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Abstract

Currently the low carbon prices, low Spreads amglsgory uncertainties hampers the business cases f
coal-fired power plants with post-combustion capt{RCC) in Europe. Improvement of the business case
of coal-fired power plants with post combustiontcag requires a different approach in terms of
operational dispatch and in terms of investmemulzg. Both items has been assessed using a
comprehensive power plant valuation model develdpe@NO.

To change the typical base-load production prafila coal-fired power plant into a more flexible
production profile, a Flexible Operating Mechanigf®Ms) has been developed for PCC.

Based on the results of the techno-economic maoglehi®@Ms improve the business case. Next to this,
FOMs present coal fuelled power plants with addaidlexibility. This added flexibility could allowoal
plants to provide auxiliary services to the grid @emain competitive in relation to cleaner gasdir
plants. The increase of operational flexibility lwEOMs created a significant improvement of the NPV
value and, therefore, it is justified to look in chumore detail how the operational flexibility otaal-
fired power plant with Carbon Capture can be imprhv

Running a power plant with a 100% capture unitaatebload will require significant amount financial
support to close the gap. Starting with a smabgatare unit reduce the financial risk and couldriove
the business case of the coal-fired power plarftowit PCC from a marginal cost point of view. Thamma
reason for this is the increase of flexibility, fwitching on/off the capture unit. Next to thise tihecision
to invest is always affected by the opportunitytsag making a commitment now, and thereby, givipg
the option of waiting for improved market conditidncreasing the size of the capture plant in stage
enables the investor to manage those opportungtyroach better.
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1. Introduction

With on the EU agenda; the reform of the EU Emissioading Scheme (ETS), the internal energy
market, energy taxation, biofuels, shale gas, cadapture and storage (CCS) and nuclear energy, it
difficult to guess the future policy. Although CCfas been on the EU-agenda for decades, it has not
materialized in large industrial scale EU-demorigtraprojects yet. According to the GCCSI, “Carbon
Capture and Storage (CCS) is happening now andncimg to grow at a strong pace — with dozens of
large-scale integrated projects either in operadioander construction”. Currently there are eilginge-
scale projects in operation around the world aridriéher six projects are under development. Thriee o
these projects have recently commenced in to thstagction phase, none of the three are in Eurfope.

Nevertheless, companies are undertaking CCS ironsgpto climate policies “license to operate”,
while this development remains a challenge to agh&reasonable business case. The EU has an urgent
action of going forward making next steps towatds future; this includes the necessary implemenntati
and demonstration of proven CCS technology in the eéBergy market. The EU market might need
deeper cuts in the ETS system to achieve a ser@arleon value it would not reduce the financiak 6§
the first demonstration projects. Nevertheless rational approach is needed to implement and
demonstrate Carbon Capture technology in the pee&or.

CCS consists of three main elements; capture,goaband storage. For the power sector, therehaee t
basic systems for capturing the emitted,Qadst-combustion, pre-combustion, and oxy-fuel lbostion
capture. Although these options are mainly beingltiged for the power sector, they could have awid
use. Post-combustion capture offers, in contrasther capture technologies, the ability to beofidted

to existing plants. Hence, policy developers hawggested that coal power plants be the first to
implement these mitigation technologies.

Niels Bohr allegedly once said: “Prediction is veifficult, especially about the future”. Predidin

future prices for energy commodities are especiifficult since the tradable forward curves arersh
lived. Hence, energy companies make strategic imergt decisions with respect to constructing a powe
plant based on various long-term expectations almawket conditions, typically defined with a set of
price scenarios. On the other hand, an energy coyrglao wants to include the value of strategic
decisions with respect to the dispatch of the phasied on short-term observations on market conditi
For example, an energy company will sell its exgassger in a day-ahead or real-time market based on
prices in those two markets and plant operatiooalitions. Vice versa, it will decide to buy bawbwer
from these two markets when it is cheaper to bwygudhan to make (generate) it. Consequently, an
energy company has multiple make-or-buy options waspect to the future output of a power plant.
With the inclusion of the carbon as an additiomahmodity; strategic investment decision and plant
dispatch has become a very complicated task.

Currently the low carbon prices hamper the businasss for coal power plants with post-combustion
capture. The focus of this article is to improve Husiness case of coal-fired power plants by eynmio
Flexible Operating Mechanisms (FOMSs). To assesfthi@sic value and option value (flexibility) af
coal-fired power TNO developed a valuation modél Next to this, this article focuses on the
investment decision of the Capture Unit in termsioé and timing.
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Nomenclature

APX  Amsterdam Power Exchange
ASC  Advanced SuperCritical

BL Base Load

CAPEX Capital Expenditures

CCGT Combined Cycle Gas Turbine
CCS  Carbon Capture and Storage
CO2  Carbon Dioxide

FOMs Flexible Operating Mechanisms
OPEX Operational Expenditures

PCC  Pulverized Coal Cycle

NPV  Nett Present Value

NW North West (Europe)

TNO Nederlandse Organisatie voor Toegepast Nattengchappelijk Onderzoek

2. Methodology
2.1.Flexible Operating Mechanisms for Carbon Capture

The objective of employing Flexible Operating Megisms (FOMs) for coal power plants with post
combustion capture is to improve the business aasgeprovide plant operators with more flexibility t
counteract changes in the market and demand. Tétignal environment for coal plants is changing;
growing fraction of sustainable and renewable sesiin the energy mix, public concerns about emissio
and global warming intensify and increasing fueic@s. Moreover, if coal plants want to remain
operational throughout its technical lifetime, 9téxpected that coal plants will have to investapture
technologies. Furthermore, coal power plants witivibhout capture units will have to compete witisg
fired power plants on the merit order. In additiooal plants should become more flexible to faatiitthe
variable demand; however, existing coal plants‘iafiexible’ to quick changes of demand and market
signals. FOMs will aid coal plants to increase ttiieiibility and degrees of freedom by manipulatitne
operation of a capture plant. Flexible OperatingcManisms for the Capture unit are a means for h coa
plant to change its operational status to strasdlgitake advantage of high electricity prices andéw
fuel and CQ prices; i.e. deviate from the standard operatirecgdure of always capture at base load
conditions. Switching off the Capture Unit, wher tbpread (S) is high might be an attractive busines
opportunity for the plant dispatcher. In additi@applying a smaller capacity capture plant in retatio
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the coal fired power plant as well as applying B@Ms lowers the marginal generation costs and,
therefore, improves its position on the merit order

The so called “Spread” (S) is the difference betw price of the power output and the costs ef th
input factors (e.g. fuels). As such, the spreathéscontribution margin that a plant operator s&or
converting fuels into electrical power. FOM alsansider the costs of GQGemissions and take the so-
called “clean” spreads for the assessment. ThadpmEcoal-fired plants is called “clean dark spfethe
spread of gas-fired power plants “clean spark sfresee figure 1 for an overview of historical dark
spreads in the Netherlands. In general the sprpader plants are defined as the difference between
revenues and variable costs of power generation:

S =R—-G/Mei— M- Yp) - Geoz

Where:

S is the specific spread of a power plant in €N3&/h of produced power

Pe is the market price of power in €/ MWh

C denotes the fuel costs in €/ MWh

ne  the electrical efficiency of the condensing plant

At CO2 emission factor of the fuel used in tons @, @er MWh

Yo free allocation of C@certificates for electrical power in tons of €fer MWh
Ce.2 Mmarket price of C@allowances in € per t of GO

Dark Spread on Dutch BL Year Ahead
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fig. 1 typical Dark Spreads in the Netherlands/ii\&h [4].

2.2.Techno-economic Modeling

To assess the techno-economic performance a dktaleation modelhas been developed. The model
assess the operational performance of the FOMg#fateht sizes/number of capture plants (pro-rated)
The main assumptions and operational performand¢beopower plant and capture is obtained from the
CESAR study [2]. The FOMs model integrates coresldtiel, CO2 [3] and electricity price scenariof [4
to examine the performance of a coal plant with TG&bon Capture technology compared to a gas-fired
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value of the FOMs. The option or flexibility valeé a power plant is the difference between thansic
value, derived from a static forward price curveuily, monthly or something else). The option vailsie
realized by adapting the production profile to ajethprice scenarios: If spreads turn positive pthat is
switched on. If spreads turn negative, the plargwiched off. With this behavior, profits are adde

positive market circumstances, while losses arédadoby stopping the production in negative market

circumstances. See figure 2 for the calculationcstire and adding up value.

Forward Market prices
Hourly/Dayly Weekly/Monthly
Hedging of profiles

the model will assess the value
of the forward sales based on
the dispatch strategy (e.g. base
load or off-peak / peak).

Spread (S)
Power Prices (Pe)
Day ahead/ intra day
Hourly (basis)

the model assesses the theoretical
option value on the day-ahead market
for each year by tracking the possibilities
to switch on/off the Capture unit.
Calculations are based on a large
historical data set of day-ahead. The day-
ahead prices are scaled to the average

Cash flow
Operational data
Dispatch hours

the aggregation of the
actual dispatch, fuel use,
carbon emission, and
operational expenditures
in order to determine
the straightforward cash
flow calculations.

base load price for each year to avoid
any arbitrage opportunities. In this way,
the volatility of day-ahead market are
applied to the base load price of each
year. Implicitly, the model assumes that
the volatility will remain constant. The
model has introduced hit rates for the
day-ahead optionality to reflect that one
will generally experience that only part
of this theoretical value can be captured
due to liquidity constraints in the market.

fig. 2 methodology buildup of the plant value

Furthermore, the initial sizing of the Carbon Caetplant has a strong influence on the business cas
therefore, different sizes/numbers of the captlaatfs) in relation to the integration with the tpéant
have been analyzed whilst employing the FOMs. Ashdilifferent number of capture plants or sizes of
capture plant have been assessed (no-cap, 40%, 80)%00%). The size of the Carbon Capture unit
matters, since the demand of LP-steam is signifiaad at full size conditions has a massive imjpact
the Power Plant efficiency, mainly due to the aésdn conditions of the steam turbine and LP-steam
consumption for stripping the CO2. The decisionnkeest is always affected by the opportunity casts
making a commitment now, and thereby giving updh#&on of waiting for improved market condition.
Increasing the size of the capture plant in stagjess the investor the opportunity to manage these
opportunity costs.
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fig. 3 model structure — interdependencies betwkemodels is presented
2.3.Effect of capture at coal power plants on the meiter

The merit order is a way of ranking available sesrof energy, especially electrical generation, in
ascending order of their short-run marginal co$tproduction, so that those with the lowest marljina
costs are the first ones to be brought online tetrdemand, and the plants with the highest margiostis
are the last to be brought on line. Currently, qoalver plants operate in the lower marginal co$ts o
production in comparison with gas-fired power gatien plants; i.e. provide the base-load generaifon
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demand. However, the future operational environnfientoal-fired power plants will be altered by the
introduction of capture. See figure 4.
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fig. 4 Implementation of carbon capture technolagythe marginal cost of a modern Coal-fired power
plant (merit order).

A shift towards an (obliged) implementation of C@fght be the future operational environment, in
which coal-fired plants will need to operate. Plaiigpatchers might have to alter their behavior and
mindset. Currently the CQOprices are low enough to warrant inaction and aamspte with financial
means; i.e. pay the carbon certificates. Howeverulsl CQ prices rise higher a trade-off will need to be
made and an investment in further reduction of €Missions is required; i.e. capture technology.

Regulations will inevitably also change; the Eurap&ommission has taken several initiatives to ensu
the coherent implementation of the CCS Directiveodlighout the EU. As well as funding several
pilot/demonstration projects, further researchl$® alone on each field within the value chain ofSCC
Moreover, the EU has committed its member stateactoeve 20% more renewable energy and 20%
reduction in emission by 2020. If this is realizétdis likely that flexible operation of most or ev all
fossil fuel plants could become virtually obligatan many plausible lower carbon electricity mi}{&s

The increase in renewable (i.e. wind/solar) andaarcpower generation typically have lower marginal
generating costs than coal. On the other handigas{flants have, presently, higher marginal geimaga
costs but will have lower carbon costs. These, ofirore renewable and gas-fired power plants could
then encroach on the base-load generation posifocoal based power plants. In particular the
competition for base-load generation will come frgas-fired power plants in the near future, see als
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figure 4. The added benefit of gas-fired power fdan contrast to renewable is the provision ofiléany
services and can maintain system security. Furtbexmto achieve the challenges set forth by the
European Union member states will have to maketidrabanges to their energy portfolio; within the
timeframe presented the fastest and straightforwegttbn would be to increase the share of gas-fired
power plants. This will surely decrease the vigpitif coal as a base-load operator.

Marginal costs coal plant with capture and without vs. CCGT
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fig. 5 marginal Costs of a coal plant with and withcapture vs. CCGT plant

In figure 5 the marginal costs for a Combine Cygles Turbine (CCGT) is plotted against that of d-coa
fired plant with and without capture. At lower ¢@rices the coal-fired plant without capture willto
naturally out-compete a coal plant with capture als® maintain a better merit order than a CCGTtpla
When CQ prices increase to around €22 per ton, @@ CGT plant will have lower marginal generating
costs than a coal plant without capture; i.e. @ptacoal on the merit order as a base-load poveatt.p
The gross sum of coal plants are not equipped tallbavariable loads and will, therefore, become
superseded. However, should the coal plant invesiapture, it is able to reduce its marginal casts
relation to a coal plant without capture at higB€», prices.

Around €32 per ton CQOcoal plants with capture will become competitivehwCCGT without capture.
Should Carbon price rise even higher the coal phaift capture retakes its position on the meriteoras

a base load provider if no other changes to theggrneortfolio occur. As such, increasing the refatsize

of the capture unit at a powerplant when carbooepforwards tends to increase is a logical move. Se
figure 6 for the marginal costs with different nuenlor size of capture unit at the same power plant.
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Marginal Costs Partial Capture vs. Coal & CCGT
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fig. 6 marginal costs different size capture units

2.4.Investment analyses

The NPV analyses is based on different (size) ranad capture units and flexible operation of the
Capture Unit, which allows to make a consistent garson whereas the introduction of the various
Market scenarios provides the possibility to sttily sensitivity of the project and facilitates teclogy
selection unambiguously. See figure 7.The diffeqaites forward scenarios are based on typical NW-
Europe market spreads. The base case current scesftects the average market prices at 2011 in-NW
Europe. The renewable case consists of an incifasmewable capacity and the high gas low coa cas
assumes a very tight market for gas. The basestasario is based on the average spreads ovesth |
years in NW-Europe. For all the different scenaribe carbon price is set at very moderate prices
(ranging between 10 €/ton GQp to 20 €/ton Cg).

It is obvious that the size of the Carbon Capturi heavily influence the economics of the powanp
and at normal market condition with reasonable aisea flexible operation of the Carbon Capture
introduces an attractive option for power planpdisher. The FOMs creates a significant amountR¥ N
value improvement and therefore, it is justifieddok in much more detail how the flexibility ofpwer
plant can be improved integrated with a Carbon @apnit.

Running a power plant with a 100% capture unit adebload will require significant amount financial
support to close the gap. Starting with a smalgatare unit reduce the financial risk and might rioye
the business case of the coal-fired power plartiomit a CQ Capture Unit from a marginal cost point of
view. The main reason for this is the increase l@filility, by switching on/off the capture unitha
additional option value is created.
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Relative NPVs Compared per forward scenario and type of
application
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fig. 7 relative NPV analysis at different forwardge scenarios and capture size.

3. Discussion
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The focus is mainly on the capture unit but itliwious that the entire chain must be considereshable
this flexible operating mechanism. As such liquétat and intermediate storage of €@ight be
required for flexible operation of the Capture plan

Advanced Supercritical (ASC) pulverized coal powkmts are, in general, inflexible and slow to glyic
respond to market demands or changes. This infléxistems from the process it is using to gererat
electricity from steam by burning coal. AssumingttleCS will be part of the mitigation portfolio toirb
emissions to the atmosphere, in this context, ficad- plants will have to add capture to their natm
operating procedure; or face the threat of payifly €mnission rights. FOMs could improve the flexilyilit
of a coal-fired power station, but it might reqsirgeveral adaptation in the capture unit and iateqr to
facilitate on/off operation.

Most energy companies strive to maximize the valpeptimizing the dispatch of power assets. The way
companies optimizes vary from very straightforwanibrity tables or very manually in the form of
sending emails to the operations room of the pguent with a list of set points which has to be gon
through. Sending on hourly basis a list of set {®is also very common in the Power industry. The
manual interloping does not make the system pradlietand can introduce mistakes and less optimal
power plant exploitation. Conclusively there isaal of a system which secures the most optimabtiisp

of assets. Hence applying FOMs requires also a mamproach of dispatching.

It is very common to sell a majority of the powepguction of the respective coal-fired power plant
the forward market, while at the same time purctmédrward the required fuels (Coal) and Gfedits.
This is so-called “hedging”. Hedging a power pls@tves the following two main purposes:
1. Reduce market risk: First, with hedging the depengeon price levels of highly volatile spot
markets decreases. In relation to this, hedgingaesl potential liquidity issues on spot markets.
2. Profit optimization: Forward Spreads may vary ovene. Dynamic trading strategies can
increase value by selling more power against hjgleads and selling less power (or buying it
back) against low spreads.
The application of carbon capture FOMs enablestiaadil flexibility for hedging and dynamic trading
strategies. These additional features have not iden addressed in the TNO valuation model andigho
be considered as an additional feature for theetsad

4. Conclusions & Recommendations

This article shows that it is important to propemlect the flexibility of a power plant in the lvation.
Based on the results of the techno-economic maglelfOMs improve significantly the economic
business case. Next to this FOMs present coaleiiglbwer plants with additional flexibility. Thisided
flexibility could allow coal plants to provide aligiry services to the grid and remain competitive i
relation to cleaner gas-fired plants at lower,@@ces.

However, the fuel, C®and electricity prices will decide whether or motapture plant is built, although
the decision to invest is always affected by th@avpunity costs of making a commitment now, and
thereby giving up the option of waiting for impravemarket condition. When the operational environtnen
is favorable, an initial investment in a smallepaeity of capture (e.g. 40%), whilst employing the
flexible operating mechanism is preferable undestngonditions. In the model the 40% size captuaatpl
has shown to be most robust in all scenarios dpeeloShould prices of GQise faster than predicted an
add-on to the this capture plant can be build. Taén benefit of the FOMs is that they create valtie
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lower CQ prices than a reference plant with capture. Fumtbee, starting with a typical proven size
capture unit and increasing the amount of captaits @wver a certain time window will at the enddeda

a quicker and robust investment scheme. Finallg, cbmbination of sizing and flexible dispatching
Carbon Capture technology will reduce costs angrefiore, improve the economic feasibility of carbon
capture at coal fuelled power plants.

The increase of operational flexibility with FOMseates a significant improvement of the NPV value
and, therefore, it is justified to look in much ractechnical detail how to improve the operational
flexibility of a coal-fired Power Plant with Carb@apture.
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