS

r-- thermal efficiency, on a pert ¢
h centage basis, is affected less
e than for SCGT because bot
e, toming cycle makes up for th
loss of power generation fron
the gas turbine

11 T

=)

- e still a signficant impact on
e power output with changing
e ambient temperature: abuot
0.5% reduction in capability
for every I'C increase in tem-

perature/[9]

» thermal efficiency takes a h
due to changing lake temperi
tures (if that is the cooling wart
ter supply) but this is almost int
significant relative to the drop
experienced by changing al
temperatures and/or if coolin
towers are the cold sinks in th
bottoming cycle.

)-Illr—o-

ORI

can use syngas, biofuel, and
also oil (in the latter case, con-
siderations at the design stage
would have been required)

hydrogen-rich fuelsife., natu-
ral gas) provide the greatest ca
pacity and efficiency; switch
ing to, for example, residual
oil would result in capacity and
efficiency reductions of about
10% [9]

dual-fuelling is also possi
ble (.e, supplemental firing
downstream of the gas turbin
to increase the amount an
quality of steam production)

o D

continued. . .
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Table 1: Flexibility issues of existing power plartentinued. . .

Flexibility issues

Part-load operation

Support for standby modes

Changing ambient conditions

Variable fuel inputs

IGCC

e power output is continuously
variable over the interval
[Pmina Pmalx]

* part-load capability is poor relt
ative to that of a PC plant —

likely a minimum of 50%

e as with NGCC, the exhaus
from the turbine could be

vented which would keep the

gas turbine and, maybe th
steam turbine, warm

t e thermal efficiency change rg
sulting from deviations in am

D

have a major affect

e power output is essentially
constant with respect to chang

ing ambient air temperatur
[10]

 thermal efficiency of the bot
toming cycle would be mod
estly impacted by changin
cold sink temperatures

» wet and frozen coal will have
a small effect on power plan
output (the main impact is of
process stability) due to re
duced pulverizing

bient air temperature would

11

L)

= ar—

-« possible to use different coals
but would experience a mg
jor de-rate for switching from
bituminous to sub-bituminous,
for example

issues with co-firing moderat
to high amounts of biomas
due to changing slagging char
acteristics

L2

e GE units have dual-fuel ca
pabilities; either configured
for syngas/natural gas or sym
gas/liquid[10]




With respect to controllability and start-up/shutdowre gower plants belong to one
of four categories as depicted in Figure 1. The relevantroiability issues are the ramp
rate of the units and the speed with which they can be stanpesihd shutdown.

existing
plants
dispatchable non-dispatchable
fast-start slow-start predictable unpredictabl@
SCGT PC nuclear wind
hydro w/ storage NG (thermal)  run-of-the-river hydro solar
NGCC
IGCC

Figure 1: Classification of existing power plants with reggecontrollability and start-
up/shutdown characteristics

Dispatchable, fast-start:

» power plants are able to respond very quickly — defined tmhmder ten minutes
— to dispatch instructions from the system operator

e can reach base-load conditions from a cold start withis $hime ten minute time-
frame [8]

* historically, each shutdown/start-up cycle adverselgants SCGT life but newest
units don’t suffer from this [8]

Dispatchable, slow-start:

 within their control range, these plants can respond tpadch instructions very
quickly (i.e., good load-following ability)

» can only provide reserve power if currently in operationrosynchronized, no-
load state

®Whether wind and solar are correctly classified as predietablunpredictable is debatable. Wind
and solar are predictable on a broad energy basis but havedictable, rapid fluctuations over a wide
load range from one dispatch interval to the next. In theexrdf controllability, it is this later behaviour
which is most relevant and, hence, they are deenmguledictablefor this study.
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e start-up time measured in hours [9]; shutdown can techniba very quick but it
is preferable it if were néf

Non-dispatchable, predictable:

* limited ability to control power output

— inthe case of nuclear, power output is deliberately kepstaot over dispatch
interval

— in the case of run-of-the-river hydroelectric, it might bespible to reduce
power output by causing part of the flow to circumvent the ingtbut, in
general, power output is subject to the vagaries of the viiaer

* power output is known with almost complete certainty ouwait ctommitment plan-
ning horizon

» with respect to start-up and shutdown, these power plartessentially always
0

Non-dispatchable, unpredictable:

» on-demand changes in power output (except for eliminadingput completely)
are not possible

 unpredictable, rapid fluctuations over a wide range froma dispatch interval to
the next

* significant uncertainty with respect to power output oveit commitment plan-
ning horizon

* the fluctuations in power output from these sources has tmibgated by other
technologies which causes fuel and emissions impacts tleahat usually ac-
counted for

* the concepts of start-up and shutdown are not applicable

1OMulti-shaft NGCC's can start the gas turbine independerthefsteam turbine thereby achieving up
to 65% power output within 15-25 minutes[9, p 27]

UThe start-up and shutdown processes for nuclear powersgagdifficult to justify economically and
technically and, therefore, not initiated unless necgs&ag, for scheduled maintenance, emergencies).

19



2.4 Closing remarks

In this section, drivers for operability in electricity $gms are introduced. In present-
day electricity systems, operability enables system dpesdo orchestrate the safe and
reliable delivery of electricity and allows generator owséo respond to changes in
weather, fuel properties, and market conditions. And, eviiiportant today, with the
apparent increasing popularity of deregulation and dersaofelmanagement techniques
and growing concerns with respect to energy security amdaté change, operability
within electricity systems is likely to become even moreartpnt as time goes on. These
operabilitydriverslead to the identification of severasuesagainst which potential new
entrantsice., power plants with CCS) into the electricity should be wvetteor reference
purposes, these drivers and issues are given in Figure 2.

The review of existing power plants with respect to flextjlicontrollability, and
start-up/shutdown revealed that, overwhelmingly, getoesaeach vary in their ability to
cope with off-design conditions. And, when coupled withestimformation regarding,
for example, the relative cost of generation and the emmssittensity of these different
forms of power generation, it is painfully evident that tk&able operation of the system
requires a ‘basket’ of power generation technologies.
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combined
heat
. and
regulation power
of COp
emissions deregulated
electricity
systems
peak
shaving seasonal
variations optimal
power
. flow frequency
congestion
unit
commitment
hydrogen
economy

Flexibility issues

. Part-load operation.

. Support for standby
modes.

. Changing ambient
conditions.

. Variable fuel inputs.

. Variable CQ capture
rates.

. Unsynchronized
hydrogen and electricity
production.

. Unsynchronized hot
water/steam and
electricity production.

. Variable CQ
transmission and well
injection.

non-dispatchable

control

self-sufficiency

fuel
heterogeneity

time-
of-use
pricing

fuel-
price
volatility

reserve
capacity

nuclear
power

Controllability issues

1. Ramp rate.
2. Variable CQ capture
rates.

3. Variable CQ
transmission and well
injection.

4. Resiliency.

varying
demand

Start-up/shutdown issues

1.

Generator start-up and
shutdown.

. Start-up and shutdown

of CO, capture plant.

Figure 2: Summary of operability drivers and issues
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3 Review of literature on operability of power plants with
CCS

Although many papers in the open literature discuss poveertplwith CQ capture, only
a small percentage of the published reports speak to thealoipsr of these processes.
In most cases, reference to operability is only in passing:

» Patrick Monckert,et al. discuss their experiences operating a 0.5 {M@xky-
coal combustion pilot plant. A start-up procedure is démsaibut, admittedly, it
won'’t scale-up.

Issue touched upon: start-up/shutdown

* Vijay Sethi,et al.[12] report the results from a study comparing air-fired casib
tion with oxy-combustion of lignite, sub-bituminous, anduininous coals using
a test rig. Flexibility was not of particular interest to tieeresearchers but their
experiment does show that it is possible for the same equipto@perate in both
air-fired and Q/CO,-firing modes.

Issue touched upon:variable fuel inputs

« Graeme Sweeney [13] briefly describes the “The Stanweljeer a proposed
200 MW, IGCC being built alongside an existing 1400 MWC power plant in
northeastern Australia. The IGCC will have both capture @owcapture modes
with efficiencies of 34% and 40%, respectively.

Issue touched upon:variable CQ capture rates

» Kvamsdal,et al. gualitatively compare different GQOcapture processes in
terms of maturity and operational challenges. The auttwarsht on the ability to
start-up, shutdown, and control G@apture process only to say that all capture
processes save amine absorption would have non-triviahtipeal challenges.

Issue touched upon: start-up/shutdown

e Sandengt al.[15] describe Just Catch™: a project whose aim is to drambtica
reduce the capital and operating costs of amine-basedcpasbustion capture.
A design objective is to allow the power plant to operate ewéen the capture
process is not available.

Issue touched upon:variable CQ capture rates

 Kourosh Zanganeh and Ahmed Shafeen [16] propose a paratiifinwith respect
to the design of oxy-combustion power plants: intentiorgakss of air into the
cycle instead of attempting to eliminate (minimize) itslinéition. They examined
the sensitivity of parasitic energy consumption and flueogasposition to varying
amounts of “air leakage”.

22



Issue touched upon:variable CQ capture rates

 Varaganiet al. [17] report their results from experiments conducted using5
MW4, pilot-scale oxy-combustion boiler. One of the experimerusducted was
to observe the impacts resulting from substituting air ferit©the boiler.

Issue touched upon:variable CQ capture rates

» Sekkapparet al. [18] discuss the results of techno-economic studies offary-
combustion using three different coals: South Africantituwous, German lignite,
and Greek lignite. They state that, for oxy-combustionitsip will use air firing
with emissions being released to the atmosphere and a tedtswitch-over to
O,/CO,-recycle combustion at some later time.

Issue touched upon: start-up/shutdown

 Sarofim [19] discusses the state-of-the-art with respeaixiy-combustion. He
surmises that in times of need, net power output could beasad by:

1. Venting a fraction of the flue gas.
The fraction of the flue gas that is vented does not have to bgrEssed
thereby increasing the net power output. In this fashionfaup% of the
original electrical output of the plant could be restored.

2. Substituting air for Q.
Using air instead of @would reduce the energy consumption of the ASU
(Air Separation Unit). In this fashion, up to 16% of the ongi electrical
output of the plant could be restored.

Issue touched upon:variable CQ capture rates

 Knudseret al[20] report on their experiences operating &1 &mine-based post-
combustion pilot plant. As their initial attempt to assdss dperation of the pilot
plant under off-design conditions, the inlet flue gas floerist reduced to 25%
of its design value while keeping the L/G ratio in the absordznstant. It was
observed that the recovery rate stayed the same and th#icspsmovery energy
increases with decreasing flue gas flowrate.

Issue touched upon: part-load operation

Arienti et al[21] examine the cost and performance of the co-generafidty-o
drogen and electricity using IGCC technology with CCS. Ad pathe study, it
is demonstrated that the ratio of hydrogen to electrictydpobion can vary from
1.3:1to 3.1:1 while operating the plant at full load and reszong 85% of the CQ.

Issue touched upon:unsynchronized hydrogen and electricity production

Only a handful of research groups are explicitly investiggathe operability of power
plants with CQ capture. Two of these groups are focused on oxy-combustion:
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* Yamadaet al. use a dynamic simulation of a 1000 MV¥xy-combustion
power plant to simulate plant start-up and examine its lpad-and base-load op-
eration.

— The base-load, steady-state design calls for five ASU’s. ousgnificant
ASU start-up costs, an optimization study at 60% of basd-tesealed that
it is more economical to keep all the units running rathentlar example,
having three ASU’s running at 100% of capacity with the otiner shut-off.

— Power output set-point is ramped from 600 to 1000 M&Y a rate of 1.8
MW/min (3% of 600 MW;). About 20 minutes is required to achieve the
new steady-state.

— The authors show a start-up procedure that takes about 16 tooreach 600
MW, from “light off” conditions.

Issues considered:part-load operation, ramp rate, start-up/shutdown

* Lars Imsland [23] considers the controllability of oxyefucombustion using dy-
namic models. He reaches two relevant conclusions:

— FGR (Flue Gas Recycle) is open-loop unstable and controlis taquired.
Changes in fuel and oxygen input resulting from changes id lnast be
offset by changes in COoutput. If more fuel is introduced, more recycle
will be necessary to control the temperature in the furnace.

— Relative to air-fired combustion, oxy-fuel combustion, wihFGR, will be
“slower”.

Elsewhere, Imslandt al. compare the set-point tracking of oxy-methane combus-
tion under PID-control and MPC (Model Predictive Control%]2 In so doing,
the outline for the development of simplified dynamic modehin oxy-methane
combustion process is given.

Issues considered:part-load operation, variable C®capture rates
The other two groups are considering post-combustion capising amines:

« Alie et al.[25] describe the electricity system generation cost reédnchat is re-
alized when coal-fired power plants with @@apture have flexibility with respect
to the CQ recovery rate. More generally, the paper proposes a melibgpgdéor
assessing this and other g@itigation options.

Issue considered:variable CQ capture rates

» Chalmers and Gibbins [26, 27] consider the flexibility of alefired power plant
with CO, capture using amine absorption. They examine the semgitf/power
output and thermal efficiency to load changes in each of thesng four modes
of operation:

24



1. no CQ capture
2. 85% recovery of C@capture

3. 85% recovery of C@capture but without solvent regeneration (rich solvent
storage)

4. 85% recovery of C@ capture with regeneration of previously stored rich
solvent (twice the nominal C£production)

Issue considered:variable CQ capture rates
Conclusions drawn from the literature review:

» The operability of power plants with GQ@apture is generally not considered when
said processes are being designed or when these desigraragealuated.

» Of the three different C®capture approaches, oxy-combustion operability has re-
ceived the most attention with post-combustion based onesabsorption having
received some and no mention having been found relatingagmprerability of
pre-combustion capture.

» Extensive gaps exist in the consideration of the importgarability issues with
respect to power plants with CCS. No definitive assessmetiteobperability of
the individual technologies is available and it certaigiyot possible to comment
on the relative operabilities of post-, pre-, or oxy-contlmrscapture.

* The gaps in the understanding of the operability of powantd with CCS is
presented in Tables 2 through 4.
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Table 2: Summary of information availability on flexibility of
power plants with CCS

Power generation process

Post-combustion

Pre-combustion

Oxy-combustion

Part-load ability to operate at off-design flue ¢ no information available e simulation of off-design perfor
operation gas flow rates has been demonstrated mance has been carried out
in a pilot plant o o )

e no explicit investigation into the
no information regarding minimum minimum or maximum loads yet un
load or maximum load dertaken

Support for no information available * no information available * no information available

standby modes

Changing no information available * no information available * no information available

ambient

conditions

Variable fuel no information available « no information available « the feasibility of using different

inputs ranks of coal has been demonstrat
using a test facility

Variable CQ several designs that allow for operat- a design that allows for operating thes the performance benefit of reducing

capture rates

ing the power plant without captu
ing CO;, have been proposed

power plant without capturing GO
has been proposed

or ceasing C@capture has been dis

cussed

continued. . .
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Table 2: Summary of information availability on flexibility of
power plants with CC$ontinued. ..

Power generation process

Post-combustion

Pre-combustion

Oxy-combustion

Unsynchronized
hydrogen and
electricity
production

* N/A

* varying the ratio of hydrogen to nete N/A
electricity output at full load has
been simulated

\"{}

Unsynchronized
hot water/steam
and electricity
production

* no information available

* no information available

¢ no information available

Variable CQ
transmission
and well
injection

* no information available

* no information available

¢ no information available
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Table 3: Summary of information availability on controllability of

power plants with CCS

Power generation process

Post-combustion

Pre-combustion

Oxy-combustion

1. Ramprate no information available no information available using dynamic simulation, the feasi
bility of increasing power at a rate @
3%/min has been demonstrated

2. Variable CQ no information available no information available no information available

capture rates
3. Variable CQ no information available no information available no information available
transmission
and well
injection
4. Resiliency no information available no information available no information available
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Table 4: Summary of
up/shutdown of power plants with CCS

information availability on

start-

Power generation process

Post-combustion

Pre-combustion

Oxy-combustion

Generator
start-up and
shutdown

* thought to be trivial

* no procedure available nor any ing
cation as to length of time required

* no information available

e start-up procedures using air-firin
are proposed

* an estimate of the time required
start-up from cold shutdown is avai
able

[0

Start-up and
shutdown of
CO, capture
plant

¢ no information available

e no information available

¢ no information available




4 Techniques for the detailed assessment of the operabil-
ity of power plans with CCS

The objective of this section is to discuss techniques ferditailed assessment of the
operability of power plants with CCS with a focus on fillingetinformation gaps that
exist (see Tables 2 through 4). The assessment of the tHfeeedt operability criteria
of interest in this study — flexibility, controllability, @hstart-up/shutdown — are each
presented separately.

4.1 Evaluation of flexibility

When one proposes to evaluate the flexibility of power plants ®CS, two different
kinds of investigations are suggested. On the one hand lijeetwe is to determine if
process operation is feasible given the anticipated opegrabnditions. For example,
can the power plant accommodate the changes in ambientgyetature, temperature
of cooling watergtc that are to be expected in a particular location? Can the polaet
switch from burning a brown coal to a sub-bituminous one?

On the other hand, one seeks to quantify the amount of fleyibherent in a power
plant design. For example, if part-load operation of the gopant with CCS is possible
then what is the minimum possible power output? Or, whatastlaximum quantity of
hydrogen an IGCC can divert from electricity production?

Biegleret al.refer to these two different kinds of analysis as flle&ibility test prob-
lemand theflexibility index problemrespectively.[1] What follows is a statement of each
problem’s objective, the basic problem formulation, anggastions as to how this the-
ory can be applied to the case of power plants with CCS. Thigosemoncludes with a
survey of process simulation software potentially weltsditoward flexibility analysis.

4.1.1 Flexibility test problem

The objective of thdlexibility test problems to determine if a particular design is flex-
ible given a specified amount of uncertainty in some of thealdes. It is useful to
differentiate between two different classes of sub-pnaistanulti-period evaluatiorand
evaluation under uncertainty

Multi-period evaluations concerned with assessing whether a design is capable of
operating under various specified conditions in a sequehti@me periods. That is:

find z.22,...,2N

st h(d,Zxke5t) =0 vp=12...N;i=12....m L
0 (d, 2 xK 0% tK) <0 Vp=1,2,...,N; j=1,2,....1 (1)
r(d,z4z2,..., 2N xtx2 o xNet e eN tht2 L tN) <0

125 t. = subject to
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ExXAMPLE 4.1

An analyst with the system operator seeks to determine wh#ikre is sufficient capac-
ity to meet the projected demand in some future 24-hour tiem®gd. As it turns out, this
determination hinges upon whether or not a nominally 500 Mdal-fired generator
unit with post-combustion COcapture using MEA (monoethanolami):an deliver
a specified amount of pow&K for each of the 24 time periodk, The analysis is com-
plicated by the fact that there is an upper limit on the dataltCO, emissions from this
power plant. Then, using the formulation in (1), the probkmounts to:

find x&o,, X0, X0, (rate of CQ recovery in every time perigd
st. h(...) = 0 (heat and material balance in each period is satisfied
gj(...) < 0 (power output in each period ks 450 MW)
r...) < 0 (total CG, emissions< emissions cap

In the previous example, the net electricity output of thevgoplant in each time
period,EK, is the uncertain parameter for which flexibility is beingessedd® in (1)).

Evaluation under uncertainig concerned with assessing whether a design is capable
of tolerating a specified amount of uncertainty in some offftueess parameters. Thus,

find 2z
YkeT<{ st hi(d,Zx6 =0 Vi=12..m (2)
gj (d,2xk8) <0 vj=1,2...,r

whereT = {B|6- <@ <8 }.

EXAMPLE 4.2

The nominally 500 MW coal-fired generator unit with post-combustion £€apture
using MEA described in [28] is situated on the north shoreafd.Ontario from which
the power plant draws its cooling water. Over the course®f/tar, the lake temperature
typically varies between 0°€ and 23C. With the unit at base-load, the G@apture
plant operating at the design recovery of 85%, and an assooaudicig water temperature
of 12°C, a net electric output of 344 MWor the plant was calculated. In commenting
on the study, a plant engineer expresses interest in knaftimg 344 MW, power output

is achievable over the full range of expected lake tempegatising the formulation in
(2) as a basis, the problem amounts to:

. find HIk x&
1 2C0;
| akfgrt ;ILS;S;S::E st. hi(...) =0 (heatand material balance satisjied
gj(...) <0 (power output= 344 MW)

13A detailed description of an Aspen Pfusnodel of such a power plant can be found in [28].
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In the previous example, the different possible lake termpees are the uncertain
parameters. Note that there are an infinite number of pestbhperatures 8k varies
continuously over the intervé.6°C, 23°C]. In this case, though, finding feasible values
for HI andxco, at the temperature extremese(, 0.6°C and 23C) would probably be
sufficient.

4.1.2 Flexibility index problem

The objective of thélexibility index problems to measure the amount of flexibility that
is present. For a given design, the feasible uncertain petearspace can be expressed

-~

Theflexibility index problenbasically seeks to characteriRe

hi (d,2%,2,6) =0 Vi:1,2,...,m” 3

gJ (d7zk7zae) SO \V/ J :1,2,...,r

EXAMPLE 4.3

The generator company hires a consultant to help it devisgdenly strategy for its coal-
fired power with CCS; the unit is based upon a design evaluat@8]. The consultant,
having read the study, is aware that 64% of the steam flow ra@xtd from the IP/LP
crossover and fed to the stripper reboiler in order to a&hibe design recovery of 85%.
While this is a substantial reduction in G@missions, the consultant suspects that it
might be possible to further reduce g@missions at times of need at the expense of
an additional de-rating of the power plant. Conversely, whapplementary power is
desired, the C@recovery rate could be lowered. The consultant muses tlf, itSe
what extent can the power plant with CCS deviate from itsgiesecovery rate while
operating at base load?” Assuming that the,G€covery is solely a function of the
fraction of steam extractessieam the problem amounts to characteriziRgvhere:

all . -
B . hi(...) =0 (heat and material balance satisfie
R=q possible .CQ F Xco, ‘ 9j(--.) <0 (XsteanWithin upper and lower limits
recoveries

4.1.3 Assessing flexibility of power plants with CCS

As stated at the beginning of Section 4.1, depending uporileRebility issue being
considered, either thgexibility test problenor theflexibility index problentype analysis
will be indicated. Table 5 lists the flexibility issues frore@ion 2.2.1, the corresponding
uncertain parameters, and an indication as to whethereke dr ‘index’ problems are
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indicateﬂ What follows, then, is a detailed discussion of how the ‘testid ‘index’-
type analyses could proceed.

The specifics of a flexibility assessment will vary with thegessi(e., pre-, post-, or
oxy-combustion), the fuel.g., natural gas or coal), and the flexibility issue being con-
sidered. That being said, prior to performing the flexipiinalysis itself, the following
preliminary tasks are required:

1. Design the process€., select/size major equipment):

2. Develop process modeld., heat and material balancé):

3. Specify the process operating constraigis:

4. ldentify the control variablez

5. Define upper and lower bounds for the control variats&¥}, zmax

Table 5: Examples of uncertain parameters associated with
different flexibility issues

Flexibility issue Uncertain parameters Problem type

1. Part-load operation E and/ormye| index

2. Changing ambient conditions T, Twater, Pair» RHair, Uwind, @ test

Owater

3. Variable fuel inputs X, HV16 test
Variable CQ capture rates mgg’z index
Unsynchronized hydrogen and i, 1 index
electricity production

6. Unsynchronized hot water, Myater, Msteame index
steam, and electricity produc-
tion

7. Variable CQ transmission and MEG,, Mg index
well injection

MRecall that flexibility is important because it is anticigathat the process is to operate at conditions
other than the nominal design conditions. The so-callecertain parameters (1), (2), and[(3) are the
process inputs that, collectively, define the off-designditions the process faces.

15Li!<e with net power plant output, it might be true that, if th&, capture process is in operation,
._capmin

meo, > 0.

18Recognizes changes in fuel characteristics due to fuetdggaeity and changing feed-stocks.

1y, is net the hydrogen used internally for power generation.

18 isteamiS the net steam exported from the power plant; it excludediary steam consumption like,
for example, for CQ capture process.

19Two considerations: it is assumed that all of thes@@ptured is pipelined and, in order fm@%’z #+

r‘hVCV(e)';, a mechanism for temporary G@torage or decompression and venting must exist.
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Analyzing ‘test’-type issues As indicated in Table 5, there are two flexibility issues
which lend themselves to thlexibility test problentype analysis and, more specifically,
evaluation under uncertainthanging ambient conditions and variable fuel inputs.

Preliminary to the actual analysis, the uncertain paransgi@ce,l, must be defined.
First, the domain of each uncertain parameter is specified.

» For discrete variables, each member of the parameter dameads to be explicitly
declared ég, HVCoa|l, HVCoa|27 .. .).

» For continuous parameters, the parameter domain can eedadfby specifying
the parameter’s lower and upper boundg( 0.6°C < Tyater < 23°C).

T then consists of the hyper-space defined by the combinafitmeaincertain pa-
rameters.

Then, for every member ofF, find a value ofz that satisfies the heat and material
balance and the process constraines, (hj andgj, respectively). This can be difficult
when the uncertain parameter space is infinite or near4efigisize. It then becomes
computationally challenging to examine every membef.c8ome workarounds for this
problem are discussed below.

1. Discretize the domain of the continuous variables.

2. Only examine the vertices of the uncertain parameterespac

The critical points are particular combinations of the uncertain parametaregl
for which the process is most infeasible. If the process qaeraie feasibly at
these worst-case conditions then it necessarily must ke tabbperate feasibly
over the entire uncertain parameter space. In generalnibtipossible to iden-
tify these critical pointsa priori. However, if the constraintls; (d,zk,xk,ek) and
of (d,zk,x", 9") define a convex region then the critical points must be fouldea
vertices of the polyhedron defined by the upper and lower éswihthe uncertain
parameters.[29]

3. Only allow one uncertain parameter to vary at a time with dkher parameters
fixed at their nominal values.

4. Reformulate théexibility test problenas an MINLP (Mixed-Interger Non-Linear
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Programming) problem (see Appendix A for the complete @iiwn):
Xx(d)= max u
0,z,u
AiLYj
AL G
st. i;)\iahi(d,z,x,e)-i—glyja—zgj (d,z,x,0) = 0

;
v = 0
=1
Vi [9j(d,z,x,6)—u] = 0
BT, yj>0Vj=12...r
If x <0, then the design is flexible.

Up until now, it has been assumed that the values that untcgaaameters can take
are independent of each other. Thus, the uncertain paragpetee resulting from uncer-
tain parameter8; and@, shown in Figure 3.

92 e2
A A
elZJ + LS . eg i O .
L TN
62 1 O e Py e|é 1 FR. 9L1J x
= . 0 = I >0,
o 0 o d)
Figure 3: Uncertain parameter space Figure 4: Uncertain parameter space
when parameters independent. when parameters dependent.

There are instances, though, where the lower and/or uppés Iof one uncertain
parameter may depend upon the value of another. For exathplepper limit on the
amount of CQ captured depends upon the heat input to the boiler. The tamc@aram-
eter space resulting whéy = f (6,)) is illustrated in Figure 4. In this case, extra care
must be taken when defininigthat infeasible combinations of the uncertain parameters
are excluded.

Analyzing ‘index’ type issues As indicated in Table 5, there are several flexibility
issues which lend themselves to ftexibility index problentype analysis: part-load op-
eration, variable C@capture rates, unsynchronized hydrogen and electriaatgtymtion,
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unsynchronized hot water, steam, and electricity prodactnd variable C&transmis-
sion and well injection.

Several methods for “characterizinB'are proposed below.

1. Map the feasible uncertain parameter space. In casegwheertain parameters
are continuous, the domain will have to first be discretizedrder to make the
search tractable.

2. Only allow one uncertain parameter to vary at a time with dkher parameters
fixed at their nominal values. For each uncertain param#ten, theflexibility
index problenreduces to finding the minimum and maximum feasible values of
the uncertain parameter. That is, finding

B-= min 6
z,0
st. hi(d,z,x,0)=0 Vi=12....m
0j(d,z,x,0) <0 Vj=12....r

and
Y= max 6
z,0
st. hi(d,z,x,0)=0 Vi=12....m
0j(d,z,x,0) <0 Vj=12....r

3. Use the “depth” of the largest hyper-rectangle that camberibed inR as the
flexibility index[30, 31] Using this approach, tHkexibility index problentan be
expressed as:

max o
o)
st. x(d)<o0
T(3)={6[6°-5 T<0<0°+5(00)" }
6>0
where
X(d)= max (d,6)
0eT(d)
and

W(d,0)= min u
Z,u
st. h(d,z,x,0)=0 Vi=12....m
0j(d,z,x,0) <u Vj=12...r

For any particular value of the flexibility inde&, one would have to check that the
process operation is feasibliee(, X < 0) over aII uncertain parametes= T (9).
SinceT (8) = {6]6° —5(A6)” <6< 6°+3(A6)" } can be very large or infinite,
establishing thagk (d) < 0 can be a significant computational challenge. Several
alternatives to a full evaluation exist:
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(a) Discretize the domain of the uncertain paramefiess thatT (8) has a finite
number of members.

(b) Only allow one uncertain parameter to vary at a time whth @ther parame-
ters either fixed at their nominal values or becoming contamiables. This
is akin to the trivial case shown above.

(c) Only examine the vertices of the hyper-rectanglg) (requires that the
constraintsh (d,z¢,x¥,6) andg’ (d,z*,x,8%) define a convex region to be
valid).

(d) Itis also possible, under certain conditions, to refaliate theflexibility index
problemas an MINLP.[30]

It should be noted thaj, as calculated above, will not be a completely objective
measure of flexibility as:
* the hyper-rectangle is centred@it
* the relative dimensions of the hyper-rectangle are fixedhayvalues of
(A8)” and(A8) ™.

The selection of values f@°, (A8)~, and(A8)" is somewhat subjective.

4.2 Evaluation of controllability

The assessment of power plants with CCS with respect to atatiility is concerned
with the dynamic performance of these process in the facéafiging conditions: can
the process recover from process disturbances and newisgs$-in a measured and
timely fashion?

As discussed by Luybegt al.[32], achieving acceptable plant controllability reqgire
engagement across the entire “spectrum of process cantrol”

1. Control hardware and infrastructureselection of sensors and control valves.

2. Controller tuning: determine the tuning constants for controllers in the plant

3. Controller algorithms and DCS configuratiodeciding on the type of controllers
(e.g, PID), assigning input and output variables, specifyirgrrals, configuring
displays.etc

4. Control system structuredeciding what variables to control and to manipulate and
how these should be paired.

5. Process designdesign of the process.

This section is strictly concerned with tagsessmerf controllability; it is assumed
that the distributed control system has already been syizgee Two methods for as-
sessing the controllability are considered — frequencyyaismand simulation approach.
What follows is a review of each method and a suggestion of lemracllability analysis
of power plants with CCS could proceed.
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4.2.1 Frequency response approach

Frequency response approach allows one to study the respbtie system to sinusoids
of all frequencies. In the discussion that follows, refeeewill be made to the system
represented by the block diagram in Figure 5 the responseffimh is given by:

- Ge(S)Gu(S)Gp(S) Ca(s)
Y =Y 9 G G GG S T TT GGG TGS
d
Gy
y £ Gc 5. Gv M. Gp —

i | o |

Figure 5: Block diagram for closed-loop process with feeétzamtrol

Recall that the frequency response of a system can be obtdirexdly from the
transfer function by substitutingofor swherever it appears. The frequency response is
normally presented in the form of a Bode diagram: a log-log alwl a semi-log plot of
amplitude ratioAR, and phase lagp, versus frequency, respectively.[33, p 314]

Open-loop analysis The open-loop transfer functioGoy (s), is defined as:
GoL(s) = Gs(5)Ge(s)Gv(s)Gp(s)
and the corresponding frequency response is:
GoL (iw) = Gs(10) Ge(1w) Gy (iw) Gp(iw)

Analysis of Bode diagram of the open loop-response is tylyiaaed to yield the
following insights:

» Assuming there is a single critical frequency, the Bode @iagcan be used to as-

sess system stability. THgode stability criteriorstates that the process is unstable
if ARis greater than unity at the critical frequency.
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» Calculate the gain margiGM

1

GM = —
ARc

whereAR; is the amplitude ratio at the critical frequency. The gairrgirais the
amount by which the system gain can be increased before gtensybecomes
unstable. Typically, gain margin> 2 is required.

* Calculate the phase margiM.

PM = 180+ ¢

where @y is the open-loop phase whefdo. = 1. The phase margin indicates
how much lag can be added to the system before the system bsagmstable.
Normally, phase margin> 30° is required.

Closed-loop analysis The system response to a change in set-point (assuming-o dis
turbancesi.e., d = 0 in Equation 4) is given by:

y(s) _ Gc(S)Gv(S)Gp(9)
y*(s) 1+ Gs(s)Ge(S)Gy(s)Gp(S)

Analysis of Bode diagram of the open loop-response is tylyicaded to yield the
following insights:

* An amplitude ratio of unity as — 0 indicates no steady-state offset.

* An amplitude ratio close to unity over a wide range of freggies indicates rapid
approach to new steady-state after set-point change.

» The peak amplitude ratio should natl.25.

* A large bandwidth — the frequency at which the amplituderat0.707 — indi-
cates a relatively fast response with a short rise time.thegange of frequencies
over which effective control is possible.

The system response to a disturbance (assuming no changepnist,i.e,, y* =0
in Equation 4 is given by:

y(s) Gq(s)
dis) 1+ Gs(S)Ge(S)Gy(S)Gp(S)

A small amplitude ratio over the entire range of frequen@etesirable as this indi-
cates little deviation from the set-point.
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4.2.2 Simulation approach

The simulation approackconsists of observing the dynamic response of a process to
changes in set-point and disturbances. It is called theulsition” approach but, theo-
retically, nothing precludes the same analysis being coteduusing the actual plant or

a reduced-scale version of it. The general procedure is to:

1. Specify the input.

This requires identifying the variable whose value is tongeand specifying
how it is to change. Examples of input signals are step-adsngpulses, ramps,
sinusoids, random values, and actual plant data.

2. Feed the input into the process and observe the perfoemanc

The time-domain response of the controlled variable is ofgypal interest. That
being said, the effect of the input on the controller outptiso monitored; unnec-
essary, rapid fluctuations in the controller output can esblg affect the final con-
trol element and should be avoided. In the case where the imjustep-change,
below are listed metrics that are used to characterize thardic performance of
the proces

Rise time: time it takes for the output to reach 90% of its final value
Settling time: time after which output remains within 5% of its final value
Overshoot: ratio of the peak value to the final value (should<é.2)
Decay ratio: ratio of the first and second peaks (shouldb@.3)

Steady-state offset:difference between the final value and the set-point (should
be~ 0)

Total variation: ratio of total variation and overall change at steady-stteuld
bex~ 1

The rise time and settling time are indicators of 8peedof the response and
overshoot, decay ratio, steady-state offset, and totét@n speak to itgjuality.

The squared root of ISE seems to give a reasonable trade-off between the the
speed and quality of the response and be used as an index ith t® compare
different dynamic responses.[34]

Another potential index of controllability is theperating window: the range of
feasible steady-state values of process variables thap#wfied design can achieve.[35]
When it comes to determining thaperating window two approaches are commonly
used:

1. keeping the disturbances fixed at zero, the controlleidbias are varied in order
to identify the range of possible set points

20The ‘rule-of-thumb’ performance criteria stated below taien from[[34, p 29].
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2. keeping the set-point constant, vary the disturbanaahlas in order to elucidate
the range of disturbance that can be compensatedfor which the controlled
variables can be maintained at constant set points)

4.2.3 Assessing controllability of power plants with CCS

The specifics of the controllability assessment may varl tié process.g., pre-, post-,

or oxy-combustion), the fuel.€., natural gas or coal), and the controllability issue being
considered. As with flexibility analysis, it makes sensetéotdy considering the vari-
ables within the system that are subject to change. Tabgstthie controllability issues
outlined in Section 2.2.2, examples of variables représgrset-points/disturbances of
concern, and the type of analysis suggested.

Table 6: Examples of set-points and disturbance variables
associated with different controllability issues

Controllability issue Controlled variable/disturbance  fBreed
analysis
Ramp rate E simulation
. cap . .
Variable CQ capture rates Mco, simulation
Variable CQ transmission and Mo, MEo, simulation
well injection
4. Resiliency Tair» Twater, Pair, RHair, Uwind, frequency
Owater

Depending upon the controllability issue being consideosek is either interested
in assessing the set-point tracking performance of thesyst its disturbance rejection
ability. Prior to performing the controllability analysiself, the following preliminary
tasks are required:

1. Design the process and the control system. The entiretigme of process con-
trol”, as given at the beginning of Section 4.2, should besatered.

2. Develop a dynamic model of the process.

3. Evaluate the flexibility of process. Feasible, statéestperation at the off-design
conditions should be confirmed prior to analyzing the cdlabdity of the process
to and from these off-design states.

4. Specify the process operating constraints. This shawldide acceptable toler-
ances on the controlled variables and the input to the finarcbelement.
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Disturbance rejection The variables in Table 6 associated wikiliencyare examples
of disturbances that may affect the operation of a powertplatn CCS. Here, it is

felt that frequency response approach might offer somerddgas over the simulation
approach:

1. More so than changes in set-point, disturbances arecayati nature and of vary-
ing periodicity.

2. Unlike the simulation approach, the frequency respoppecach does not require
the detailed characterization of the disturbances. Thimortant as all possible
disturbances are usually not knowanpriori. The frequency response approach
provides some insight into how the system will respond teetgthat were initially
unanticipated.

That being said, important disturbances should be invasttbexplicitly using the
simulation approach. In particular, the system respongbeavorst-case distur-
bance(s) should be considered using this method. This egbach that Imsland
[24, 23] used as part of their evaluation of the dynamic perémce of oxy-fired

NGCC.

Certain caveats apply when using the frequency responseagipas outlined above:

* Itis applicable to linear systems with linear control cohtllgorithms.

* The open-loop and closed-loop transfer functions areested

Therefore, depending upon what is at one’s disposal, it triighnecessary to de-
velop reduced-order, linear variants of ‘exact’ modelsaodérive linear models of the
system’s response from simulation or plant data. While tealtant models will not be
as accurate, experience has shown that these simple moel@fen ‘good enough’ for
examining dynamic system performance.[33]

Set-point tracking There are three controllability issues which involve cremig set-
point: ramp rate, variable CQcapture rates, and variable g@ansmission and well
injection. In the initial discussion of controllabilitysses in Section 2.2.2, the empha-
sis is on the speed with which transitions to new operatiagestcan be achieved. As
such, the simulation approach is perhaps better suited$msaing the set-point tracking
performance of a system:

» There is no uncertainty regarding the identity of the inpariables.

* Information is usually available regarding the desireshplflexibility and so it is
straightforward to devise the appropriate input signals.

» Because the analysis is performed in the time-domain, thdtseof the analysis
are of more immediate interest to the process engineer.
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It is the simulation approach that Yamaetzal.[22] used in their investigation of the
set-point tracking ability of an oxy-combustion:

* The rate of fuel input is adjusted to control the power pleaid. The rate of
oxygen input is adjusted to maintain a constant ratio of exedy.

* As a first step, the feasible operation at the lower boundipoint, and upper
bound of the operating range is confirmed.

* Then, with the plant in steady-state at its lower bound, |tz set point is in-
creased at a rate of 3%/min until the upper bound is reached.

4.3 Start-up/shutdown

The major challenge with respect to evaluating the stagngxshutdown of a power plant
with CCS is the synthesis of the start-up and shutdown proeedFor the purposes, it is
assumed that such a procedure is available. Once the precsdanown, its evaluation

requires the use of dynamic models to simulate to procegdrassitions from one state
to the next. An example of this approach for an oxy-combugtimver plant is discussed
by Yamadaet al.[22].

Some issues to consider:

* Most process flowsheets exclude units and streams whoge isaonfined to
start-up and/or shut-down.

» Associated with the previous bullet, start-up and shutdpwocedures may have
process control implications that again aren’t preseneundrmal operation and
these will have to be accommodated.

» With respect to determining the speed with which a procassbe turned on and
off, there are potentially constraints that cannot be deddilm examining a pro-
cess flowsheet or performing a process simulation.

4.4 Tools for evaluating flexibility of power plants with CCS

Most of the research into the design of power plants with C&Ehabled using commercially-
available process simulation software. The assessmepeoébility of said plants would

be facilitated by leveraging the existing expertise th&texn this area. Table 7 lists soft-
ware that has been mentioned in the power plant with CC Satitez reviewed for this
work. Given these citations and in-house experience witioma process simulation
tools, the following four applications were selected fonsieration:

« Aspen Plu8
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* UniSim Design
* gPROMS

e ProTreat

Table 7: Software used for simulating power plants with CCS

Process Software Reference
pre-combustion  Aspen PIiis general discussion [36]
Aspen Plu® no specific mention of capture [37]
Aspen Plu$ capture and no-capture steady-state sim-
ulation at nominal conditions [38]
Aspen Plu® process model of ASU [38]
HYSYS process model of ASU [38]
Aspen Plu® 80% recovery of CQ[39]

Aspen Dynamics

oxy-combustion Aspen PIfs

HYSYS
gPROMS

post-combustion ProTreat

Aspen Custom Modeler

Aspen Plu$

HYSYS
gPROMS

miscellaneous

details available in NETL report that is
not public; IGCC not equipped with
capture [37]
steady-state simulation at nominal con-
ditions [40]
sensitivity to air infiltration studied [16]
dynamic simulation of process (con-
troller modelled in MATLAB) [24]

90% @ @ecovery from an NGCC us-
ing MEA [41]

equilibrium stage models of different
Stripperconfigurations [42]
steady-state simulation with 85% GO
recovery [43]

process model of ASU [38]
process model of amine absorber [44]

In order to get a detailed understanding of the capabiltfesach software pack-
age, the documentation of each application was thorougviyewed and each licensor
was approached. The information gathering process wagdung the following set of

questions:

1. Who developed the technology underlying the application?

2. Who is the current licensor?

3. What are the licensing costs?

4. Is the software in active development? What is the currersion?



5. What computing platforms does the software runia, (CPU architecture, OS)?

6. Which solution modesi.€., SM (Sequential Modular) and EO (Equation Ori-
ented)) does the software support?

7. Does the software support both steady-state and dynacodels®?

8. Are there reports of the software having been used fodgtetate and dynamic
simulations of pre-, post-, and oxy-combustion processes?

9. Does the software natively support the following:

(a) rate-based column model

(b) amine property methods and/or models
(c) combustion reactions

(d) non-conventional solid€(g, coal)

10. Is the software extensibled,, can a user specify custom UOM (Unit Operation
Model)'s)?

11. Does the software accommodate integer variables dapgtignization?

4.4.1 Review of Aspen PIuUd(AspenTech)

http://ww. aspent ech. conml product s/ aspen- pl us. cfm

1. Who developed the technology underlying the applicatidiiie core of Aspen
Plu®® was developed at MIT as part of the Advanced System for PsoEes)i-
neering project. AspenTech was founded in 1981 with theabib of commer-
cializing this technology.

2. Who is the current licensorAspen PIu is licensed by AspenTech.

3. What are the licensing costdfiquiries regarding licensing costs for Aspen Blus
were not acknowledged.

4. Is the software in active development? What is the currergioe? The software
is currently in active development. The current versionr08&5 and was released
in February 2008.

5. What computing platforms does the software run on (i.e., CRlditacture, OS)?
Windows 2000 Professional (SP4), Windows XP Professio8&2), Windows
2000 Server (SP4), Windows Server 2003 (SP1), Windows {Btsiness Edi-
tion).
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6. Which solution modes (i.6SM and EO) does the software supporfspen Plu$
supports both SM and EO solution modes.

Does Aspen Dynamics u§M, EO, or both? Aspen Dynamics uses the EO ap-
proach. In actuality, Aspen Dynamics is a set of UOM’s bydoo Aspen Custom
Modeler.

Is RateSep supported in Aspen DynamicsRateSep™is not supported in
Aspen Dynamics. Aspen Dynamics is compatible with the foilg Aspen Plu8
column models: PetroFrac, RadFrac, and Extract.

7. Does the software support both steady-state and dynamiclatotiee base Aspen
Plu® package is a steady-state simulation environment. WitreAdpynamics,
an extension to Aspen Pfisdynamic simulation and optimization of chemical
processes is possible.

8. Are there reports of the software having been used for ststatg-and dynamic
simulations of pre-, post-, and oxy-combustion procesBeszriptions of steady-
state process models of pre-combustion [39], post-cordruf28], and oxy-fuel
combustion [45] can be found in the literature.

9. Does the software natively support:

(a) rate-based column modelPhe base Aspen Plfigpackage contains column
model based on equilibrium stages. Rate-based column ned#éred via
the RateSep™extension.

Is RateSep™supported inEO mode?RateSep™is supported in EO mode
since Aspen PI2006.

(b) amine property methods and/or models®pen Plu® has been able to ef-
fectively model amine-pO-MEA VLE (Vapour-Liquid Equilibrium) since
at least version 11.1.[28] The newest version containsdongd parameters
for amine systems based upon work performed at the Uniyeo$iTexas
(Austin).

(c) combustion reactions?Aspen Plu® includes reaction UOM'’s based upon
stoichiometry, yield, free-energy minimizatiogtc

(d) non-conventional solids (e.g., coali?oal is specified using proximate, ulti-
mate, and sulphur analyses. Tutorials for converting attal conventional
components accompanies the software.

10. Is the software extensible (i.e., can a user specify cusl@M'’s)? User models
developed in a high-level languaged, FORTRAN, C), Aspen Custom Modeler,
or that are CAPE-OPEN compliant can be used with Aspen®Pléslditionally,
dynamic models that are included with Aspen Dynamics can bdifred using
Aspen Custom Modeler.

Is a separate license required for Aspen Custom Modelgspen Plu8, Rate-
Sep™ Aspen Dynamics, and Aspen Custom Modeler are all licensédidually.

2!RateSep™is a column model that uses a rate-based approach to calcuéats-transfer.
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11. Does the software accommodate integer variables duringropéition? Aspen
Plu® comes with an extended SLP (Sequential Linear Programnsioigir for
use in EO mode. This allows MILP (Mixed-Interger Linear Piaagming) and
MINLP problems to be solved.[46]

4.4.2 Review of UniSim Design (formerly HYSYS, Honeywell)

http:// hpsweb. honeywel | . coml Cul t ur es/ en- US/ Product s/ Cont r ol Appl i cati ons/
si mul ati on/ Uni Si mDesi gn/ defaul t. htm

1. Who developed the technology underlying the applicationthe late 1970’s pro-
fessors from University of Calgary’s Department of Chemical Retroleum Engi-
neering partnered with Hyprotech, then a start-up, to $y@=at the development of
process simulation tools. hi(t p: / / ww. ucal gary. ca/ communi ty/resear ch/
hypr ot ech) Thus, HYSYS was born.

2. Who is the current licensor®niSim Design is licensed by Honeywell. The fol-
lowing sequence of events led to Honeywell’'s acquisitiotheftechnology:

* In May of 2002, AspenTech purchased Hyprotech which waa thaub-
sidiary of AEA Technologyl{tt p: / / ww. aspent ech. cont publ i cation_
files/pr5-10-02. htm

» Avyear later, on August 7, 2003, the FTC alleged that Aspen$acquisition
of Hyprotech was in violation of the Clayton aci(, anticompetitive).

e On July 14, 2004 the FTC ordered AspenTech to divest itdei@mHYSYS
intellectual property.http: // ww. ft c. gov/ opa/ 2004/ 07/ aspen. sht m)

* On December 23, 2004, as part of their compliance with thieip Honey-
well purchased the HYSYS intellectual property from Aspeci. Honey-
well rebranded this software as UniSim.

Aspen retains the right to use the HYSYS brand and curreitnses software
under this moniker that is developed independently froméyarell’s offering.

3. What are the licensing costs®cademic licensing is $600 USD for UniSim De-
sign and this includes dynamic capabilities. The optiomgired for simulating
post-combustion capture with amines (either Amines or Okeciolyte) are not
typically available with the academic license.

Commercial licensing is about $40000 or $50000 dependingn wgether the
Amines option or OLI Electrolyte option, respectively, slected. The price in-
creases by $8000 USD or $16000 USD if network, as opposecmalaione, li-
censing is selected.

4. Is the software in active development? What is the currersios? The software
is currently in active development. The current version iS&R&nd was released
April 2008.
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5. What computing platforms does the software run on (i.e., CRlditacture, OS)?
UniSim Design is available on Window 2000 (SP4), Server 2003 and Vista.

6. Which solution modesi.e.,, SM and EO) does the software support? UniSim
Design, in steady-state mode, is an EO, event-driven sysfEinis means that
simulation is automatically updated to reflect user input esprovided.[47]

In dynamic mode, information is not processed with everyngea integration
must be explicitly activated. Pressure and flow are caledlaimultaneously over
the entire flowsheet; composition and energy balances &relaged using an SM
approach.[48, p 1-43]

7. Does the software support both steady-state and dynamiclgtodaiSim Design
offers an integrated steady-state and dynamic modellingament.

8. Are there reports of the software having been used for ststatg-and dynamic
simulations of pre-, post-, and oxy-combustion proces$asstription of the use
of HYSYS for steady-state simulation of post-combustioptaee using MEA and
oxy-combustion is present in the literature.[45]

9. Does the software natively support the following:

(a) rate-based column model?

A non-equilibrium stage model based on “stage efficiencyised to sim-
ulate the performance of absorbers and strippers.[49, p Idetg that this
non-equilibrium approach is only used when the amines gprkas been
invoked and the calculations are restricted to tray-tygernas.[50]

There is also an OLI rate-based column that can be used vat@th ther-

modynamic package for electrolyte modelling in UniSim @esilt provides
the same functionality @&ateFrac™ andRateSep™[50]

(b) amine property methods and/or model$fie thermodynamic packages de-
veloped for DB Robinson and Associates’ amine plant simuléilSIM, is
available as an option for UniSim Desi@ﬂ@]

UniSim Design also has an interface for OLI Systems Incchelogy and
component databanks for for aqueous electrolyte systems.

(c) combustion reactionsThere are five types of reactions that be modelled in
UniSim Design: conversion, equilibrium, heterogeneousilgtc, kinetic,
and simple rate.[49]

(d) non-conventional solids (e.g., coal)Por representing coals in UniSim de-
sign, one would create a “Hypothetical group” and speciédbrresponding
coal analysis, heat of combustion, and heat of formati®h.[4
UniSim Design incorporates solid characterization tetdgywimported from

SPS/[47]

221t is only suitable for HS and CQ loadings less than unity.
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10. Isthe software extensible (i.e., can a user specify cutt@ivi’s)? UniSim Design
allows for custom unit operations, property packages, anetik reactions.[51,
p 1-2] Interfaces for Visual Basic and C++ are provided. Theiaprovides
compiled libraries developed using any programming laggua be linked to a
UniSim Design simulation.

UniSim Design also supports reading Aspen HYSYS 2006 anef aldta files and
can write Aspen HYSYS 2006 files.

11. Does the software accommodate integer variables duringrepdition? UniSim
Design allows binary variables to be defined in “selectiotirjzation”.[50, p 13-
24]

4.4.3 Review of gPROMS (Process Systems Enterprise, Ltd.)

http://ww. psenterprise.con gproms/index. htm

1. Who developed the technology underlying the applicatigfROMS was devel-
oped by the Centre for Process Systems Engineering at Inhgaliage London.

2. Who is the current licensor@PROMS is licensed by Process Systems Enterprise,
Ltd.. At launch, this spin-off company acquired rights tbtathnology that had
been developed by the Centre for Process Systems Engineanoey1990. Itis
completely self-funded.

3. What are the licensing costsProcess Systems Enterprise, Ltd. was not willing
to provide specific information regarding licensing cosisgPROMS. To quote,
“pricing is aligned to the market average and volume dist®apply for multiple
licenses.”

4. Is the software in active development? What is the currersior? The software
is currently in active development. The latest versionisahd was released April
23, 2008.

5. What computing platforms does the software run on (i.e., CRlditacture, OS)?
Windows 2000 (SP1), Windows XP (SP1), 32-bit and 64-bit GINX.

6. Which solution modes (i.eSM and EO) does the software support§PROMS
uses an equation-oriented representation.

7. Does the software support both steady-state and dynamiclgtogleROMS sup-
ports both steady-state and dynamic simulation, paranestenation, optimiza-
tion, and experiment design.

8. Are there reports of the software having been used for stetatg-and dynamic
simulations of pre-, post-, and oxy-combustion procesg€$20OMS has been used
for the simulation of oxy-combustion.[24]
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9. Does the software natively support the following:

(a) rate-based column modeMlithin gPROMS’s Advanced Model Library are
components for non-equilibrium modelling of gas-liquichtactors.

(b) amine property methods and/or modelgPROMS contains the requisite
physical properties package needed to accurately modelr€@very from
flue gas using amines.[52]

(c) combustion reactionsJPROMS has been used for the simulation of oxy-
combustion.[24]

(d) non-conventional solids (e.g., coal)y?hile gPROMS does have solids han-
dling capabilities, it is not clear if it possess specifictéeas to represent
coal.

10. Is the software extensible (i.e., can a user specify cusl@M’s)? The key pro-
tocols used by gPROMS are published thus enabling users hedaed custom
software within g°PROMS ovice versa

gPROMS also supports industry-standard interfaces:

* gO:Simulink and gO:MATLAB are used for embedding gPROMSdele
into Simulink and MATLAB, respectively.

» go:CAPE-OPEN allows gPROMS to be used alongside CAPE-OPEN co
pliant software ¢.g, Aspen PIu8, PRO/II).

gPROMS models are expressed within a proprietary modellinguage and are
accessible to the user. Existing models can be modified awndmealels can be
created.

11. Does the software accommodate integer variables duringropgition?gPROMS
supports integer optimization in both steady-state anduhyo simulations. There
is also support for discontinuous constraints in steadiesnode.

4.4.4 Review of ProTreat (Optimized Gas Treating, Inc.)

http://ww. ogtrt.com

1. Who developed the technology underlying the applicatidif® technology ap-
pears to have been originally developed by Ralph Weiland wdmawrofessor of
Chemical Engineering at the Clarkson University from 198@919

Siva Sivasubramanian joined Optimized Gas Treating, m20D2. Notable is that
he received his PhD from Clarkson University (he appearsyte baen a graduate
student of Ross Taylor, one of the creators of ChemSep) andditeen years at
AspenTech where he was the architect of RateFrac.
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2. Who is the current licensorProTreat is licensed by Optimized Gas Treating, Inc.
Optimized Gas Treating, Inc. was created in 1992 for the ggef the marketing
and sales of a Windows application for simulating gas rerheith agueous amine
solvents.

3. What are the licensing costs€urrently licensing runs $6000 USD for a year.
Academic users need only pay 10% of the license value whithuis currently
$600 USD.

4. Is the software in active development? What is the currersior? The software
is currently in active development. The latest version i)3and was released
2007-10-22.

5. What computing platforms does the software run on (i.e., CRlditacture, OS)?
ProTreat runs on Windows 95, 98, 2000, NT, ME, XP.

6. Which solution modes (i.e5M and EO) does the software supporProTreat uses
the SM approach for solving flowsheets.

7. Does the software support both steady-state and dynamiclgtoéeTreat is not
set up for dynamic simulations.

8. Are there reports of the software having been used for stetatg-and dynamic
simulations of pre-, post-, and oxy-combustion procesgege?reat has been used
for simulating post-combustion capture [41].

9. Does the software natively support the following:

(a) rate-based column modelProTreat includes mass transfer-based column
models.

(b) amine property methods and/or modeBfoTreat supports amines — sepa-
rately or as two- and three-amine blends — and piperaziresdtaccounts
for the effect of heat-stable salt formation.

(c) combustion reactionsProTreat does not include any reactor reactor models
and thus would not be able to simulate fossil fuel combustion

(d) non-conventional solids (e.g., coal)ProTreat cannot accommodate solid
components.

10. Is the software extensible (i.e., can a user specify cusl@M’s)? Users them-
selves cannot incorporate custom UOM'’s however Optimizasi Geating is open
to receiving user requests for adding UOM’s.

11. Does the software accommodate integer variables duringropdition? ProTreat
cannot accommodate integer variables.

In brief, of the four process modelling environments coeredl, all but ProTreat ap-
pear to be good candidates for the assessment of operétiliye CGQ capture schemes
of interest in this study.
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5 Assessing the trade-offs between operability and cost

Assessing the trade-off between operability and cost isaaaimple as one might ini-
tially believe. While the costs are relatively simple to sout, estimating the benefits
requires significantly more effort. In this section, an aggwh for capturing the benefits
of changes made to an electricity system is outlined. A psapmade by Chalmers and
Gibbins to enhance the operability of post-combustion, €&pture [27] provides the
context.

To guarantee the correct assessment of the merits of myesadlusive investment
decisions requires using an incremental approach.[53flirie

« The incremental benefit of thé'option — thechallenger— as compared to the
default action (could be ‘do nothing’) is measured againstihcremental cost.

« If the net incremental benefit is positive, then ti¥edption isaccepted(i.e., be-
comes the new base-case). Otherwise, theqttion isdiscarded

« The 2" option is compared incrementally with the base-case andciside to
accept or reject the"® option is made.

» The process step is repeated until all investment optiame been considered.

The standard approach in techno-economic studies of posbuastion CQ capture
using amine solvents is to design the process such that ienscs immediately regen-
erated after absorbing GOA corresponding process flowsheet is shown in Figure 6(a).
One of the strategies proposed by Chalmers and Gibbins [27hdéoeasing the oper-
ability of post-combustion C&capture with amine solvents is to introduce intermediate
reservoirs for ‘rich’ and ‘lean’ solvent. This would allowé energy penalty associated
with regenerating the solvent to be incurred at some latee.tiThe corresponding pro-
cess flowsheet is shown in Figure 6(b). The question is, “Dlossplant modification
make economic sense?”

For the purpose of the economic assessment, the base-dhsepiswer plant with
fixed CQ, recovery at 85% and continuous solvent regeneration. Th#eciger is a
power plant that, during periods of peak demand, recove¥s @ihe CQ but stores the
rich solvent in lieu of regenerating it. Then, at some futoffepeak period, the power
plant continues to recover 85% of the &€fdom the flue gas but the solvent regeneration
occurs at 150% of the nominal rate.

The incremental cost is the difference between the capitstl of the two options.
Here, it is the cost of the intermediate storage tanks — &t leae each for ‘rich’ and
‘lean’ solvent — and for oversizing the stripper that are hiwgportant.

The incremental benefit is the difference in the operatingrme between the base-
case and the challenger. As a first approximation, it is assuimat the operating costs
and revenues of the two plants are the same when both areerewp85% of the CQ
in the flue gas and immediately regenerating the ‘rich’ ssiv&hus, only revenues and
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Figure 6: Process flowsheets for post-combustion captimg asnine solvents
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costs in the the peak and off-peak intervals need to be ceresid For the base case, the
operating incomeQly, is given by:

Olp = tpEp,p (Pb,p — Cb,p) +topEb.0p (Pb.0p — Co.0p) )

For the case with intermediate solvent storage:

1. During peak periods, rich solvent is stored for tigeallowing forAE™ additional
power to be sold at pricgs p. The cost of electricity in this mode & p < Cyp p.

2. During off-peak periods, 50% more solvent is regenerédedime t,p. Power
output is decreased @yE~. Power produced in this period is sold at a piegp
and the cost of electricity i85 op > Cp op.

The operating income, in this scenar@lg, is given by:
Ols=tp (Esp+AE™) (psp—Csp) +top (Esop— AE ™) (Ps,op— Csop) (6)

The length of the off-peak peridgy, is such that all of the extra solvent that is stored
during peak periods is regenerated. The incremental bendBtermined by calculating
the differenceOl, — Ols. However, reasonable values fgy p, andC in Equations 5
and 6 are not so easy to determine:

1. In an electricity system, the quantity of power sold by aeyator depends in a

complicated manner on, among things:

* hourly electricity demand

generator’s marginal generation cost relative to all ojemnerators
CO;, emissions limit or, equivalently, the G@missions tax
CO, emissions intensity of the generator relative to that abter generators
generator’s technical operating characteristecg,(ramping capability)
generator’s proximity to load centres

* transmission line capacities

2. Generation cost is a function of electric power output.déficulty in determining
E makes findingC equally as elusive a target.

3. In deregulated markets, the price that generators reé@itheir electricity in any
future time period is not knowa priori and is difficult to predict even over the

short term.

As there are no electricity systems containing power plaitis CCS, there is no
real-world experience to draw upon, no ‘rules-of-thumbafmply. A methodology has
been proposed in response to the challenge of assessingribétiof novel CCS tech-
nologies in the context of power generation.[25] The cérigature of this approach is
the simulation of the electricity system of interest. Tlsat i
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» Generators are dispatched such that sufficient elegtigproduced in each time
interval to satisfy the demand in the most economic fashion.

» At the same time, C®emission limits are respected or g@®mission taxes are
imposed, as the case may be.

« Utilization of CO, capture technology is driven by endogenous economic and op-
erability considerations.

A proposed algorithm for the new methodology is given below:

1. Model the existing electricity system; an electricitys®m consists of electricity
generators and loads connected via a transmission nethatrgrioduce electricity
under the direction of a system operator. Figure 7 contasthamatic of a simple
electricity system. It features:

» Two generators@; andGs).
The operating characteristics of each generator are sgacdificiency, CQ
emissions intensity, minimum and maximum power output,aate,etc

* Four loads (o, L3, L4, Lg).
At a minimum, the demand of each load, as a function of timspeified.

» Seven transmission line%$10, Ti6, T23, Tog, T34, Ta5, Tse).

Again, at a minimum, the maximum capacity of each line is Bget De-
pending upon the model used for power flow, other informafmg, line
length, electrical properties) would be needed.

3 @ Legend

)
enerator
@) £

T load

I bus
___ transmission
line
(1) (6)
(n) bus ID

Figure 7: Simple electricity system bus diagram

2. Simulate the base-case operation of the electricityesystith CQ mitigation
enforced through either a limit on G@missions or the imposition of a G@mis-
sions tax. Once the simulation is complete, all the recgiisitormation for calcu-
lating Oly, is available.
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3. Implement the new scenario. For the example consideredealthe operating
characteristics of the generator with CCS would be modifgefiect the addition
of the solvent storage tanks and the oversized stripper.

4. Simulate the operation of the electricity system underrtew configuration and
calculateOls.

5. With Ol andOlg now known, the incremental benefit of the additional invesim
can be determined and the challenger thus accepted orakstar
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6 Proposed scope of detailed study

The objective of the proposed study would be to assess tlierpemce of power plants
with CO, capture under conditions different than the nominal desigmditions. Off-
design conditions result from variability with respect to:

 plant load (including standby, startup, and shutdown)

* COy recovery

» hydrogen, hot water, and steam generation (were appéabl
* fuel

* ambient conditions

The three leading COcapture processes — post-combustion, pre-combustion, and
oxy-combustion — with coal and natural gas as a fuel souroaldibe considered.

What does an “assessment” of the power plants with €&pture entail? Assuming
all the processes meet or exceed requirements for safetgtuly, as envisioned, would
ascertain the relative economic benefit of the differenigaiton technologies.

A complete cost/benefit analysis may not be compatible Wwighmieeds and resources
of the IEA GHG R&D Programme. To that end, a range of optionsiggested and is
depicted in Figure 8.

The four major areas of study are:

Flexibility The focus is steady-state performance of the power plants@@, capture
at a variety of conditions.

Controllability The scope is expanded such that dynamic performance of tlcegses
is considered in the face of set-point changes and distagsan

Start-up/shutdown At this level, the dynamic performance of the processesarsfie-
cial cases of start-up and shutdown are also included inrthlysis.

Operability trade-offs Finally, the information garnered at the inner levels isduse
enable the ‘benefits’ of operability to be assessed thusliegathe relative eco-
nomic benefit of the different mitigation technologies todssessed.

As is to be expected, as one extends outward from the centifeeadnion, more
detailed information regarding the operability of the @i#nt power plants is obtained
but at the expense of additional effort and cost.

57



Operability trade-offs

Start-up/shutdown

Controllability

Flexibility

Figure 8: Onion diagram for power plant with G@apture operability study
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6.1 Flexibility

Here, the objective is to quantify the ability of power paatith CO, capture to operate
in an acceptable manner over a range of steady-state amlitiThe following major
tasks are proposed:

1. Literature review.
» Summary of steady-state modelling of power plants withp C&pture.
Estimated effort: 2—4 months

2. Development of steady-state models.

* Includes sizing and/or performance of all major piecesoqfiement

» Process operating constraints need to be identiéag] @pproach to entrain-
ment flooding in strippex 80%)

Estimated effort: 2—12 monthger processi.e., post-, pre-, and oxy-combustion)

* low-end of range assumes that an existing process modeaged for flex-
ibility analysis

* high-end of range assumes that process model must be geddlom scratch
3. Flexibility analysis.

» With respect to changing ambient conditions and varial@éihputs, demon-
strate feasible operation over the expected domain of taingparameters
(i.e., flexibility test problem).

 For other variables.g., plant load, CQ recovery.etc), quantify the amount

of flexibility.
» Another important performance metric for a power plantis tost of elec-
tricity:
FC-FCF+FOM FC
VOM+ — -HR 7
Cluel 8760E '~ AV 0

While the first term is a function of the plant design (which & in this
study), the last two terms are a function of the operatiomefdrocess. The
sum of the last two terms is an important indicator of tlestof operability
and should be recorded.

Estimated effort: 3—6 months

4. Recommendations for improving flexibility.

As a follow-up to the flexibility analysis of the base desiggcommendations for
improving flexibility via, for example, process flowsheetalges, should be made.

Estimated effort: 1-2 months
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6.2 Controllability

Here, the additional objective is to quantify the abilitypmiwer plants with CQcapture
to recover from process disturbances and to move to newosetsgn a measured and

timely fashion. The following additional tasks are propise

1. Literature review.

» Summary of dynamic modelling of power plants with and with€O, cap-
ture.

Estimated effort: 1-2 months

2. Development of dynamic models.

» Development of dynamic process models can be accelergtézl/éraging
steady-state models developed within inner level.

» Control systems need not be “perfect” or “optimal” as therallecontrolla-
bility depends mostly on the process design.

Estimated effort: 3—-12 monthger processi.e., post-, pre-, and oxy-combustion)

* time reported assumes dynamic models are adapted frormnexdyynamic
models reported in the literature or steady-state modelsldeed during
evaluation of flexibility

3. Controllability analysis.

» Examine the disturbance rejection ability of the diffdr@®O, capture pro-
cesses.

— Important disturbances that all processes need to be agsagainst in-
clude fuel composition and ambient conditions

— There are important disturbances that are process speudithase too
should be assesseelg, downstream oxygen purity in oxy-combustion).

— Many different control performance metrics exist: intégraor, maxi-
mum deviation of controlled variable, decay ratio, risedjetc

» With respect to changes in the set-point of plant loady @€2overy,etc, a
key performance metric is the speed with the controllecade moves from
one steady-state condition to another.

Estimated effort: 3—6 months

4. Recommendations for improving controllability.

As a follow-up to the controllability analysis of the basesigm, recommendations
for improving controllability via, for example:
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» advanced control
» process flowsheet modifications
» process redesigné., different equipment selections, unit sizirejg)

should be made.

Estimated effort: 1-2 months

6.3 Start-up/shutdown

Here, the additional objective is to quantify the operaticequirements with respect to
plant start-up and shutdown. The following additional tagke proposed:

e Literature review.

— Summarize the potential impacts that start-up and shutdawe on power
plants with and without C®capture. These impacts will likely include:

* operating costs
* maintenance frequency
= plant life

Estimated effort: 1-2 months

» Extension of dynamic process models.

— Incorporate streams and units associated with start-ugshuattiown to the
dynamic models developed in the previous levelg( PC plants use natural
gas for start-up and to enhance flame stability at low loads.)

— Devise start-up and shutdown sequences.
Estimated effort: 2—4 monthger procesgi.e., post-, pre-, and oxy-combustion)

 Start-up/shutdown analysis.

— Important performance metrics include:

* time to start-up/shutdown
* cost of start-up/shutdown
* minimum-up and -down times.

Estimated effort: 2—4 months
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6.4 Operability trade-offs

Here, the additional objective is to simulate the perforosaaf the power plants with
CO, capture within an electricity system. The following adalital major tasks are pro-
posed:

 Literature review.

— Summarize methodology used for estimating economics of €Pture pro-
cesses.

Estimated effort: 2—6 months

» Develop electricity system simulation model incorpargtpower plants with C®
capture.
— Summarize the electricity system being used for the casly.stu

* Electricity system has four components:
1. Generators
2. Loads
3. Transmission system
4. Operator

— Develop reduced-order models of the power plants with Cﬂ)tur@

— Synthesize schedule of electricity demand, changing amhbanditions, fuel
variability, CO, price,etc.

Estimated effort: 4—-8 months

» Simulate operation of electricity system.

— A separate electricity system simulation is required fahe@Q, mitigation
technology being investigated.

Estimated effort: 3—6 months

» Perform the cost/benefit analysis.

— Estimate the capital an€lOM costs for the different capture process.

— Using the data from the electricity system simulation, gkte theCoE (Cost
of Electricity) (seel(7)) and theCA (Cost of CQ Avoided).

Estimated effort: 1-2 months

23Electricity system scheduling is normally cast as LP (LimBeogramming) or NLP (Non-Linear
Programming) programming problems and it is currently rasfble to solve these problems with detailed
process models imbedded inside. Thus, the need for recrced-models.
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6.5 Comments regarding proposed detailed operability study

Assessing the operability of power plants with CCS is an &ious agenda. That being
said, there is nothing that precludes such an investigétmn being undertaken and it
is believed that the results of such a study would be veryulisef

One specific concern is that the proprietary nature of somgda@ture technologies
could pose a barrier to performing operability analysids tihe opinion of the authors
that no such barrier exists. The fundamentals of post-, pred oxy-combustion pro-
cesses are understood well enough that the developmenbadgs models suitable for
the proposed analysis is possible without access to ptapyiemformation.

Out of necessity, the estimates of effort required to cotepteany of the tasks is
quite broad. Most of the uncertainty in the estimates isteelao model development
and, specifically, to the capabilities of the investigatprt(ndertaking the work. Once the
appropriate models have been developed, analysis of dfigraéquires only modest
effort.

Tablel 8 summarizes the effort involved in traversing eagiraf the ‘onion’. The
column labelledEffort is obtained by summing the estimates for the individual gask
given in Sections 6.1 through 6.Zimeis an estimate of the the calendar time required
to complete each area of study. It is obtained by assumirtgdhaelopment of post-,
pre-, and oxy-combustion process models is performed cogrily. That being said, it
might be possible to further parallelize the work and, tfegee the estimates in this last
column are probably conservative.

Table 8: Summary of effort required for detailed operapsitudy

Area of Study Effort Time
man-months  months
Flexibility 12-48 8-24
Controllability 14-46 8-22
Start-up/shutdown 9-18 5-10
Operability trade-offs 10-22 10-22
Total 45-134  31-78

The outputs from the detailed study are expected to includgestions€.g, flow-
sheet changes, equipment modifications) for improving thelfility and controllability
of power plants with CCS. It is thought that the assessmethiase new scenarios could
be performed relatively quickly by reusing models and systérom the detailed study.
An estimate of the time required for the analysis of thesep'siff’ cases is given in
Tablg 9.
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Table 9: Summary of effort required for supplemental aredys

Task Time
weeks
Model development 1-4
Flexibility 1-3
Controllability 1-3

Start-up/shutdown 1-2
Operability trade-offs  2—6
Total 6-18
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7 Conclusion

Modern and future electricity systems require their cansht generators to be operable
if the systems are to meet their customers’ expectationgowfer plants with CCS are
to be introduced within these systems then the operabilitgese plants must first to be
assessed.

To date, there is little mention of the operability of powdarnis with CCS in the
literature. A few researchers have begun to think about pleeatility of these processes
in a determined fashion but there is much more that is unknatirer than is known.
Therefore, the IEA GHG R&D Programme’s belief that the evatuaof leading CQ
capture technologies with respect to operability shouldrimertaken is well-founded.

Techniques are available for the assessment of flexibdawptrollability, and start-
up/shutdown issues. These techniques are a combinatidreofetical methodologies
and experience based approaches. In anticipation that eocratty-available process
simulation software will be used to perform the studiesr fapplications that have been
featured in the power plant with CCS literature have beentitied and their capabilities
investigated. Of these four — Aspen Plys1YSYS, gPROMS, and ProTreat — all but
the latter appear to be well suited to the investigationsahaproposed.

The general feeling is that “the more operability, the bé&ttelowever, it is equally
understood that improving the performance of a procesd-atesign conditions comes
at a cost. It is important to understand, then, where theadyiey cost-benefit trade-off
lies. It is suggested that to do so with reasonable accueapyires the simulation of the
electricity system within which the increased operabikityproposed. The key benefit of
this approach is that it endogenizes many of the variabksatte difficult to predict in
electricity systems for which no real-world experiencesexj.e., there is no real-world
experience with power plants with CCS).

Finally, the report concludes by providing the scope foruagthat would delve into
the operability of power plants with CCS more deeply. Untdarding that such a com-
plete, detailed analysis might be beyond the means of the®EA R&D Programme,
a layered approach is synthesized. The areas to be coridetigeir proposed order
are:

1. Flexibility
2. Operability
3. Start-up/shutdown

4. Operability trade-offs

As one proceeds through the different layers, the output the previous level feeds
into the next; deeper insight into plant operability is ahéa but at the expense of addi-
tional cost and effort. In total, it is estimated that thareroject would take a minimum
of 4 person-years worth of effort and 2.5 years to complete.
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A Reformulation of flexibility test problemas an MINLP
problem

Reformulate thdlexibility test problenas an optimization problem:

1. Calculateq where:

X(d)= max y(d,®) (8)
BecT
and
Y(d,0)= min u (9)
Z,u

st. hi(d,z,x,0)=0 Vi=12....m
gj(d,Z,X,e)SU Vj:1,2,...,r

2. If x < 0then the design is flexible.

If each square sub-matrix of dimensitm x n;) of the partial derivatives of the con-
straintsgj, j = 1,2,...,r with respect to the contrat

(391 002 oo

T >
0z’ 0z’ ,az),r_anrl

is of full rank, then the number of active constraints in tiptiroal solution is equal
to n,+ 1.[54, p 680] Therefore, for a givehy P can be determined by solving a system
of n,+ 1 equationsi(e., gj (d,z,0) =uV j € Ja) andn;+ 1 unknownsice., z andu).

The KKT (Karush-Kuhn-Tucker) conditions of (9) are:

m 9 o9
i;AiEhi (d,z,x79)+j;vj§gj (d,z,x,6) = 0

r
N

Yi [gj(d7Z,X,e)—U} =0
yj > 0, Vj=12...r

0

Whenever there ane, + 1 active constraintsp is given by solving the KKT condi-
tions foru. Therefore, the two-level optimization problem found abdaw given by the
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following MINLP:

Xx(d)= max u

0,z,u
AiLYj - C
s.t. i;)\iﬁhi (d,z,x,0) + jzlyj a—zgj (d,z,x,0)

;
> Vi
=1

Yi [gj (d,Z,X,e) —U}

BeT,yj>0Vji=12..r

Again, if x < 0, then the design is flexible.
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List of Symbols

Variables

C cost of electricity

AE  change in electric power output
d vector of design variables
E electric power output

g inequality constraint

HI heat input to the boiler

h equality constraint

m mass flow rate

P price of electricity

Ol  operating income

P pressure

q volumetric flow rate

RH  relative humidity

r multi-period constraint

T temperature

t length of time period

0 vector of uncertain parameters
X fraction

X vector of state variables

z vector of control variables

Superscripts

+

o

denotes an increase
denotes a decrease

pertaining to initial value

cap pertaining to capture
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k index of uncertain parameter states
L pertaining to lower bound

U pertaining to upper bound
well pertaining to injection
Subscripts

air  pertaining to air

b pertaining to base-case

CO, pertaining to carbon dioxide

f index of fuel constituents

[ index of equality constraints

| index of inequality constraints
k index of time periods

op  pertaining to off-peak

p pertaining to peak

S pertaining to storage

water pertaining to water

wind pertaining to wind

Sets

Ja set of indices of the active constraints

m number of equality constraints

N number of time periods

R set of feasible values of the uncertain parameters
r number of inequality constraints

T uncertain parameter space
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