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This paper presents an algorithm that combines model predictive control (MPC) with MINLP
optimization and demonstrates its application for coal-fired power plants retrofitted with solvent
based post-combustion CO; capture (PCC) plant. The objective function of the optimization algo-
rithm works at a primary level to maximize plant economic revenue while considering an optimal
carbon capture profile. At a secondary level, the MPC algorithm is used to control the performance
of the PCC plant. Two techno-economic scenarios based on fixed (capture rate is constant) and
flexible (capture rate is variable) operation modes are developed using actual electricity prices

pCC (2011) with fixed carbon prices ($AUD 5, 25, 50/tonne-CO,) for 24 h periods. Results show that fixed

Flexible operation
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Algorithm
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operation mode can bring about a ratio of net operating revenue deficit at an average of 6% against
the superior flexible operation mode.
Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The implementation of low emissions technologies such as
amine-based post combustion CO, capture process (PCC) at coal-
fired power generation is of significant importance for the short
and long term global energy securities. According to the Inter-
national Energy Agency (IEA), long-term energy security focuses
on perpetual energy supply concurrent with economic
enhancement and environmental sustainability. While short
term energy security emphasizes on the robust and flexible
operation of energy systems towards abrupt perturbations
within the supply-demand balance [1]. Both perspectives require
systematic carbon emissions control and planning in power
generations (retrofitted with PCC system) which involve
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implementation of optimal techno-economic strategies and
highly flexible operations.

To date, many studies have proposed carbon constrained
energy planning as a method to meet obligatory emissions tar-
gets over time [2—5] in order to meet part of the objective for
long-term energy security. Economic feasibility in terms of plant
revenue and cost savings in response to electricity demand,
carbon and electricity prices have recently been explored in
Refs. [6—9]. Numerous flexible operational strategies in power
plants associated with PCC have been proposed, for example,
time varying regeneration [7], CO, venting [8,9] and solvent
storage [8,9]. Mac Dowell et al. [7] identified that the time-
varying solvent regeneration strategy generated surplus cumu-
lative profit compared with the base case strategy (power plant
load following associated with PCC) and other flexible opera-
tional strategies (exhaust gas venting, solvent storage) with
approximately 16% over the base case. They have observed that
the combination of fuel prices, carbon prices and duration of
electricity at off- and high-peak hours contributed to the per-
formance of each operational strategy. Meanwhile, a parallel
flexible operation of capture level reduction (reduce CO; vent-
ing) and solvent storage revealed higher cost saving than the
individual strategies which were up to 5% of the total cost [8].
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From another angle, The integration of renewable energy with
coal-fired power generation with PCC may provide financial
benefit to the system depending on the sources, demand and
economic stability. For instance, Qadir et al. [6] showed that via
injection of solar thermal energy for repowering of the PCC-
integrated power plant, the system was capable of generating
higher revenue than the base case technology (power plant
without PCC) and other solar assisted technologies (eg. solar
assisted capture). Their study was applied based on the pre-
vailing scenario in Australia. Contrarily, based on the current
situation in northwest Europe, power plant with wind power
integrated with flexible operation of PCC (CO, venting and sol-
vent storage) was found to be capable of increasing reserve ca-
pacity by 20—300% compared to non-flexible operation [9].
However, implementation of flexible PCC in this location did not
lead to additional revenue due to the high projection of CO,
prices (€43/tonne CO, in 2020 and €112/tonne CO, in 2030) and
regeneration constraint of the base-load power plant.

Other relevant works involved with various techno-economic
studies are available in Refs. [10—14]. Cohen et al. [ 10] optimized
the operating scenarios of carbon capture in response to elec-
tricity price and carbon price with the options proposed by
Chalmers et al. [11] and concluded that flexible operation can
result in over 10% savings over the inflexible case. Wiley et al.
[12] analysed the carbon capture opportunities from a black coal
fired power plant in Australia and concluded that by using mixed
operation strategies like partial, part-time and variable capture
strategies, it is possible to capture up to 50% of total emissions
while still meeting the grid demand. Additionally, Arce et al. [13]
present a multilevel control and optimization strategy for flex-
ible operation of a solvent based carbon capture plant, aiming to
minimize the operational cost of the carbon capture plant. They
demonstrated savings up to 10% in energy cost for solvent
regeneration. A compilation of previous studies pertaining to the
management decision-making (planning and scheduling) of
various energy generations retrofitted with various techniques of
CO; capture systems are available in the Appendix. In compari-
son with the previous studies, the novel features of this present
work are as follows:

(a) This study offers multi-level decision making from the
perspective of plant manager (enterprise level) to the
operator/engineer viewpoint (instrumentation level) by
integrating a superstructure optimization-based algo-
rithm (applied to a power plant) with an advanced control
strategy embedded into dynamic PCC model. Whereby,
most of the previous studies (as listed in the Appendix)
focused on the management decision (planning and
scheduling) at the single level (e.g. enterprise and policy
levels respectively) without considering responses arising
from the downstream CO, capture process.

(b) This study is beneficial for the implementation of large-
scale PCC plants in which the installation of control sys-
tems is required and especially in term of installation cost
and performance of control scheme. These are illustrated
by the capability of the control scheme to track plant
objective (that is to obtain maximum plant net operating
revenue) while rejecting internal and external plant
disturbances.

(c) The hybrid control-optimization algorithm developed in
this work is practical for application in a 660 MW coal-
fired power plant with PCC and demonstrated its usabil-
ity when using real-time temporal data of electricity and
carbon prices.

Specifically, the purpose of this study is twofold: first is to
obtain maximum plant net operating revenue under real-time
electricity prices through controlling the power plant load and
CO, capture rate. Secondly, it is to ensure the robustness of the
PCC control strategy under real-time perturbation pattern from
the upstream process (power plant). The structure of this paper
is as follows: Section 2 presents a brief explanation for each level
of the hybrid MPC-MINLP algorithm (control-optimization al-
gorithm). The control-optimization scenarios are examined in
Section 3. Finally, results and conclusions from this study are
presented in Sections 4 and 5 respectively.

2. Development of the hybrid MPC-MINLP algorithm
(control-optimization algorithm)

In this study, a control-optimization algorithm is developed
and its capability and reliability is tested on a simulated model of
a coal-fired power plant with PCC. The algorithm consists of
three levels that are linked together, namely enterprise, plant and
instrumentation levels as illustrated in Fig. 1. The inputs/outputs
and methodology of each level are briefly explained below.

(1) Enterprise level (optimization algorithm)

Inputs: Power plant gross load (t), electricity price (t) and
carbon price (t)

Outputs: Optimal power plant load (t) and ideal CO, capture
rate (t)

Interval time: 30 min.

Planning horizon: 24 h.

Methodology: Implementation of a mixed integer non-linear
program (MINLP) using a genetic algorithm (GA) function to
determine the optimal operation of coal-fired power plant
associated with PCC by predicting optimal power plant loads and
ideal CO, capture rates over time. This is subject to maximum net
operating revenue of the integrated plant (coal-fired power plant
associated with PCC) as delineated in Eq. (1).

Max(Revenue) = / P.*(Power plant net load

- PCC penalty)*dt—/Ct*COZ emitted*dt

— Ppp — Ppcc

(1)

where P, is the price of electricity and C; is the carbon price. The
first integration term in Eq. (1) demonstrates the revenue
generated through selling of electricity. The breakdown of net
operating revenue includes three individual costs, namely, the
power plant operational cost (Ppp) the PCC operation cost, (Ppcc)
and the cost of CO2 emissions (second integration term in Eq.
(1)). In this study, net load matching mode has been chosen for
the optimization formulation while the cost assumptions are
tabulated in Table 1. For more information on the optimization
algorithm, one can refer to [6].

(2) Plant and instrumentation levels (control algorithm)

Input: Ideal CO; capture rate (t)

Output: Actual CO; capture rate (t)

Interval time: 10 s.

Planning horizon: 24 h.

Methodology: Incorporation of PCC empirical model via
multivariable nonlinear autoregressive exogenous input
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(NLARX) with model predictive control (MPC) by resuming the
actual profile of CO; capture rates (CCactyal) based on the ideal

based plant/data
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CO,; capture rates (CCigea)). This set point tracking scenario (CO,
capture rates) is initiated with the MPC, which manipulates the
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Table 1
Operating and maintenance cost assumptions for the power plant and PCC plant.
Variable Assumption
O&Mpp coal $50,000/MW|year [1]
Coal specific cost $1.5/G)
Power plant capacity/size 660 MW

0&Mpcc

Solvent loss
Solvent cost
Sequestration cost

Eq. (2) from Li et al. [14]

1.5 kg MEA/tonne-CO, captured
$2/kg MEA

$7/tonne-CO, captured

lean solvent flow rate, u3 and reboiler heat duty, u7 to ensure that
the plant meets the control objective (CCigea1). Here, the CCyctual
represents the actual output of CO, capture based on the
response from the MPC. Finally, the two outputs (optimal power
plant loads and actual CO, capture rates) generated from the
control-optimization algorithm were used to calculate the actual
net operating revenue of the integrated plant. For comprehen-
sive description on the workflow of the algorithm, one can refer
to Abdul Manaf et al. [15].

In both algorithms, the ‘(t)’ represents the data sampling
time, where each input/output data point was recorded/taken at
every 30 min/10 s throughout the 24 h of planning horizon.

3. Control-optimization scenarios

Two control-optimization scenarios were developed based on
the electricity prices (year 2011) and carbon prices ($AUD 5, 25,
50/tonne-CO;). Each scenario represents fixed operation mode
and flexible operation mode respectively. Both scenarios were
compared to examine the capability of the developed control-
optimization algorithm and the financial advantages of both
operation modes. Electricity prices for a 24-h period with a
highly fluctuating pattern are selected as illustrated in Fig. 2. The
dynamic profile of electricity prices were chosen to examine the
capability and sensitivity of the developed control-optimization
algorithm. Here, electricity prices are collected from Ref. [16].

4. Result and discussion

The MPC-MINLP algorithm (depicted in Fig. 1) was imple-
mented in Matlab (Mathworks, USA) and solved using a PC with
a dual core i7 processor and 16 GB RAM. The computation time
required for execution of MINLP algorithm for one scenario
(24 h) was approximately 5 h. While, the computation time
required for MPC controller is about 10 min. The optimization
formulation for fixed and flexible operation modes is given in
Table 2 as below.

Where x; and x, is the capture rate (%) and power plant load
(MW) respectively. The CR!, CRM™ and CRM?* are the initial, lower
bound and upper bound carbon capture rates and PPL!, ppLMin
and PPLM®* are the initial, minimum and maximum power plant
loads. The Q,., and Ea,, represent the reboiler heat duty and
auxiliary electrical energy requirement respectively. Moreover, h
denotes the process inequality constraints which mean that the
net electricity output of the power plant does not exceed the
historical net load of the power plant at any particular time.

For each scenario, the optimization algorithm was executed
three times to ensure the reliability and consistency of the

Table 2
Optimization formulation for fixed and flexible operation modes.

Fixed operation mode Flexible operation

mode

Maximize revenue Maximize revenue
(t, Pe, X1 = 90%, x5, CP) (t, Pe, X1, X2, CP)
s.t. s.t.

Qreb (Xl vxZ)v EAux(Xl ’ XZ)

x; = CR', x, = PPL!,

CRMiM < x; < CRMa

Objective function:

Process model:
Initial conditions:
Process variables

bounds: PPLMIM < x, < PPLM*
Constraints: h(x1,x) <0
Table 3

The average deviations of triplicate optimisations in CCjgea; and Power plant net
load for flexible operation mode.

Three different values of carbon price at constant rate were CO> capture rate, Power plant
evaluated. These include $5/tonne-CO, (represents the lower CCidea net load
price), $25/tonne-CO; (represents the nominal price), and, $50/ $AUD 5/tonne CO, 0.01% 0.001%
tonne-CO; (represents the maximum price). All costs/prices in 2:33 ég/m““e Egz g’gng g-gg‘;?
this study are presented in Australian dollars. [tonne €O, i i
4000 . . : :
3500 |- _
355 160
140
3000 | 200 120 .
150 100
= 2500 | 400 80 -
g 60
g 2000 % 40 ]
E 0 1 | I T N T N N I N B | 20 1 1 1 1 1 1 1 1
X 1500 | 4 8 12 15 iy
1000 | \ / _
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Time(hr)

Fig. 2. The electricity prices (regional reference price, RRP) for 2011.
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generated outputs (ideal CO, capture rate and power plant net
load). Table 3 lists the average deviation for each simulation cycle
for flexible operation mode. It can be seen that the average de-
viations for all scenarios are relatively small and can therefore be
ignored. Therefore, for this study, we report the last generated
output (third simulation cycle) as the final optimization outputs.
Fig. 3 shows power plant loads generated from both optimization
formulations (fixed and flexible operation modes) while further
explanation can be found in the next section.

4.1. Fixed operation mode

Fixed operation mode of power plant associated with PCC
based on 2011 electricity prices were evaluated by assuming 90%
capture rate throughout the 24-h operation. This was developed
by constraining the lower and upper bounds of CO, capture rate
at 90% while maintaining the objective function (maximize plant
net operating revenue) at corresponding power plant loads.
During fixed operation mode, at corresponding electricity and
carbon prices, optimizer forced power plant to generate more
energy at each time interval compared to the flexible operation
mode as depicted in Fig. 3. For instance, at $5/tonne-CO, of
carbon price, fixed operation required, on an average, an addi-
tional 70 MW (from the loads generated via flexible mode) at
every half hour in order for plant to obtain maximum net oper-
ating revenue. However, at carbon price of $50/tonne-CO;, both
operation modes generated identical power plant loads in order
to obtain maximum net operating revenue.

On the other hand, the output responses from the controller
are depicted in Fig. 4 and appear to be identical under three
different carbon price. The black line indicates the CCigea Which
was calculated from the economic optimization algorithm, while
the filled bar is the actual CO; captured based on responses from

the MPC controller in the PCC process. Since the MPC controller
is able to track the CCigear perfectly, there is no deviation in ideal
and actual net operating revenues for this specific operation
mode.

4.2. Flexible operation mode

Flexible operation mode of power plant associated with PCC
was demonstrated by generating optimal range of power plant
load and CO, capture rate. Fig. 3 demonstrates the power plant
loads generation at corresponding electricity and carbon prices.
Interestingly, for flexible operation mode, a positive spike
featured at carbon price of $5/tonne-CO, while stable loads
emerged at carbon price of at $25/tonne-CO; and $50/tonne-CO,,
The spike featured due to the sudden change (increase/decrease)
of power plant gross loads that have been fed to the optimization
algorithm (MINLP algorithm) as illustrated in Fig. 5 (dashed
circles).

Fig. 6 shows that the control-optimization performance aims
to generate maximum plant revenue for a given duration. Fig. 6
(a-i, b-i, c-i) illustrate the power plant load generated from the
optimization algorithm in conjunction with the optimal CO,
capture rate in Fig. 6 (a-ii, b-ii, c-ii). It can be seen, at the highest
carbon price ($50/tonne-CO,), CO, was captured at almost
maximum plant capacity, 90% and opposite performance
occurred at low carbon price. Where, PCC plant operated at
minimum capacity between 20% and 30%. Moreover, during
high-peak demand where high electricity prices were induced
($2500—4000/MWHhe), the capture rate was observed to decrease
and at low electricity prices ($100—200/MWhe), the capture rate
appeared to increase as illustrated in Fig. 6 (b-ii) and (c-ii)
respectively. These behaviours are comparable to the study
conducted by Refs. [6,8]. It is evident that there are trade-offs

700 700
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|
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© = |
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Fig. 3. Power plant load generation at respective carbon price rates. Continuous line: Fixed mode operation (constant CO, capture rate, CC at variable power plant loads);
Dashed line: Flexible mode operation (variable CO, capture rate, CC and variable power plant loads).
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Fig. 5. Real time-based power plant gross load profile inputted to the optimization
algorithm for flexible operation mode at carbon price of $5/tonne-CO,.

between the power plant load and CO, capture rate in order to
obtain maximum net operating revenue.

At the plant level (Fig. 6 (a-ii, b-ii, c-ii)), the control re-
sponses are represented by the black line and filled bar
respectively. It can be seen in Fig. 6(b-ii) and (c-ii), there is a
slight deviation at the time when the PCC plant launched a
transitory increment (hours 4—8). This is explained by the fact
that in the PCC process, the reaction of CO, absorption in amine
solvent is fast, but not instantaneous [17], and therefore it af-
fects the performance of CCycrya to track the CCigeas consis-
tently. Furthermore, the dynamic nature of PCC plant itself
caused a process to take some time to attain a new steady state
point [8].

Besides that, two spikes have been spotted in the ideal CO,
capture rate (CCigea1) at 13 h and 14 h (Fig. 6b (ii)). The spike at
both times is due to the abrupt reduction of electricity prices
(refer Fig. 2). Since the optimization aims at achieving maximum
net operating revenue, an ideal carbon capture rate is calculated
every half hour based on the power plant load and electricity
price. Therefore, drops in electricity price, coupled with moder-
ate to high carbon prices lead to spikes in the carbon capture rate
in order to maximize net operating revenue. Conversely, a sud-
den drop in the ideal carbon capture rate is observed in Fig. 6¢ (ii)
at 10 h, which can be attributed to sudden jump in electricity
price at that time. It can be observed, based on these two cir-
cumstances, the optimization algorithm is sensitive to rapid and
high magnitude changes in electricity prices.

On the other hand, Fig. 6 (a-iii-iv, b-iii-iv, c-iii-iv) illustrates
the response of PCC manipulated variables, which are lean
solvent flow rate, u3 and reboiler heat duty, u;. The responses
show that the lean solvent flow rate was compensating with
the reboiler heat duty in order to tracking the CO, capture set
point (CCjgeal). In other words, both manipulated variables
showed proactive reactions in handling unprecedented
changes of the PCC plant. This performance features the
robustness of MPC scheme which at the same time can sub-
stantially enhance the efficiency and flexibility of the PCC
process. It can also be observed that the reboiler heat duty
decreased when maximum power plant load was imposed. This
condition elucidates that less steam is provided to the stripper
column of PCC plant due to more steam use in the power plant
to generate more electricity. This inverse correlation between
the power plant load and reboiler heat duty (steam) has been
explained in depth in Ref [9].

4.3. Financial benefit — revenue comparison

Normalised ideal and actual total net operating revenues are
illustrated in Fig. 7. Normalising was carried out via a ratio of
revenue in the range 0—1, by dividing revenue of each scenario
by the maximum revenue among all the scenarios (fixed and
flexible operation modes). Here, ‘1’ illustrates the highest/
maximum cost incurred while ‘0’ indicates minimum/lowest cost
incurred. The key reason of this 0 to 1 scale is to provide refer-
ence to the investor/plant manager on the potential operating
revenue possible when installation of PCC system is taken into
consideration. Due to the extensive demand in the imple-
mentation of large-scale PCC plants (in the present and future),
this scalable plant (power plant integrated with PCC system)
revenue can provide a quick and practical guideline/reference to
the investor/plant manager. Based on Eq. (1), the right hand side
of the equation is then segregated into four individual terms as
given in Eq. (2).

(PP + PCC)Rev =A —B—C — D 2)

where A represents the plant revenue generated through selling
of electricity, B is cost of CO, emission (carbon price paid), C and
D are the power plant and PCC operational costs respectively.

As expected, net operating revenue generated from fixed
operation mode is much lower compared to that in flexible
operation with an average difference of 6% for three different
rates of carbon price. Table 4 tabulates the net operating revenue
deviation for each operation mode at three different carbon
prices.

This outcome occurs because, during fixed operation mode,
when maximum capture rate is required (90%), the PCC plant is
forced to increase its operational capacity, affecting the power
plant operation. To clarify this result, we illustrate the net
operating revenue breakdown for both operation modes (fixed
and flexible mode) at carbon price of $ 25/tonne CO; in Fig. 8. It
can be seen, for fixed operation mode, a huge cost is imposed on
the integrated plant due to the substantial amount of power
plant and PCC operating costs (C and D), resulting in reduction of
revenue for fixed operation mode. Moreover, this type of oper-
ation mode (fixed mode) causes an operational burden to the
integrated plant, and thus reduces plant performance in the long
term. It is anticipated that only a small total cost of CO, emission
(B) needs to be paid for fixed operation mode compared to
flexible operation. This is because only small amount of CO,
emitted from the power plant operation.

On the other hand, for flexible operation mode, the surplus
revenue generation is caused by a small decrement in actual PCC
and power plant operating costs, as illustrated in Fig. 8 (for case
at carbon price of 25/tonne CO). This surplus revenue is influ-
enced by the flexibility of integrated plant where consequently
generate optimal plant operation and optimal plant operating
costs. To illustrate the impact of individual cost towards plant net
operating revenue, the actual net operating revenue composite
for flexible operation mode for three different carbon prices is
illustrated in Fig. 9.

This study has therefore focused in an initial stage on the
capability and applicability of the developed control-
optimization algorithm (hybrid MPC-MINLP), which we pro-
pose for use in investment decision making and optimal PCC
plant operation when considering low carbon management
targets.



162

0 1 1 1 1 1
0 4 8 12 16 20 24

Time (hr)

(a—ii)

90

70 -
60
50 -
40
. M
20

0 4 8 12 16 20 24

Time (hr)

CC (%)

(a-iii)

D N ®
o © O
T T T

wW A
(=T =]

N
o

Lean solvent flowrate,u, (L/min)
o
(=]

-
o
u

0 4 8 12 16 20 24
Time (hr)

(a-iv)
x10*

-
o
T

©
T

Reboiler heat duty, u; (KJ/hr)

5¢C . . . . .
0 4 8 12 16 20 24
Time (hr)

N. Abdul Manaf et al. / Petroleum 3 (2017) 155—166

(b-i)

0 1 1 1 1
0 4 8 12 16 20 24

Time (hr)

(b-ii)

CC (%)

0 4 8 12 16 20 24
Time (hr)

(b—iii)

70
60
50
40 -
30
20 -

10 L I 1 I I 1
0 4 8 12 16 20 24
Time (hr)

Lean solvent flowrate,u, (L/min)

N

-

Reboiler heat duty, u; (KJ/hr)
P

o
3}
=]
~ L
o

12 16 20 24
Time (hr)

(c-i)
700 J
600 -
500 -
400 -
300 -
200 -
100 |

Power plant load (MW)

0 4 8 12 16 20 24
Time (hr)

0 4 8 12 16 20 24
Time (hr)

w A OO N ®
S © © & © ©
T T T T T T

]

[
o
T

Lean solvent flowrate,u, (L/min)

-
o
U

0 4 8 12 16 20 24
Time (hr)

25

=

Reboiler heat duty, u; (KJ/hr)
(4]

e
o

o
£
[o2)

12 16 20 24
Time (hr)

Fig. 6. A techno-economic analysis (control-optimization scenario) for year 2011 at carbon price (a) $5/tonne-CO, (b) $25/tonne-CO; and (c) $50/tonne-CO; (Black line:

CCigea; filled bar: CCyctyar)-



N. Abdul Manaf et al. / Petroleum 3 (2017) 155—166 163

] Fixed mode [J Flex mode (ideal) [ Flex mode (actual)
1.00

0.60

0.40

Normalized revenue

0.00

$5.00 $25.00 $50.00
2011

Fig. 7. Comparison between ideal/actual net operating revenue for fixed operation
mode, ideal revenue for flexible operation mode and actual revenue for flexible
operation.
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Fig. 9. Breakdown of actual plant net operating revenue for flexible operation
mode for scenario under carbon prices of $5, $25 and $50 per tonne CO, (A: plant
revenue generated through selling of electricity, B: cost of CO, emission (carbon
price paid), C: power plant operational cost and D: PCC operational cost).

17

Table 4 . L. . . Garbon polic Management Decision Support S =
Net operating revenue deviation for fixed and flexible operation (actual) modes System CAILP
at respective carbon prices ($5/tonne-CO,, $25/tonne-CO,, $50/tonne-COy). (AEN ) el St
____________________________ J----------REGULATORY/EOLICY
Plant mode Plant net operating revenue ($)
$5/tonne-CO; $25/tonne-CO; $50/tonne-CO, $ carbon Eesmane Gl R
Deviation (%) 107 5.1 35
. _¢ ______________ ENTERPRISE ___
PCC Control Vi,
System
5. Conclusions : PLANT

In this study, a hybrid control-optimization algorithm is
developed to evaluate the potential net operating revenue of
coal-fired power plants retrofitted with PCC in response to
changes in electricity demand, carbon prices and electricity
prices. At the enterprise level, the objective function is to
maximize plant net operating revenue through varying the CO,

Revenue ratio

(actual)

Fixed mode:2011 (CT:$25/tonne CO,) Flexible mode:2011 (CT:$25/tonne CO,)

Fig. 8. Breakdown of plant net operating revenue for flexible (actual) and fixed
operation modes for scenario under carbon price of $25/tonne CO, mode (A: plant
revenue generated through selling of electricity, B: cost of CO, emission (carbon
price paid), C: power plant operational costs and D: PCC operational costs).

PCC Plant

-
INSTRUMENTATION

Fig. 10. The top-down management framework of power plant associated with
PCC.

capture rate and power plant load. While, at the plant level, the
control algorithm is responsible for consistently track the ‘ideal’
CO, capture (CCjgeal) by simultaneously manipulating the lean
solvent flow rate and reboiler heat duty. Based on the proposed
algorithm, the plant is capable of generating surplus revenue
from the calculated ideal net operating revenue with accumu-
lated net operating revenue of approximately 6% when using
2011 electricity prices and carbon price fixed at $5, $25, $50/
tonne-CO;, For future work, this developed control-optimization
algorithm can be integrated as part of a management decision
support algorithm (planning and scheduling) as shown in Fig. 10.
This multi-level framework will become a competitive asset for
sustainable operation of clean fossil power generation wherever
carbon capture is feasibly adopted.
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A summary of previous studies on the management decision-making (planning and scheduling) of various energy generations retrofitted with CO, mitigation strategies.
The abbreviations are illustrated below this table.

Ref. Plants Technique Obj. function/ Period/ Strategies Outcome
constraint prediction
horizon
[3] Coal PP + Petroleum ICSM 1. To minimize total 30 years 1. With  carbon  emission 1. Total system costs under
PP + Steel Plan system cost of CCS. trading (CO, emission a trading mechanism is
vs CCS (AWS + SS 2. To develop optimal permits for each source are less than without
+ ABS + MS) strategies for CCS tradable within the entire trading mechanism.
which involved CCS system rather than
multiple emission being set at a pre-
sources, capture determined level)
technologies and 2. Without carbon emission
project time span. trading.
[4] Coal PP + PCC MILP To maximize total 1 month 1. Company has no constraint Strategy 1: Guarantee
(2 trains) (GAMS) income. in carbon management maximum income for the
approach and predefine company.
maintenance schedule. Strategy 2: Improve power
2. Company has no constraint plant income by 9.5% and
in carbon management require carbon permit to be
approach and let program secured.
define the maintenance Strategy 3: The benefit of
schedule. savings in carbon taxes
3. Same as strategy 2 but outweighs the loss due to
government provides one the net power load
free permit for every tonne reduction.
of CO, captured Strategy 4: Feature
4. Same as scenario 2 but the uneconomical operation
company want to capture 1 schedule.
million tonne of CO,/ Strategy 5: Increased
annum. electricity prices makes it
5. Same with scenario (2) with beneficial for the coal PP to
the difference that the generate more electricity
company desires to study and capture less CO,
the impact of projected (regardless of carbon price
carbon and electricity prices rate).
at —20%, —10% + 20% +10%.

[5] Coal PP vs PCC MILP (GAMS) To maximized net 25 years 1. The government introduced Strategy 1: Not suggested to
present value by free emission permits with install PCC plant but rather
either investing in CO, emission intensity of paying the tax.

PCC or pay carbon higher than 1.2 tonnes/ Strategy 2: Suggested to
tax MWh. Annual escalation install PCC plant.
factor for the electricity Strategy 3: Suggested to
price and carbon permit install PCC plant.
price are escalated by 5%
annually.
2. The government is
providing certain amount
of free emission to the
company. Annual escalation
factor for the electricity
price and carbon permit
price are 0.05 and 0.10
respectively.
3. The company sets a plan for
certain amount of CO,
capture over the planning
horizon. Annual escalation
factor for the electricity
price and carbon permit
price is 0.05.
[6] Coal PP + Solar MINLP (MATLAB) To maximize 1 month 1. PP + PCC Strategy 1: Increased
PP vs PCC profit (January) 2. PP + solar assisted PCC electricity prices would
3.PP + PCC + solar result in decreased the
repowering (power capture rate
boosting: variable net (The lowest cumulative
electricity output) operational revenue
4. PP 4+ PCC + solar compare to all four cases).

repowering (load
matching: fixed net
electricity output)

Strategy 2: Cumulative
revenue for strategy 2 is
more than strategy 1, but
less than revenue for
strategy 3.



(continued )

N. Abdul Manaf et al. / Petroleum 3 (2017) 155—166

165

Ref. Plants Technique Obyj. function/ Period/ Strategies Outcome

constraint prediction

horizon

Strategy 3: Increased
electricity generation
would result in increment
of plant revenue (The most
profitable with the lowest
carbon emissions)
Strategy 4: Cumulative
operational revenue is
almost the same as strategy
3 for a carbon price $25/
tonne-CO,.

[7] Coal PP + PCC - To maximize power 24 h 1. Base case: load following Strategy 2: Unlikely to be a
plant's short run operation of the power cost effective strategy.
marginal cost plant. Strategy 3: Provide
profitability 2. Exhaust gas venting. marginal benefit.

3. Solvent storage. Strategy 4: The most
4. Times varying solvent profitable.
regeneration. *All strategies were
compared with the base
case (strategy 1).

[18] Coal PP + New MILP (GAMS) To minimize cost 20 years 1. BAU — Base case study 1. Increment of CO,
Coal PP + RE of the energy 2. Business as usual (BAU) and avoidance could lead to
+ IGCC + NGT generating system fulfill targeted energy the increase of electricity
+ NGCC vs + PCC with following demand regardless of CO, cost.

constraints: emission limit. 2. NGCC + PCC and new
1. CO, emission 3. CO, emission variability coal PP + CCS are more
2. Energy demand. (20%, 30%, 40% and 50% favorable for improving
3. Capacity of the from the projected CO, of a CO, avoidance.
power plant's emission)
boilers.
4. Availability of
RE supplies.

[19] Coal PP + Gas Inexact Two-Stage To maximize system 15 years 1. Emission allowances are 1. Increased restrictions on
fired PP Chance-Constrained benefits through free for power plants CO, emission would
+ Petroleum fired Programming allocating the 2. Emission allowances are result in decreased
PP vs CCS Approach electricity generation free at 90%, 40%, and 10% system benefits.

under the policy of CO, emission generated 2. The optimized electricity
of emission trading in a power plant during generated by the coal-
period 1, 2, and 3 fired power plant would
3. Emission allowances are be reduced as the free
free in period 1, 2, and 3 at emission allowances
all 10% of CO, generated in diminish.
each power plant. 3. The system profits under
strategy 3 would be the
lowest because it is a
harsh scenario for
cutting emissions.
[20] Coal PP vs PCC MILP To maximize net 30 years 1. Invest in PCC plant (include 1. PCC plant might make
(GAMS) present value operating cost and initial different capture

(NPV) and investment cost). capacity selection

optimize CO, 2. Not invest in PCC plant but depending on their

capture capacity paying the carbon tax. expected CO, price and
their value for flexibility.

2. Capturing at low

capacity is less
expensive and not
capture at full scale may
enable a faster
development of CCS.

[21] Coal PP vs PCC MINLP (GAMS) To minimize cost 1 year 1. Buying or selling emission 1. Oxyfuel combustion is

+ OXY

[22] Coal PP + Oil PP
+ Nuclear PP
+ NG PP
+ Hydroelectric
PP vs CCS

MILP (GAMS)

of electricity

1. Economic mode:
To satisfy a CO,
reduction target
emissions while
maintaining and
enhance power
to the grid.

allowances.

2. Reducing  emission by
investment in abatement
technology.

2 Options:

1. Fuel balancing

2. Fuel switch

Operation mode:

1. Economic mode

2. Environmental mode

3. Integrated mode

Under 4 planning scenarios:

more cost effective than
MEA in a cap and trade
framework.

1. Fuel balancing
contributes to the
reduction of the amount
of CO, emission by up to
3%

2. The optimal CO,
mitigation decision are
found to be highly

(continued on next page)
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(continued )
Ref. Plants Technique Obj. function/ Period/ Strategies Outcome
constraint prediction
horizon

2. Environmental 1. Base load demand sensitive to coal price.

mode: To minimize 2. A 0.1% growth rate in
the CO, emissions demand
while maintaining 3. A 0.5% growth rate in

demand
4. A 1.0%
demand

and enhance
power to the grid.
3. Integrated mode:
Combine above
objective functions

growth rate in

Abbreviation: GAMS: General algebraic modeling system; MILP: Mixed integer linear program; ICSM: Inexact management model; MINLP: Mixed integer non-linear
programming; PP: Power plant; Coal: Existing coal power plant otherwise stated; IGCC: Integrated gasification combined cycle; NGT: Natural gas turbine; NGCC:
Natural gas combined cycle; RE: Solar and biomass energies; CCS: Carbon capture and storage; AWS: Ammonia wet scrubbing; SS: Solid sorbents; PCC: Amine based

(MEA) post combustion CO, capture otherwise stated; MS: Membrane separation; OXY: Oxy-fuel combustion; vs: integrate with.
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