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a b s t r a c t

Cryogenic air separation unit (ASU) is considered as the currently available commercial oxygen pro-
duction method for oxy-fuel combustion power plants; however, this method leads to significant energy
penalty and economic cost. Real-time optimizing system operations during dynamic processes (such as
flow rate change, oxygen product purity change, and flexible operation) are expected to achieve
remarkable energy savings. Dynamic exergy provides a powerful indicator for real-time evaluating the
system thermodynamic performance and quantifying the impact of a control strategy. In this work, some
important transient exergy parameters of ASU systems under typical dynamic operating scenarios were
first obtained through combining steady-state and dynamic process simulations. Next, control penalty
and cost for internal control structures (layers and loops) were determined for the optimizations of
control strategy and operation. Feedforward-feedback control structure and ASU-following control
strategy are more suitable for ASU regulation and flexible operation, respectively, because more efficient
thermodynamic performance is achieved during the investigated operating scenarios. The control
structure, layer and loop play different roles in terms of energy behavior and require reasonable regu-
lation to optimize energy behavior. This study provides an important insight into using control opti-
mization aided by the dynamic exergy method to implement energy-efficient operations for industrial
plants.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

To mitigate the greenhouse gas effects of the enormous CO2
emissions from power plants on climate change, carbon capture,
utilization and storage (CCUS) technology has been considered to
be a very effective and promising route within a short term [1].
Oxy-fuel combustion, one of the competitive CCUS technologies, is
currently ready for commercial demonstration. Oxy-fuel combus-
tion uses the mixture of oxygen from an air separation unit (ASU)
and recycled flue gas to replace air to combust with fuel, and then
flue gas enriched by approximately 80e90mol.% CO2 is sent into a
CO2 compression and purification unit (CPU) to produce high-
purity CO2 for other industrial applications [2,3]. To meet the ox-
ygen supply demand in oxy-fuel combustion, the ASU for oxygen
mail.hust.edu.cn (H. Zhao).
production should possess the following traits [4e7]: (i) large O2
production capacity with low product pressure (~1.5 bar), rela-
tively low product purity (~95 vol%) and no necessity for other
products; (ii) frequent and fast ramp demands; (iii) flexible oper-
ability; (vi) robust control performance; and most importantly, (v)
low energy and cost penalties. Among the oxygen production ap-
proaches [8,9], cryogenic ASU appears to be the only available
method currently for oxy-fuel combustion application [4,5].
However, cryogenic ASU demonstrates large energy penalty and
high operating cost; these drawbacks would significantly deterio-
rate the thermodynamic and economic behaviors of oxy-fuel
combustion power plants [10,11].

Many efforts have been made on new process design, process
optimization, heat integration, control method and operating
strategy to reduce the cost and energy consumption of the ASU.
Several new ASU options adopted with above-ambient distillation
have been proposed and compared based on the energy penalty,
economic cost and operation reliability [5], and a sub-ambient heat
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Fig. 1. Schematic of a dual-column based ASU with LOX in an oxy-fuel combustion power plant.
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pump distillationwith low energy consumptionwas designed as an
alternative option [12]. Through applying the exergy assessment,
some potential solutions to reduce the thermodynamic irrevers-
ibilities in the compression and distillation processes were reported
to optimize the ASU performance [13]. Heat integration mainly
focused on the effective utilization of compression duty from the
ASU for other subsystems [4]. The energy penalty could reduce
approximately 0.38% of the overall oxy-fuel combustion power
plant when heat recovery was employed to preheat feed water
sending into the boiler island [14], and a maximum of 0.12e0.22%
more decrease could be further achieved if a mixed integer non-
linear programming model was applied to optimize this heat
integration [15]. For control and operation, the strategies of phase
CO2 capture [16], energy storage operation [16], and peak and off-
peak (POP) operation [17] were developed to increase system
flexibility and reduce operating cost. Moreover, a control system [7]
was designed to realize the preceding strategies and different
integration patterns were tested to integrate the ASU with the oxy-
fuel combustion boiler. Although these studies have provided
useful ideas to achieve efficient and economic operations of the
ASU in oxy-fuel combustion power plants, very limited studies
focused on reducing power consumption of the ASU through con-
trol optimization.

In fact, the optimizations of control objective, control structure,
and control performance could achieve energy conversation [18]
and sustainable development [19]. The former two control aspects
are always correlated by setting the minimization of energy con-
sumption and economic cost as objective functions, selecting
desirable control pairings, and establishing advanced control
structure. Typically, self-optimizing control [20], model predictive
control (MPC) [21] and real-time optimization (RTO) [22] are the
primary methods to implement optimal control target and
structure. Thus, control performance can be further optimized to
enhance the thermodynamic and economic behaviors. An exergy-
based method is an effective approach because exergy constructs
the relationship between thermodynamics and process control.
From the dynamic exergy equation, the system response time [23]
was derived, the relative exergy array [24] was proposed, the eco-
efficient exergy factor [25] was introduced, and the dynamic
exergy plots [26] were used to identify and confirm the optimal
control pairing. Nevertheless, this exergy-based method was based
on the steady-state results and lacked clear evaluation indictors. To
further improve themethod, a new dynamic exergymethod [27,28]
was recently developed to achieve real-time evaluation of the
thermodynamic performance of an oxy-fuel combustion boiler and
a CPU, and the dynamic evaluation was based on the dynamic
process simulation for these two systems [3,29,30]. The dynamic
exergy methodology built a pathway to observe the dynamic
exergy behavior and quantify the control impacts on system ther-
modynamic performance. A suitable control strategy and structure
could be determined via the comparison of the total exergy de-
structions under different operating scenarios. Thus, remarkable
energy savings for the ASU can be achieved when proper control
system is adopted and optimized.

In this study, the dynamic exergy methodology was utilized to
quantify the effects of internal structures (control layers and loops)
in the control system on the ASU thermodynamic performance and
thenwas used to determine the optimal control strategy. This paper
is organized as follows. Section 2 gives a brief introduction to the
studied ASU system in an oxy-fuel combustion power plant. In
Section 3, the procedures and notes for the dynamic exergymethod
employed in the analyzed ASU are presented. In Section 4,
comprehensive discussion to identify the control impacts on sys-
tem energy behavior is illustrated, and the control optimization is
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presented. Finally, conclusions are given in Section 5.
Fig. 3. Dynamic model for the ASU with feedforward-feedback control structure.
2. Air separation unit

Fig. 1 illustrates the process flow diagram of an ASU [7] in an
oxy-fuel combustion power plant adopted and studied to optimize
the ASU control performance. Pure atmospheric air depleted of
particle impurities is compressed via a three-stage compressor
with intercoolers (MAC), cooled by a precool unit (PU), treated with
a molecular sieve (MS), and then split into two streams, before
passing through the main heat exchanger (MHX) to heat product
streams. One stream is directly sent into the high-pressure column
(HP), and the other stream is expanded in the expander (EXP) to
generate the required refrigeration capacity and enters the low-
pressure column (LP). The nitrogen from the HP top is condensed
against with the boiling oxygen in the condenser-reboiler (COND-
REB), where one part acts as reflux stream for the HP, and the other
part is depressurized via the subcooler (SUB) and throttle valve
before being sent to the LP top. Liquid air from the HP bottom is also
sent to the LP after depressurized by the SUB and throttle valve. The
bottom oxygen product boosted by the liquid oxygen pump (PUMP)
and waste nitrogen are heated through the MHX and then sent
outside of the cold box. Last, one part of the oxygen product is
supplied to the oxy-fuel combustion boiler, and the rest is stored in
a liquid oxygen storage drum (LOX).

To satisfy operating demand and reduce energy penalty, the POP
operating strategy [7,17] (Fig. 2) is employed here to integrate the
ASU into the oxy-fuel combustion power plant. In this strategy, the
ASU is oversized to 120% capacity and configured with LOX, and the
oxy-fuel combustion boiler always operates at full load (100%).
During off-peak time operation, 20% of the gaseous oxygen prod-
ucts are liquefied and stored in the LOX, while the rest are sent to
the oxy-fuel combustion boiler. When at peak time, the ASU is
turned down to the minimum load (60%), the gaseous oxygen
product is stopped to be liquefied and stored into LOX, and gaseous
oxygen vaporized from LOX (40%) enters the oxy-fuel combustion
boiler. A control system [7], shown in Fig. 3, was designed to realize
this operating strategy. In the control system, feedforward-
feedback control structure is installed in the supervisory control
layer to satisfy oxygen product quality and achieve the flexible
operation. The former target is achieved via the control loops of
oxygen product purity (CC_OXY), liquid oxygen level (LC_REB) and
LP pressure (PC_LP), while the latter objective is attained by the
“M_NOR”, “M_ASU” and “M_LOX” strategies. “M_NOR” denotes the
completion of normal operations, including load change and mode
switching (air-fired mode and oxy-fired mode), and “M_ASU” and
“M_LOX” aims to reach the POP operation. “M_ASU”, i.e., the ASU-
following control strategy, defines an oxygen supplying rate from
LOX beforehand while tracking and maintaining the total oxygen
flow rate required for oxy-fuel boiler via adjustment of the set-
point of FC_LGOX. Operated in an opposite manner, “M_LOX”
Fig. 2. Simplified explanation of the POP operating strategy.
(also called LOX-following control strategy) is achieved by
providing an oxygen supply rate from the ASU in advance while the
set-point of FC_BACK is regulated to satisfy the total oxygen de-
mand from oxy-fuel combustion boiler. The total compression po-
wer consumption was found to decrease by approximately 32.85%
[7].

3. Applying the dynamic exergy method to ASU

As shown in Fig. 4, the dynamic exergy method proposed by us
[27,28] is adopted here to evaluate and optimize the control
behavior. As the first step, a steady-state model is first established
and validated against with the plant design data, and then the
model is converted into the dynamic model. Here, the closed-loop
control system is configured to conduct dynamic simulations when
the various operating commands are applied. From the dynamic
behavior, the real-time thermodynamic parameters, consisting of
flow rate (m), pressure (P), temperature (T), power consumption
(W) and composition (c), are obtained to calculate the exergy pa-
rameters under the supervision of the closed-loop control system.
Moreover, the thermodynamic parameters for the case that the
plant runs without any control intervention are also obtained when
the identical operating commands are input into the steady-state
simulation. Finally, these closed-loop and open-loop thermody-
namic information are used as the inputs in the exergy calculation
program. The physical exergy (EPH), chemical exergy (ECH), fuel
exergy (EF), product exergy (EP), exergy destruction (ED), and exergy
efficiency (h) [11,31,32] are introduced to evaluate the system
exergy performance. In step 2, based on the determined dynamic
exergy plots, the dynamic exergy property is displayed directly, the
energy consumption for the operating scenario is calculated, the
sensitivity of the operating parameter is identified, the control
penalty and the control cost are quantified, and the control strategy
is compared and selected. These five aspects, referred from our
previous studies [27,28], can be used to determine the optimal
control structure and performance.

Specifically, the detailed procedures to implement dynamic
exergy analysis for the studied ASU are presented. As discussed in
our previous study [7], the steady-state model was established
based on the following assumptions: (1) pure air components
(78.118% N2, 20.95% O2 and 0.932% Ar) were considered to simplify
the process model, (2) a combination of the HP with condenser and
the LP with the reboiler was employed to represent two distillation
columns and COND-REB, and (3) the design specification and



Fig. 4. Systematic procedures for the execution of the dynamic exergy method.
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calculator modules were used to ensure full heat integration and
oxygen product demands. Moreover, oxygen liquefaction and
vaporization processes are simplified in the developed model
without considering the detailed real conditions such as process
type, device type, and refrigeration recovery, etc. Next, the dynamic
model was built after the accomplishment of the dynamic prepa-
rations by choosing the pressure-driven method, setting the con-
nections between two-unit devices and importing the geometric
sizes of theMHX, SUB, COND-REB, HP and LP. As illustrated in Fig. 3,
a closed-loop control system was configured to conduct dynamic
simulations under the conditions of load change, oxygen product
purity change and POP operation. Hence, the real-time thermody-
namic data under control systems with different structures and
strategies during the preceding three operating scenarios can be
obtained. Finally, based on the reference environmental state, the
exergy parameters to assess the ASU performance are calculated.
The energy consumptions from liquefaction and vaporization are
considered as the parts of fuel exergy and their calculations are
determined from the correlation of energy consumption from ASU
process and the varied amounts of liquefied oxygen and re-
vaporized oxygen during different operating scenarios. It is
assumed that the energy consumptions from liquefaction and
vaporization are respectively set as 1.4 times and 0.6 times of that
from ASU, if all the produced gaseous oxygen from ASU is used for
liquefaction and liquified oxygen is used for vaporization (using
steam as the heating medium). In the initial state (120% oxygen
products with 100% gaseous oxygen and 20% liquid oxygen), the
fuel exergy includes the exergy of atmosphere air (Eair; 806.89 kW,
1.049%), the exergy of liquid oxygen supplied to oxy-fuel boiler (Eo,
s; 0 kW, 0%), the power consumptions from MAC (Emac;
61876.30 kW, 80.408%), liquefaction (Eliq; 14267.85 kW, 18.541%),
PUMP (Epump; 2.18 kW, 0.003%) and vaporization (Evap; 0 kW, 0%),
while the product exergy consists of the exergy of gaseous oxygen
product (Eo, g; 8548.77 kW, 45.69%), the exergy of liquid oxygen
product (Eo, l; 9432.06 kW, 50.41%) and the power produced from
EXP (Eexp; 730.54 kW, 7.87%). In such a manner, the exergy
destruction and exergy efficiency are determined as 58241.86 kW
and 24.32%, respectively. Therefore, the dynamic exergy plots are
formed by calculating the exergy parameters at all operating time
points.

Dynamic exergy property denotes the real-time exergy behavior
displayed directly in the dynamic exergy plots. The energy perfor-
mance for operating scenario (ai) is determined from Eq. (1) by
counting the areas under dynamic exergy curves. The energy inputs
(aF), energy outputs (aP) and energy consumptions (aD) for three
operating cases during the selected time period are the areas under
the dynamic fuel exergy, product exergy and exergy destruction
curves, respectively. This parameter describes the energy perfor-
mance caused by an operating command during a time period. As
presented in Eq. (2), the energy utilization ratio (l), defined as the
ratio of the total energy outputs to the total energy inputs, is
introduced to represent the extent of energy utilization for the
operating case and the control system. A control system would be
more energy-efficient when this parameter for one control system
is larger than that of another control system; in the opposite situ-
ation, the control system would cause a higher energy penalty.
Sensitivity factor (b) formulated as Eq. (3) is introduced to identify
the sensitivity level of operating parameter on system operation.
The larger sensitive factor would lead to the greater fluctuation
during system operation at the situation that the corresponding
operating parameter changes.

ai ¼
Zt1
t0

EiðtÞdt (1)

l ¼ aP
aF

(2)

b ¼
����
�
daD
aD; 0

���
du
u0

����� (3)

where a is energy (kW$h) including aF, aP and aD, t is time point,
subscripts “0” and “1” stand for the initial and final operating states,
and i means the types of exergy parameters (i.e. EF, EP, and ED); l is
energy utilization ratio, subscripts “F” and “P” represent the fuel
and product; b is a non-dimensional number, daD is the amount of
energy consumption that generated during the time period from
giving command to reaching the final steady-state, aD,0 mean the
produced energy consumption if the initial operating condition
lasts for the above time period, and u is the variable used to com-
plete the operating command, and u0 is the initial value of u.

However, because of the convergence problem that occurs in the
dynamic simulation of ASU, the direct calculations of control pen-
alty and control cost based on open-loop control are infeasible



Fig. 5. Dynamic exergy properties for the ASU configured with six control structures
during flow rate change process: (a) regulatory control layer (RCL), (b) oxygen product
purity control (OXY), (c) the coupling of oxygen product purity with liquid oxygen level
controls (OL), (d) supervisory control layer (SCL), (e) feedforward-feedback control
(FF), and (f) feedback control (F).

B. Jin et al. / Energy 152 (2018) 313e321 317
because dynamic exergy plots under open-loop control for ASU are
unavailable. To solve this issue, control penalty (Da), defined as the
difference of energy consumption between two different control
systems, is introduced to represent the impacts of control structure,
layers and loops on system performance. As shown in Eq. (4),
control penalty is calculated by acquiring the energy consumption
under all control systems simultaneously. Therefore, the inherent
energy performance for control layers and loops in the control
system can be uncovered to identify their contributions to system
thermodynamic characteristics and to optimize control structures
with the aim of reducing energy consumption. Moreover, Eq. (4)
can also be used for the comparison of control strategies (d) via
obtaining the difference of energy consumption between two
control strategies. From Eq. (5), control cost (k) is the absolute value
of the ratio of the total fuel impact to the total product impact. In
fact, the control cost quantifies the demand of the control effort to
achieve the desirable product quality when the fuel input is no
longer equal to the specified value. More attention should be paid
to an operating parameter if the corresponding control cost is
larger. For internal control structures, the value of control cost can
also be used to reveal the important extent of control layers and
loops during a certain operating scenario.

DaðdÞ ¼ aD;A � aD;B (4)

k ¼
�����
aF_closed � aF_j
aP_closed � aP_j

����� (5)

where, Da or d is the difference of energy consumption, subscripts
“A” and “B” are two different control configurations or strategies, k
is control cost, and i means control systems configured with
different control layers and loops.
4. Results and discussion

4.1. Dynamic exergy property

4.1.1. Flow rate change case
Fig. 5 shows the dynamic exergy properties of the ASU during

the flow rate change process where oxygen flow rate ramps down
20% from the initial state with a rate of 2%/min. Six control struc-
tures are considered at the operating scenario. Generally, fuel
exergy decreases because Eair, Emac, Eliq and Epump are all decreased,
while product exergy decreases via the decrements of the flow
rates of the expanded air and oxygen products. Unfortunately, the
ASU cannot operatewhen the liquid oxygen level control loop is not
installed. This collapse of operation is ascribed to the failure of
thermodynamic pairing between vaporization and condensation in
the condenser-reboiler. Therefore, the former 30min are chosen for
the regulatory control layer case (Fig. 5(a)).

Control cases (b), (c), and (d) are identical in terms of fuel exergy
because the presence of the oxygen product purity control loop
contributes to the same values of the exergy parameters. Because of
the larger decrement of Emac, the fuel exergy of case (e) is lower
than that of case (f). The difference between cases (f) and (a) is
ascribed to the control actions from supervisory control layer in the
former case. That control layer causes the different amounts of
atmosphere air and power consumption from the three-stage
compressor with intercoolers. With respect to product exergy,
case (c) is larger than case (b) because the smaller decrements of
Eexp and Eo, l are observed in the former control structure. The
product exergy of case (d) is larger than that of case (c) because the
feedforward control signal from CC_OXY makes oxygen product
purity be closer to the target in case (a). The difference between
cases (b) and (e) is derived from the real-time regulations of
CC_OXY and LC_REB on the expander operation. Because the
presence of feedforward compensation leads to the different oxy-
gen product purity, the product exergies of cases (e) and (f) are
slightly different. The oxygen product purity remaining at the set-
point by CC_OXY and the higher power produced from expander
make the product exergy of case (f) different from that of case (a).
As determined from the dynamic behavior of fuel and product
exergies, time-varied exergy destruction and exergy efficiency
were obtained (for simplicity, the results are not shown here). In
the feedforward-feedback control case, the decrease of exergy
destruction occurs because the decrement of fuel exergy
(�13528.92 kW) is larger than that of product exergy
(�3631.32 kW), while the change of exergy efficiency occurs
because of the relationship between the extent of variations of the
fuel and product exergies.
4.1.2. Oxygen product purity change case
The dynamic exergy property is shown in Fig. 6, illustrating that

the oxygen product purity increases linearly from 95mol.% to
99.75mol.% while oxygen product flows are maintained at the
initial state. All the exergy parameters increase under feedforward-
feedback control system. For fuel exergy, this finding is ascribed to
the fact that Epump decreases by approximately 0.27% while Eair, Eliq
and Emac increase by approximately 0.40%, 1.82% and 1.77%,
respectively. Because of the regulations of oxygen product purity
and liquid oxygen level controls, Eo, g and Eo, l are increased (þ2.76%
and 0.43%) while Eexp decreases (�2.55%). The increment of fuel
exergy (þ1356.70 kW) is larger than that of product exergy
(þ258.31 kW), whereas the amplitude of the variation for fuel
exergy (þ1.76%) is larger than that of product exergy (þ1.89%).
Hence, exergy destruction increases while exergy efficiency de-
creases. In addition, the dynamic exergy behavior for FF is different



Fig. 6. Dynamic exergy property for the ASU during the oxygen product purity change
process: (a) fuel exergy, (b) product exergy, (c) exergy destruction, and (d) exergy
efficiency.

Fig. 7. Dynamic exergy property for the ASU during POP operation: (a) fuel exergy, (b)
product exergy, (c) exergy destruction, and (d) exergy efficiency.
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from that of F because feedforward function contributes to slight
differences for atmosphere air flow rate, power consumption from
compressor, and oxygen product purity.
4.1.3. POP operation
Dynamic exergy responses of ASU under POP operation are

shown in Fig. 7. All the exergy parameters decrease for both the
LOX-following and ASU-following operating strategies. For the LOX-
following strategy, the variation of fuel exergy is derived from the
Table 1
Energy inputs, outputs and utilization ratios for three operating cases.

Case, kW$h FF

aF aP

Flow rate change 57753.28 13885.43
Oxygen product purity change 64697.30 15699.33
POP operation: LOX-following 53650.36 11477.60
POP operation: ASU-following 53725.35 11488.66

a Calculated from Eq. (2), with the difference for FF and F being quite small during an
variations of Eair, Eo, s, Emac, Eliq, Evap and Epump, especially the sig-
nificant decreases of Emac and Eliq while the increments of Evap and
Eo, s. In terms of product exergy, all the components get the dec-
rements. The reason for this behavior is that the expander opera-
tion is regulated to satisfy the liquid oxygen level demand, oxygen
product quality should be maintained to meet with the oxygen
supply demand, and oxygen product is gradually stopped to be
liquefied and stored into the LOX. The amount and amplitude of the
variation for fuel exergy (�11355.06 kW, �14.75%) are larger than
those of product exergy (�9846.26 kW, �52.62%), leading to the
variations of exergy destruction and exergy efficiency. As discussed
in our previous study [7], the different exergy behavior for LOX-
following and ASU-following results from where the control
signal for the oxygen product flow rate is sent.
4.2. Energy consumption of operation and sensitivity factor

Energy consumptions for three operating cases are summarized
in Table 1. The highest energy utilization ratio for oxygen product
purity case indicates this process realizes the most effective usage
of energy. During an identical operating condition, the role played
by feedforward compensation results in little difference in the
energy performance between feedforward-feedback control and
feedback control. Moreover, feedforward compensation could
enhance the energy utilizations for flow rate and POP cases while
slightly weaken the energy behavior for oxygen product purity
case. The thermodynamic performance for ASU-following strategy
is more efficient than that of LOX-following strategy. Although the
former strategy leads to higher energy consumption from the
compressor, it makes the oxygen product purity more close to the
set point and less oxygen flow rate supplied to the oxy-fuel com-
bustion boiler. In such away, the amount of exergy decrease caused
by oxygen product purity and oxygen flow rate supplied from LOX
is larger than that of exergy increment resulted from compression
power. The sensitivity factors for flow rate and oxygen product
purity change cases are determined as 4.41 and 101.33, respectively.
In other words, the variation of the oxygen product purity causes
the larger energy consumption than that of the flow rate, indicating
that the ASU operation is more sensitive to the change of oxygen
product purity.
4.3. Control penalty and control cost

From Table 2, the control penalty for closed-loop control
structure is determined as 738.05 kWh, which represents the
necessary energy consumption required to achieve oxygen product
quality and ensure robust operation. Themain energy penalty is not
caused by the control system (2.65%, supervisory control layer oc-
cupies 2.60% and regulatory control layer accounts for 0.05%) but
originates from the operation without the control system (97.34%).
This penalty implies that the system self-characteristic and limi-
tation from the unit device rather than the control system are the
main sources of thermodynamic inefficiency. In the control system,
F

la aF aP la

24.04 57756.54 13770.19 23.84
24.27 64697.30 15699.34 24.27
19.39 53660.11 11478.73 19.39
19.50 53727.73 11489.21 19.50

identical operating case.



Table 2
Energy consumptions for different control configurations (kW$h).

Control typea aD Control typeb Da

FF 27753.10 LC_REB �27.81
OXY 27765.74 CC_OXY 750.69
OL 27737.93 Feedforward-feedback �0.03
SCL 27737.90 Regulatory control layer 15.20
RCL 27030.25 Supervisory control layer 722.85
Open-loop 27015.05 Closed-loop control structure 738.05

a ASU configured with different control structures or systems.
b Different control structures, layers and loops.

Table 4
Comparison of different control strategies and control systems.

Case, kW$h FF F d

Flow rate change 50963.58 50966.39 2.81
Oxygen product purity change 48997.968 48997.969 0.001
POP operation: LOX-following 47703.20 47711.81 8.60
POP operation: ASU-following 47427.71 47436.35 8.65
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the supervisory control layer consumes approximately 97.94% of
the total energy consumption, with the rest originating from the
regulatory control layer. This phenomenon is attributed to the
different roles played: the regulatory control layer maintains steady
operation and resists local disturbance, whereas the supervisory
control layer pushes the operating parameters close to their targets
and optimizes the operation. Thus, a small control penalty is
required for the regulatory control layer while more energy con-
sumption is required in the supervisory control layer. CC_OXY and
LC_REB in the supervisory control layer are used to maintain oxy-
gen product purity and liquid oxygen level via the control actions
on the atmosphere air flow rate and the EXP, respectively. LC_REB
and feedforward-feedback compensation save energy while
CC_OXY consumes energy. Because the speed of EXP is turned
down to bring the high liquid oxygen level back to the set-point,
energy savings can be realized from LC_REB. The energy penalty
for CC_OXY is the maximum because it aims to maintain oxygen
product purity at approximately 95mol.%. More power consump-
tion is required when the oxygen product purity is lower than its
set-point because a larger amount of atmosphere air is required to
achieve the control target. In nature, the energy penalty for CC_OXY
arises from the variation of stream composition (i.e., the change of
chemical exergy), and that of LC_REB and feedforward-feedback
compensation results from the variation of stream flow rate (i.e.,
the change of physical exergy).

From Table 3, the costs for the control structure, layers and loops
are different because their targets and functions are different. The
costs for regulatory and supervisory control layers are 0.714 and
5.252, respectively, revealing that larger control effort is required in
the supervisory control layer than that of the regulatory control
layer to realize the control objectives. The costs for control loops in
supervisory control layer are ranked as: CC_OXY> LC_REB>
feedforward-feedback compensation, which reflect the difficult
extent of implementing the corresponding control loop. In addi-
tion, it is found that the cost for closed-loop control structure is the
sum of the costs for the corresponding control layers, and the cost
for supervisory control layer is the sum of the costs for the corre-
sponding control loops in this layer.

4.4. Comparison of control strategies

Table 4 lists the energy consumptions for feedforward-feedback
Table 3
Control costs for the control loops and control layers during the flow rate change proces

Control type aF_closed aF_i

LC_REB
CC_OXY
Feedforward-Feedback 36611.84 36649.71
Regulatory control layer 36611.84 36649.71
Supervisory control layer 36611.84 35718.99
Closed-loop control structure
control and feedback control during three operating scenarios. The
former control consumes less energy than that of the latter one for
all the cases, which is attributed to that feedforward-feedback
compensation reduces the energy consumption from the
compressor where the amount of atmosphere air is decreased. Two
control systems contribute to almost identical energy performance
during oxygen product purity change process. Additionally, energy
consumption for ASU using the ASU-following operating strategy is
lower than that of using the LOX-following operating strategy
(i.e. �275.50 kWh for feedforward-feedback control and �275.45
kWh for feedback control), because the deviation of the oxygen
product purity using the first strategy is lower and the oxygen
supplying flow rate is smaller than that of using the second
strategy.
5. Conclusions

The dynamic exergy method was used to improve the thermo-
dynamic and economic performance of an oxy-fuel combustion
power plant integrated with a cryogenic air separation unit (ASU)
because the ASU has high energy and economic costs. The ASU can
achieve energy-efficient operation through control optimization
based on the dynamic exergy calculation and evaluation. Indeed,
this dynamic exergy methodology can be used to observe the dy-
namic exergy property, calculate the energy consumption for
operating scenario, analyze the sensitivity of operating parameter,
determine the control penalty and control cost, and compare the
control strategy. It was found that the dynamic exergy property is
related to the analyzed operating cases, and the most effective
energy utilization occurs in oxygen product purity change case
when compared to other operating scenarios. The control system
requires 738.05 kWh energy penalty to maintain stable and robust
operation, and the main thermodynamic inefficiency originates
from the system intrinsic characteristics (i.e., plant structure and
equipment performance). Supervisory control layer requires
greater energy consumption than that of the regulatory control
layer, and the oxygen product purity control loop contributes to the
primary energy penalty in the supervisory control layer. The ASU-
following control strategy is a more suitable strategy because its
energy consumption is lower than that in the LOX-following control
strategy. It was found that the sensitivity factor for the oxygen
product purity change case is the maximum, indicating that the
variation of oxygen product purity has themost significant effect on
system operation. The energy penalty of control system is required
to maintain stable and safety operation, and different internal
s.

aP_closed aP_i k

0.768
3.752

8858.74 8911.78 0.7140
8588.74 8911.81 0.7136
8588.74 8688.74 5.252

5.966
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control structures (layers and loops) in the control system exhibit
different energy performances. The control cost of the closed-loop
control system is the sum of the control costs of all control layers,
and the sum of the control costs of all control loops in a control
layer is the control cost for that control layer. Feedforward-
feedback control was selected for the studied ASU because it ach-
ieved energy-efficient operation. In summary, this study provides
useful information for engineers and other applications to achieve
desirable operation through control optimization.
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Notation
Symbols
c composition
d differential
E exergy
h unit enthalpy, kJ/kmol
k control cost
m flow rate
P pressure
s unit entropy, kJ$kmol�1$K�1

t time point
T temperature
W power consumption

Subscripts
0 reference environment state/initial operating state
1 final operating state
A, B different control systems or strategies
D destruction
F fuel
i exergy type
j control type
P product

Superscripts
CH chemical
PH physical

Greek symbols
a energy (kW$h)
b sensitivity of operating parameter, a non-dimensional

number
D difference
l energy utilization ratio
d energy difference
h exergy efficiency

Abbreviations
ASU air separation unit
CCUS carbon capture, utilization and storage
CPU CO2 compression and purification unit
CC_OXY oxygen product purity control loop
COND-REB condenser-reboiler
EXP expander
F feedback control
FC_BACK flow rate control loop(oxygen supply from LOX)
FC_LGOX flow rate control loop(liquid oxygen product from LP)
FF feedforward-feedback control
HP high pressure column
LC_REB liquid oxygen level control loop
LOX liquid oxygen storage drum
LP low pressure column
MAC main air compressor
MHX main heat exchanger
MPC model predictive control
MS molecular sieve
M_ASU ASU-following control strategy
M_LOX LOX-following control strategy
M_NOR normal operating strategy
OXY oxygen product purity control
OL the coupling of oxygen product purity with liquid

oxygen level controls
PC_LP LP operating pressure control loop
POP peak and off-peak time operation
PU purification unit
PUMP liquid oxygen product pump
RCL regulatory control layer
REA relative exergy array
REDA relative exergy destruction array
RGA relative gain array
RTO real-time optimization
SCL supervisory control layer
SUB subcooler
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