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ABSTRACT

This paper presents an energy and exergy co-optimization method of integrated gasification combined
cycle (IGCC) based on Fuzzy Supervisory Predictive Control (FSPC). Firstly, a green IGCC process is
proposed which contains three principle couplings: air separation unit (ASU), heat recovery steam
generator (HRSG) and CO, capture/storage unit (CCS). From law of thermodynamics, using substance
thermophysical parameters, the energy efficiency and exergy efficiency of IGCC are successively
defined. The IGCC power station has features such as closed coupling, large time lag and non-linearity,
however, faster response speed and lower overshoot are always the unremitting pursuits. Therefore,
the Fuzzy Supervisory Predictive Control (FSPC) method is proposed to implement robust control under
complex disturbances by pre-considering unmeasurable disturbance and measurable disturbance. The
fuzzy rules extracted from historical bigdata are employed in supervisory layer to make the precise
control decisions. Finally, the energy and exergy co-optimization model is built and solved for higher
efficiency and economic effectiveness. Taking the large-scale (300MW) IGCC for example, after using
FSPC, the efficiency of water recovery is increased from 40.7% to 62.1% with the ratio of 52.6% because
of waste water recovery (WWR) system. The net efficiency of proposed IGCC system is increased from
37.6% to 41.7% with the ratio of 10.9%. The exergy efficiency of IGCC system is increased from 36.5%
to 39.2% with the ratio of 7.4%. The proposed method has great significance for the energy-saving
and Near-zero emissions (NZEC) IGCC with high safety and robust control under supercritical (SC) or

ultra-super critical (USC) state.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

green factory production mode. A typical IGCC system is mainly
composed of cryogenic air separation unit (ASU), gasification

Energy efficiency has become an effective way for sustainable
development in the future. Improving the efficiency of energy uti-
lization can significantly improve the quality of energy utilization
and reduce energy consumption. Nowadays, the integrated gasifi-
cation combined cycle (IGCC) is a promising technology for power
generation that allows various feedstocks with high efficiency and
low greenhouse gas emissions (Chen et al., 2018; Emun et al.,
2010; Lee et al., 2014). Coal, biomass or any other suitable solid
or liquid feedstocks can be converted to syngas in a gasifier and
fed into other subsystems. With the increasingly serious environ-
mental problems, China has issued ultra-low emission standards
to limit the carbon dioxide, sulfur dioxide and other polluting
gases in large factories (Tang et al.,, 2019). It is a trend to develop
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unit, gas turbine (GT), steam turbine (ST), heat recovery steam
generator (HRSG) (Khan and Tlili, 2018), CO, capture and storage
unit (CCS) and so on. It can also be divided into gasification
subsystem, cleaning subsystem, power generation subsystem and
waste heat recovery subsystem. The net efficiency of an IGCC
system further decreases to 32.5% when considers CCS (Jones
et al.,, 2011). Therefore, improving the efficiency of IGCC system is
an urgent requirement. In order to improve the efficiency of IGCC
system and reduce its energy requirement, it can be summarized
into four approaches according to previous research.

The first approach is to integrate cryogenic ASU with IGCC
system by oxygen and nitrogen produced in ASU. The mixture
of oxygen and steam is used as the gasification agent instead
of the traditional air which can produce syngas with a higher
heating value (HHV) greater than 11.11 MJ/N m® (Zang et al,,
2018). Nitrogen injection in combustor can reduce NOx formation

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in GT and increase turbine power output. The most effective way
to produce large quantities of high purity oxygen and nitrogen is
cryogenic ASU. The optimization and integration of ASU and GT
in IGCC system is very important. Jones et al. (2011) studied the
optimal design and integration of ASU with IGCC systems, and
the results showed that it can help to improve the efficiency and
net power generation of an IGCC system with CCS. Wang et al.
(2016) proposed a simultaneous optimization and integration
method for the system of ASU and GT to improve efficiency of
IGCC systems, and two improved case showed that additional
10% and 14% net power generation compared with traditional
case, respectively. Han et al. (2017) developed a thermodynamic
model for a 400 MW plant coupled with an elevated pressure
air separation unit and examined the performance under various
integrations to get the optimum solution. The results showed that
the optimum solution was integrated with an air extraction rate
of 80% and full nitrogen injection.

The second approach is to design and improve the efficiency
of ASU, which provides oxygen and nitrogen to gasifier and com-
bustor respectively. Cryogenic ASU is an important unit which
significantly effects the overall efficiency and cost of IGCC systems
(Fu et al., 2016a). Hence, improving the efficiency of cryogenic
ASU is very necessary. Ham and Kjelstrup (2010) used exergy
analysis to evaluate two process (with two or three distillation
columns) designs of ASU, and the results showed that the three
columns design destroyed 12% less exergy than the two columns
design. Fu et al. (2016a) proposed an elevated-pressure cryogenic
ASU for IGCC based on self-heat recuperation technology, and the
energy requirement of the proposed ASU was reduced by 11%
compared with traditional ASU.

The third approach is to optimize and integrate the IGCC
system as a whole which is most effective because it directly
improves overall energy efficiency without any other impact.
Christou et al. (2008) studied the parametric cost-benefit analysis
of IGCC technology (with or without CCS) and calculated the
electricity unit cost of different power generation approaches.
Lee et al. (2009) analyzed the impact of the design options on
the performance of an IGCC system, including the technology of
integrating a GT with an ASU and the degree of nitrogen supply
from the ASU to the combustor. Al-Zareer et al. (2016, 2018)
optimized an IGCC system from energy and exergy efficiencies
and cost of the produced hydrogen and electricity based on
genetic algorithm, and the optimization demonstrated that the
IGCC system is cheaper to produce hydrogen and electricity.

The last approach is to integrate CCS with IGCC systems. IGCC
is an innovative system that facilitates the implementation of CCS
which can effectively reduce greenhouse gas emissions and re-
duce environmental pollution from fossil fuel combustion. In the
gas clean-up subsystem, CO;, can be separated from the syngas
by adsorbent. Descamps et al. (2008) developed an evaluation
method of CO, removal in an existing IGCC system which is based
on an oxygen blown entrained flow gasifier and the efficiency of
the IGCC system is 43%. Hoffmann and Szklo (2011) analyzed the
maturity and costs of IGCC systems (with or without CCS) and
assessed the influence of IGCC systems risk on economic viability,
and the results showed that the introduction of IGCC systems
with CCS on a wider scale faces large uncertainties.

Most papers focus on improve efficiency of complex system by
more accurate control methods and algorithms. Liszka and Tuka
(2012) studied whether the integration of air-side ASU-GT has a
positive impact on the efficiency of IGCC, the results showed that
the ASU-GT integration is not recommended from the efficiency
point of view. Zhang et al. (2013) systematically analyzed the
effect of Coal-water slurry (CWS) preheating gasification technol-
ogy integration on the energy efficiency of wet IGCC system with
and without carbon capture. The results showed that the total

energy efficiency of the wet feed IGCC system without carbon
capture is 1-5 percentage points (1%-5%) higher than that of the
original wet feed IGCC system. Wang et al. (2015) established
the mathematical model of IGCC device, including gasification
device, air separation device and energy quality conversion com-
bined cycle device. The Gibbs free energy minimization method
is used to predict the composition of syngas and the efficient
isentropic process is considered. Obara et al. (2016) established
an IGCC numerical model to evaluate the electrical response
characteristics, and studied the frequency characteristics of in-
terconnected independent micro grid through numerical analysis.
When the proposed IGCC system is installed with proportional
integral differential controller and load tracking, even in the
case of large-scale photovoltaic power waves, the energy flow
through the micro grid is stable. Guan et al. (2019) introduced
the particulate control devices (PCD) of IGCC project in Kemper
County, which is the key component of Transport Integrated
Gasification process. Kemper PCD is designed to accommodate
different types of filter element optimization in the future. He
and Lima (2019) proposed three model predictive control (MPC)
strategies for coal-fired power plant cycling applications. The
closed-loop results show that the control performance of non-
linear MPC (NLMPC) is 96% higher than that of dynamic matrix
control (DMC) in terms of the integral squared error (ISE) results.
Guo and Chen used Tapio (Guo and Yan, 2018) decoupling model,
differential GMM method and peak prediction model to analyze
the impact of environmental regulation on carbon emissions, and
found that there is a significant inverted U-shaped curve relation-
ship between environmental regulation and CO, emissions and
CO, emission intensity.

The optimization and integration of IGCC system includes the
integration between ASU and GT, and between GT and power
generator, which is a very complicated process. At present, com-
pared with other systems such as natural gas combined cycle
(NGCC) system and conventional coal-fired power plants, the
energy efficiency of IGCC system is relatively low, but there is
a lot of room for improvement and less environmental pollution
for IGCC systems.

Therefore, based on the previous work (Xu et al., 2019a,b),
some auxiliary devices, such as sulfur recovery device, heat re-
covery steam generator (HRSG) device and waste water recovery
(WWR) device are integrated to the traditional IGCC system to in-
tegrate organically with the IGCC system, which greatly improves
the energy efficiency and exergy efficiency of the IGCC system.

2. Overall description of ASU and IGCC system
2.1. Cryogenic air separation unit (ASU)

Industrial gases are important energy sources or feedstocks
of modern industry (Ivkovic et al., 2015). The industrial gases
described mainly refers to the three gases, oxygen (molecular
symbol O,), nitrogen (molecular symbol N;) and argon (molec-
ular symbol Ar). They play an important role in the economy.
The oxygen (0,) in industrial gases is mainly applied to petro-
chemical, aerospace, thermal power and ferrous metallurgy in-
dustry. The ferrous metallurgy making process requires a large
amount of oxygen, which is generally produced by cryogenic
ASUs (Fu et al., 2016b). The use of medical O, is an increasing
market (Ebrahimi and Ziabasharhagh, 2017). Oxy-combustion is
a promising technology to mitigate carbon dioxide (molecular
symbol CO,) emissions, particularly from coal-based power plants
(Fu and Gundersen, 2012). Nitrogen (N,), as an element of great
technical importance, can be produced at cryogenic temperatures
(about 100 K/—173 °C) with 1 ppm (parts per million) of impu-
rities. High purity nitrogen is used as protective gas and carrier
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gas in the manufacture of integrated circuits, semiconductors
and electric vacuum devices, the carrier gas of chemical vapor
deposition, etc. High purity nitrogen in the process of epitaxy,
lithography, cleaning and evaporation, as the replacement, dry-
ing, storage and transportation of gas, requires purity of more
than 100 ppm. In aerospace technology, liquid hydrogen filling
system must first use of high purity nitrogen replacement, and
then the high purity helium replacement (Kim et al., 2011).

The global industrial gases market has been showing a steady
growth in recent years according to the reports from gas world
Association and China Industrial Gases Industry Association. To
reduce energy consumption per unit industrial gases, the de-
mand for the large-scale ASU will increase rapidly. There are
various technologies that are used for the air separation process,
such as cryogenic distillation, magnetic air separation technology
(MAST), Membrane Adsorption, Pressure Swing Adsorption (PSA)
and Vacuum Pressure Swing Adsorption (VPSA) (Hashim et al,,
2011; Smith and Klosek, 2001a). At present, as the most effective
method to produce large quantities of high purity industrial gases
is Claude cycle cryogenic separation according to boiling points.
Multiple ASUs constitute an air separation island. Fig. 1 presents
an air separation island. Multiple large-scale ASUs and their visu-
alized digital mockup (DMU) are respectively shown in Fig. 1(a)
and (b).

The large-scale cryogenic air separation unit (ASU) produces
industrial gases for modern industry. Under the dual pressure
of energy and resources, most enterprises develop from ASU
towards Integrating gasification island (IGI), a typical example of
which is IGCC.

2.2. Overall forward integrated design of IGCC

The Integrated Gasification Island (IGI) mainly includes ASU,
coal gasification plant and power generation plant. The whole
IGI can realize the power and raw materials needed for internal
supply and export the usable products outwards, such as Oxygen,
Nitrogen, Carbon monoxide and Hydrogen. The process of IGI are
as follows: the ASU provides Oxygen directly to the gasification
unit, and can also provide other products, such as liquid Nitro-
gen, liquid Oxygen, clean gas and so on. The raw coal needs to
pass through the pretreatment unit, then enters the gasification
unit, under the catalyst function becomes the coarse gas (mainly
hydrogen and carbon monoxide). The remaining impurities are
waste gas and waste residue, and the waste gas can enter the
expansion unit of the ASU to do work. Coarse gas needs to be
purified by a purification device to remove internal fine dust,
hydrogen sulfide, sulfur dioxide, carbon dioxide and other im-
purities. Pure hydrogen and carbon monoxide can be obtained
through separation devices. Under the action of burning fuel coal,
the boiler produces steam, which can drive the steam turbine
to do work, and also can drive the generator set to do work to
generate the electrical energy needed for the operation of the
whole device.

The IGCC system has the advantages of high efficiency, low
emission and low water consumption, which is one of the im-
portant development directions of clean coal technology in China.
The IGCC is explored and put forward, which can reduce the
irreversible loss in the energy conversion process and realize
the cascade utilization of energy by integrating the hydrocarbon
classification gasification process and chemical chain combustion
process of coal. The IGCC system mainly consists of cryogenic
ASU, gasification system, combustor, compressor, GT and power
generator, as shown in Fig. 2.

The oxygen and nitrogen required by the IGCC system are
produced in the cryogenic ASU. Most of the air required for the
cryogenic ASU is provided by the GT compressor. Air extraction
from GT compressor is of great significance for the IGCC system
which can be concluded as follows:

(a) GT compressor surge problem can be avoided (Liszka and
Tuka, 2012),

(b) the energy consumption of main air compressor (MAC) is
reduced.

The ASU adopts double distillation columns, including a high-
pressure lower column (HPLC) and a low-pressure upper column
(LPUC). Oxygen stream is produced in the bottom of the LPUC and
compressed to about 6737 kPa in the oxygen compressor (0OC),
which is mainly used in the gasifier. Nitrogen stream from the
top of LPUC is divided into two streams, one stream is called
vent nitrogen used as instrument gas and clean gas. Another
stream is compressed to about 3190 kPa and injected into the
GT combustor.

The gasification system mainly consists of gasifier, gas clean-
up system (GCS), sulfur recovery device, water-gas shift unit and
CO, capture and storage (CCS). Coal and water react with high-
pressure oxygen as gasification agent to produce raw gas in the
gasifier, and the equations of reversible chemical reaction can be
described as

C +0.50, «— CO (M
CO + 0.50, «<— CO, (2)
H; + 0.50, <— H,0 (3)
C+ CO, <« 2C0 (4)
C+H,0 «— CO+H, (5)
C+2H, <« CHy (6)
CO + H,0 «—> CO, + H, (7)

The Eq. (1) proves that coal gasification reaction is neither
pyrolysis reaction nor combustion reaction, but oxygen deficient
reaction. The raw gas from the gasifier firstly pass a gas clean-
up system (GCS) consisting of water scrubber, COS hydrolysis
unit and heat exchangers network (HEN). The GCS can remove
acid gas in the raw gas, such as H,S and CO,. Sulfur recovery
can be achieved by adding a sulfur recovery unit in GCS, which
can reduce the production of pollution gas SO,. Then the syngas
mainly including hydrogen (H,), water (H,0) and carbon monox-
ide (CO) will be fed into the water-gas shift unit (WGSU). The
main reaction in WGSU is Eq. (8). The generated CO, is captured
and stored in the CGS unit and the remaining H, is supplied to
the GT combustor.

Compressor, turbine and combustor are the main units in the
GT system. Ambient air passes through the GT compressor and
becomes compressed air. The compressed air is divided into two
streams, one stream enters into ASU and the other stream enters
into combustor. Feed streams including compressed air (oxidizing
agent), H, (fuel) and the high-pressure nitrogen from ASU react
in the GT combustor to produce fuel gas of high temperature and
high pressure. The fuel gas enters the GT and drives GT to do
work. A shaft is used to connect the compressor and turbine. The
GT drives the electricity generator to generate electricity. Exhaust
gas from GT still has high temperature and pressure, which can
be recovered by HRSG to generate electricity.

The advantages of proposed green IGCC system are as follows:

(1) High energy efficiency. The IGCC systems integrate several
devices to form a closed-loop system, which can better adapt
to the operation of multiple working conditions, avoid waste of
resources and repetitive start-up.

(2) Large-scale equipment. The traditional units cannot meet
the demands of industry. The total amount of gas generated by
the new IGCC system is dozens of times higher than that of the
traditional one.
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Fig. 1. Air separation island. (a) Multiple large-scale ASUs, (b) DMU of ASUs.

Water from Air from
WWR HRSG Vit
Air ﬁ nitrogen
MAC Cryogenic ASU
u High-pressure
z NC P i
Waste Nitrogen, nitrogen injection
Oxygen Argon storage unit
\
ocC Sulfur recovery
) — Waste
High-pressure residie
oxygen
Coal | Raw gas H,+H,0+CO H,+CO,
Gasifier GCS WGSU CCS
Water
Compressed air
Combustor
Fuel gas Electricity
generation

Compressor

Exhaust gas to other
subsystems

Fig. 2. Overall forward integrated design of IGCC.

(3) Low greenhouse gas (GHG) emission. The IGCC system
converts coal into gas first, then burns in the combustor af-
ter purification. Compared with the traditional direct combus-
tion method, its emission of pollutant gases such as NOy and
SOy is very low, so it has less pollution to the environment. At
the same time, sulfur recovery device is integrated to further
desulfurization to reduce sulfur content in the syngas.

(4) Low water consumption. The IGCC system uses a WWR
device to maximize the recovery of waste water discharged from
the system, so that waste water reuse can effectively alleviate the
shortage of water resources.

The fluid flow in the system is taken as the main variable
and the whole system is designed and analyzed in combination
with the working conditions. The heat recovery steam generator
(HRSG), CO, capture and storage unit (CCS), waste water recovery

(WWR) are integrated to the traditional system to improve the
efficiency and the environmental performance of IGCC system. A
green integrated gasification combined cycle (IGCC) system in-
cludes many devices, such as ASU, combustor, compressor, etc., as
well as thousands of parameters, such as air flow iy, operating
pressure P, compressor efficiency 7, integration degree S, etc. It
is necessary to give the definition of some parameters for the
coupling between the units, which is convenient for design and
analysis.

We define the integration degree g of ASU and IGCC and
nitrogen supply ratio y represent the extent of unit coupling, can
be obtained as Egs. (9) and (10).

_ rhair,GT

(9)

Mgir ASU
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_ My, T (10)

TN, Asu
where g is integration degree; y is nitrogen supply ratio; g cr
is the air mass flow rate to ASU from GT compressor (kg.s™!);
Tair asy i the total air mass flow rate to ASU (kg.s™'); My, ¢r is
the nitrogen mass rate supplied to GT combustor (kg.s~1); 1N, Asu
is the nitrogen mass rate separated from ASU (kg.s™1).

3. Fundamentals of energy efficiency and exergy efficiency
3.1. Energy efficiency

In thermodynamics, the energy is a quantitative property,
which can be stored, transmitted, conversed and utilized, equiv-
alent to the capacity of a physical system to do work in a variety
of forms, such as electrical, mechanical, chemical, thermal, or
nuclear. The three laws of thermodynamics define physical quan-
tities (temperature, energy, and entropy) that characterize ther-
modynamic systems at thermal equilibrium. The laws describe
how these quantities behave under various circumstances, and
preclude the possibility of certain phenomena (such as perpetual
motion).

AU =dQ — W AU, dQ, W R (11)

where AU is internal energy change, dQ is amount of heat sup-
plied to the closed system, §W is amount of work done by the
system.

Most theories have been put forward to improve energy con-
version efficiency. The Reversed Carnot cycle provides an upper
limit on the efficiency that any system can achieve during the
energy conversion. The Organic Rankine cycle (ORC) is an ideal-
ized thermodynamic cycle of a heat engine that converts heat into
mechanical work while undergoing phase change.

For cryogenic ASU, the power consumption can be calculated
as (Han et al,, 2017).

Easu = Emac + Eoc + Enc (12)

where Esgy is the power consumption of cryogenic ASU (MW);
Epac is the power consumption of MAC (MW); Eqc is the power
consumption of OC (MW); Eyc is the power consumption of
nitrogen compressor NC (MW).

The net energy output of GT is given by

Enet = Ecr — Easu — Eau (13)

where Epe is the net power output (MW); E¢r is the GT power
output (MW); Eg, is the power consumption of auxiliary units

(AU) (MW).
The IGCC net efficiency can be obtained as
Enet
= — 14
Mnet Evoal (14)
Ecoat = Thcoal x LHV (15)

where 7, is the net efficiency of IGCC; E,q is the coal consump-
tion capacity of IGCC (MW); riq is the mass flow rate of coal
(kg.s~1); LHV is the coal low heating value (M].kg™1).

The waste steam can pass the WWR device which includes
heat exchangers and clean-up unit to get liquid water. Then the
recovered water can feed into cryogenic or gasifier to reduce the
external water supply.

Twater = mu‘)ater,recovered (16)
Myater, total

where 7,4 is the efficiency of water recovery; myater recovered 1S

the mass flow rate of recovered water (kg/s); fyater.torar 1S the

total mass flow rate of water (kg/s).

3.2. Exergy efficiency

Exergy can be defined as the quality of energy as it combines

the first and second laws of thermodynamic. It is a more profound
measure for analyzing energy process. An exergy analysis is the
first step for the exergoeconomic analysis of energy conversion
and energy-intensive chemical systems. The total exergy transfer
rate E contained in a material stream can be decomposed into
thermo-mechanical (or physical) exergy transfer rate E™ and
chemical exergy transfer rate E.
E — ETM +ECH — rh(eTM + eCH) (17)
where E is the exergy transfer rate (kW); E™ jis the thermo-
mechanical exergy transfer rate (kW); E? is the chemical exergy
transfer rate (kW);  is the mass flow rate (kg.s™!); e™ is the
specific thermo-mechanical exergy (kJ.kg™'); e is the specific
chemical exergy (kJ.kg™1).

The specific thermo-mechanical exergy e™ of a material
stream can be given as:

e™ = [h (T, P) = h(To, Po)] = Tols (T, P) — so(To, Po)] (18)

where h is the specific enthalpy (k].kg~'); s is the specific entropy
(kJ.kg=1.K1); P is pressure (MPa); Ty, Py are respectively the
temperature (K) and pressure (MPa) of external ambient.

The specific thermo-mechanical exergy e™ can be further
decomposed into two components. One is thermal exergy (e’)
based on temperature and the other one is mechanical exergy
(eP) based on pressure. The decomposition is not unique and does
not have a fundamental meaning, it makes it easier to analyze the
exergy transfer within processes.

e™M =el 4 ¢f (19)
e’ = [h(T,P) — h(To, P)] — To[s (T, P) — so(To, P)] (20)
e’ = [h (Ty, P) — h (To, Po)] — Tols (To, P) — s (To, Po)] (21)

where e is the specific thermal exergy (k].kg™1); e’ is the specific
mechanical exergy (k].l(g“]).

The exergy loss rate I can be calculated by setting up the
exergy balance between all input and output exergy.
=Y E-3k (22)

in out
where | is the exergy loss rate (kW).

The exergy efficiency can be defined as input-output exergy
efficiency. The input-output exergy efficiency #nexergy is the ratio
of the total output exergy to the total input exergy. It can be used
for all process units when the total input exergy is transformed
in to other components.

E
Nexergy = -0711[ (23)
Ein
For IGCC in Fig. 2, exergy efficiency can be defined as

Epower

Nexergy = = (24)

Ecoal + Ewarer + Eair

where 7neergy i the exergy efficiency; Epower is the exergy of

generator power (KW); Eqoq is the exergy of coal (kW); Eyqer 1S
the exergy of water (kW); E;- is the exergy of air (kW).

4. Mathematical model of predictive control
4.1. System identification from bigdata

The IGCC system has features such as interlock protection,
closed coupling, large time lag and non-linearity, however, faster
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response speed and lower overshoot are always the unremitting
pursuits. The IGCC system is a nonlinear large-scale complex
system (LSCS) where temperature, pressure, flowrate and other
technical parameters play an important role in the operation and
performance. The Multiple Input Multiple Output (MIMO) system
can generally be decomposed into multiple single input single
output (SISO) sub-systems. For the certain logical process with
intuitionistic flow chart, the Mason’s Equation can be used to
obtain transfer function. However, for most MIMO the relations
between the input and output are complex and implicit. Due to
the large number and complex structure of IGCC devices, it is
difficult to establish a real-time control model of IGCC.

Let X = Xx1,X1,...,xy and Y = y{,y,2,...,yu be the input
(excitation) and output (response) of model, respectively. The de-
composed model contains N * M transfer functions. The transfer
function G; (s) between input x; and output y; can be defined as
Gij(s) = o) 1)

X(s) LX)
bo + bys + bys® + - 4 by_45""!
T 14 ags+ ar52 + 483 + - -+ + ay_qS"

where L is Laplace transform from time-domain to frequency do-
main, s is complex variable, ag, ag, ..., a,_1 and by, bg, ..., bn_1
are the coefficients. The highest order of the system is n. The value
of n determines the integral order or fractional order.

Then, a vector C that represents the dynamic characteristics of
the MIMO can be obtained by

neR* (25)

C= [(bOs b07 R bn—h Ao, do, - - - an—1)1*1 PR
(bo, bo, .., bp—1, Go, Ao, - - -, An—1)jsj s « - - s
T
(bo, bo, ..., bn_1, a0, a0, . .., Qn—1) Ny ] (26)

For high-order transfer function, many model order reduction
(MOR) methods can be employed to reduce complexity, such
as optimal Hankel norm approximation, recursive least-squares
method (RLS), clustering algorithm, etc.

In the field of sampling bigdata, the sampling period is AT,
the sampling times are Ny, and all the input and output recorded
are superposed respectively, as shown in Eq. (27). In this way, the
identification problem is transformed into the problem of solving
2n x N %= M coefficients represented by Eq. (26) according to input
X and output Y column vectors. It can be solved by Recursive
Least Square (RLS) identification method.

X:[X]J,...
Y:D/]J,...

, XN.NO]T

. ayM,No]T

» X1,Ngs X2,15 + - - XN, 15 -

7y1,N05y2,1’ ce

» X2, Ngs -+ s

s Y2.Ngs - s YM1, - e

(27)

Using bigdata driven model identification technique, on the
premise of determining the control model, let t; be delay time,
t- be risetime, t, be peak time, t; be settling time, 8oyershoor b€
overshoot. The overshoot (or maximum deviation) is one of the
dynamic performance indexes of the control system. It is the
response process curve of the linear control system under the
step signal input, which is also an index value of the step response
curve to analyze the dynamic performance. Deviation refers to the
difference between the adjusted parameter and the given value.
For a stable constant value regulating system, the biggest devia-
tion of the transition process is the difference between the first
peak value of the adjusted parameter and the given value. During
y (00) is equal to the stable value, &oyersnoor Can be calculated by
Eq. (28).

Yo 7Yoo | 100y (28)

Sovershoot =
o]

where 8qyershoor 1S the overshoot of model; y,, is the peak value of
signal output; y, is the stable value of output.

The essence of intelligent control is to keep balance between
rapid response time and lower overshoot. There are many PID
(Proportion Integration Differentiation) parameter tuning meth-
ods, such as critical proportioning method (Ziegler-Nichols or
Z-N method), Damping oscillatory method, robust PID Parameter
Tuning method and Integral Squared Time-weighted Errors (ISTE)
optimal Parameter Tuning method. For traditional PID tuning
control strategy, classic PID calculation formula is shown as

dg (t)
d

t
u(t) =Kp [e () + Tl/ e()dt+Tp ] + Ucon (29)
1 Jo
where u (t) is the controllable parameter; e (t) is the deviation;
Kp is the proportionality coefficient; T; is the integration time
constant (s); Tp is the differential time constant (s); uc, is control
constant.
However, the model has some shortcomings, such as excessive
overshoot, frequent fluctuations and so on.

4.2. Fuzzy supervisory predictive control

Considering the overall composition of the IGCC device and
the complex nonlinear characteristics of the device control sys-
tem, a low overshoot Fuzzy supervisory predictive control (FSPC)
method is proposed. The IGCC control model is obtained from
the combination of “off-line” and “on-line”. Based on the param-
eters of historical IGCC device, the control model is continuously
optimized. In order to achieve better performance, the coupling
and collaborative control between various devices of IGCC need
higher robustness under perturbation. The control system of IGCC
requires fast tracking, small overshoot and adaptive off design
capability.

The model of plant can be described.

N, -1
AZY)Y®O =B(E)XO+C(z7) v )+ % (30)
A ) =1+aiz ' +az 2+ 4z ™ (31)
B(z7")=1+4biz " +bz 2+ - +byz ™ (32)
Ce=14cz"+0z %+ +cpez ™ (33)
A=1-2z"" (34)

where N, is the Gaussian distribution with zero mean; z~! is

backward shift operator about t; A is forward difference opera-

tor; N, ( *]) /A is unmeasurable disturbance while v, is
measurable disturbance.
The model of adjustment layer can be described
Ac(z7)X () =B (z7")r () + By (z7) Y () (35)
( 1) =1+aaz T4 Acnaz” ™ (36)
Bcr ( 1) - brO + brlz + br2272 +---+ brnbzimb (37)
By ( ]) = by + by1Z + by2272 +---+ bynbziynb (38)

where r means the optimal value of adjustment layer.
The model of supervisory optimization layer can be described

J= Y Qu it atn -we+an]

At=1

+y[1?(t+1|t)—f/(r)]+Zx,»  [AX (¢ +i
i=1

—) - Av(t+i—DP+ ) EX(C+i—1) (39)

i=1
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Fig. 3. Fuzzy Supervisory Predictive Control (FSPC) of unit in IGCC.

where ] is the objective function; W is external reference as-
signment; Y (t + At|t) is the predicted Y (t + At) based on t;
X (t+i—1) is the adjustable variable, i = 1,2,...,m;
AX (t +i—1) is the increment of the adjustable variable, i =
1,2,...,m; Av(t+i— 1) is the increment of the measurable
disturbance, i = 1,2,...,m; n is the prediction domain; m is
the control domain. m = n; Q, A, £ is the positive definite matrix
of weight coefficient.

The fuzzy rules extracted from historical bigdata are employed
in supervisory layer to make the precise control decisions. The
control model consists of ¢ rule bases. Each rule is divided into
rule antecedent and rule antecedent. The ith rule is as follows:

R:if xye is Al - and xXp, is A,

then yi = pl + pixic 4 - + Pl X (40)

where i = 1,2,...,c is the number of fuzzy rule bases; x;,
is the input of the tth model; y; is the output of tth model
under ith rule; A} is fuzzy theory domain and main parameters
of rule antecedent, which can be obtained by clustering method;
Do, D1 - - Pm are the parameters of rule consequent which can be
obtained by least square (LS) method.

In supervisory layer, the fuzzy output y, of the fuzzy model at
the tth moment is as follows:
SV,

Yiaf!
where y; is the fuzzy output of model at the tth moment; f' is
the membership function of ith rule.

The Fuzzy Supervisory Predictive Control (FSPC) of unit in IGCC
is shown in Fig. 3. From Fig. 3(a), using traditional PID method,
tqis 0.1151 s, t, is 0.1842 s, t, is 0.3224 s, t; is 1.9572 s, Sovershoot
is 52.1857%. Using Fuzzy Predictive Control method, t; is 0.1630
S, ty is 0.3158 s, t, is 0.4585 s, t; is 0.7030 s, Sovershoor iS 12.5054%.
Using FSPC method, t4 is 0.1248 s, t, is 0.2823 s, t, is 0.3691 s,
ts is 0.4940 s, Soershoor 1S 4.5197%. From Fig. 3(b), Bode diagram
about frequency response of dynamic systems, using traditional
PID method, the gain margin is oo, the phase margin is 32.8443.
Using Fuzzy Predictive Control method, the gain margin is oo, the
phase margin is 101.7767. Using FSPC method, the gain margin
is oo, the phase margin is 178.0085. The infinite gain margin
indicates the stability of the system. The larger the phase margin
is, the more stable the system is.

Ve = (41)

5. Improving energy and exergy efficiency of IGCC system

The IGCC system integrates many advanced technologies, such
as coal gasification, gas clean-up technology, GT technology and
steam turbine (ST) technology. It is a promising technology to

improve energy efficiency. The integration of IGCC systems with
other devices or systems has been widely studied. Smith and
Klosek (2001b) introduced air separation technologies and their
integration with energy conversion process in detail. Cormos
(2010) introduced the energy consumption of IGCC systems with
CCS which is expected to play an important role in the fu-
ture for decreasing greenhouse gas emissions. Asif et al. (2015)
used exergy analysis to analyze three kinds of IGCC systems
(IGCC without CCS, IGCC with pre-combustion CCS and IGCC
with post-combustion CCS, and the results showed that IGCC
with post-combustion CCS is more efficient. Duan et al. (2015)
proposed an IGCC system with less CO, emission by integrating
a Molten Carbonate Fuel Cell (MCFC) for CO, capture. Al-Zareer
et al. (2016) proposed a new IGCC with a water-gas shift mem-
brane reactor. The propose of integration is mainly to improve the
efficiency of IGCC. In the design of IGCC system, the integration
of ASU and IGCC and the integration of HRSG and IGCC system
are adopted and also includes WWR, sulfur recovery and CCS.
The commercial software Aspen Plus is used to simulate the IGCC
system using Peng-Robinson equation as the state.

5.1. Energy efficiency ASU in IGCC system

For IGCC, the main unit of energy consumption is ASU which
is up to 15% energy consumption. Meanwhile, For ASU, the main
unit of energy consumption is MAC. Therefore, the working state
control of MAC plays an important role in reducing energy con-
sumption of IGCC.

According to thermodynamics, the critical pressure and tem-
perature of water are respectively 22.12 MPa and 374.15 °C.
By definition, subcritical state means below a critical threshold.
When the pressure and temperature of steam are greater than
the critical parameters, it can be called supercritical (SC). The SC
means the operating pressure of main steam pressure in the unit
is greater than the critical pressure of water (22.12 MPa). Gener-
ally, the ultra-super critical (USC) means the operating pressure
of main steam pressure is about 27-35 MPa or above, and the
temperature of main steam is 580 °C or above.

Fig. 4 presents the ASU and GT integration system. The cryo-
genic ASU provides oxygen and nitrogen to GT and GT compressor
provides compressed air to ASU. The cryogenic ASU adopts “one
drags two” unit to reduce energy consumption. “One drags two”
means one power-output shaft of turbine engine (ST or GT)
connect MAC and turbo-expander. The main product parameters
in ASU are listed in Table 1.



J. Xu, T. Wang, M. Gao et al. / Energy Reports 6 (2020) 272-285 279

Water from Air from
SRR, & Vent
A .
Air & e nitrogen
ogenic :
Mac o Nitrogen
Oxygen NC
Waste Nitrogen,
Argon storage unit
. Oxygen to . High-pressure
Compressed air wsitication H, from gasification | .00 gen injection
system
system
Combustor
S U g ) i _____-__-__-Ele_ctnzi-_
: Fuel gas cneratoiy
I g
| | Compressor p-=---=---==oeeeeemmmaaaaa--d GT  F----- @
I Power-output shaft Shaft
Exhaust gas to

other subsystems

101522

20-Sep-1 |

T I hysw

Fig. 4. ASU and GT in IGCC.

5.2. Fuzzy supervisory predictive control of HRSG and IGCC system

Fig. 5 presents the HRSG system of IGCC. In the IGCC system,
each reaction process is carried out at higher or lower ambi-
ent temperature and ambient pressure, but the temperature and
pressure of the final products will approach the ambient temper-
ature and pressure, so it is an important method of energy conser-
vation to recover the heat or cold energy stored in the products or

waste streams. The exhaust gas from GT is still at high tempera-
ture and high pressure which can be further used in HRSG system.
It consists of three kinds of ST including high-pressure steam
turbine (HPST), intermediate-pressure steam turbine (IPST) and
low-pressure steam turbine (LPST). Steam with different pres-
sures can be effectively utilized. The main parameters of HRSG
are listed in Table 2.
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Table 1 Table 3

Main product parameters in ASU.

Properties of coal used in IGCC systems.

IGCC parameters Values using FSPC

Proximate analysis Mole fraction

Ambient air temperature Ty (K) 288.2 Moisture 5.00%
Ambient air pressure Py (kPa) 101.3 Volatiles 5.00%
Purity of oxygen 95 mol% Fixed carbon 79.5%
Purity of nitrogen 50 ppm O, Waste residue 10.50%
Inlet pressure of OC Poc,in (kPa) 637 Ultimate analysis Mole fraction
Outlet pressure of OC Poc oue (kPa) 6737
Inlet pressure of NC Pyc.i, (kPa) 1827 Carbon 78.97%
Outlet pressure of NC Pyc o (kPa) 3190 Hydrogen 2.63%
Compressor efficiency nc 0.85 Oxygen 1.48%
Nitrogen 1.01%
Sulfur 0.36%
Table 2 Chlorine 0.05%
Main parameters of HRSG and WWR. LHV 29.92 M]/kg
IGCC parameters Values using FSPC
Exhaust gas temperature from GT Tg; (K) 700 Table 4
Inlet pressure of HPST Pppst in (kPa) 14000 The components of raw gas from coal combustion.
Inlet temperature of HPST Tupst in (K) 750 Components Mole fraction
Inlet pressure of IPST Pjpsrin (kPa) 4000
Inlet temperature of IPST Tipsr.in (K) 599 H; 28.13%
Inlet pressure of LPST Pipsr i (kPa) 800 CHy 5.62%
Inlet temperature of LPST Tipsr in (K) 488 co 40.94%
Inlet pressure of WWR Pywr.in (kPa) 20 €O, 14.48%
Isentropic efficiency of ST 7sr 0.90 H,0 9.77%
N, 1.06%

5.3. Reducing emissions of IGCC system by CCS using FSPC

The emissions of typical IGCC are mainly carbon dioxide, sul-
fides (mainly sulfur dioxide), nitrogen oxide (NOx) and waste
water. The removal efficiency of emissions means the CO, cap-
ture rate, desulfurization efficiency and denitrification efficiency
(denitration for coal gas). Fig. 6 presents the gasification system
of IGCC. It consists of gasifier, GCS (desulfurization and deni-
trification system), sulfur recovery and CCS. The properties of
coal used are listed in Table 3 (Han et al., 2017). High-pressure

oxygen, coal and water react in the gasifier to produce raw gas.
The components of raw gas are listed in Table 4 (Lee et al., 2009).
Integration of CCS and IGCC can effectively reduce the greenhouse
gas (GHG) emissions. Sulfur recovery is able to decrease the mole
fraction of pollution gas H,S and achieve sulfur recovery.

Fig. 7shows the effects of the initial concentration of (a) SO,
and (b) NOx on deSO, and deNOx removal efficiencies. From
Fig. 7(a), for desulfurization efficiency, the max is 91%, the min is
53%, the mean is 82.3%. For denitration efficiency the max is 98%,
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Fig. 7. Effects of the initial concentration of (a) SO, and (b) NOx on deSO, and deNOx removal efficiencies.
the min is 55%, the mean is 89.87%. From Fig. 7(b), for desulfuriza- ~ Table 5 o S
tion efﬁciency, the max is 92%, the min is 38%, the mean is 69.2%. Exergy loss rate of unit in IGCC before and after optimization.
For denitration efficiency the max is 95%, the min is 30%, the Unit in 1GCC I'(MW) before I (MW) after Ratio
mean is 69.71%. The desulfurization efficiency and denitrification co-optimization co-optimization
efficiency are both above 90% and 60% respectively. Using FSPC goa_lfgas?flca“o“ 19 1%2 —‘31-421?
on mass flow rate, initial concentration (ppm) and temperature, CE&;ZS;’; g? 2'9 30%
the total pressurellos§ of the GCS system 'is'optimized from 3286 Combustion chamber 212 203 _40%
Pa to 2971 Pa which improves energy efficiency of IGCC system. Steam turbine (ST) 44 42 —45%
Fig. 8 shows the improved IGCC using FSPC with lower emis- Gas turbine (GT) 2.9 2.8 —34%
sions. It shows that the maximum sulfur dioxide is less than 16.47 ‘é‘(s:lsj g'g g"lt _Z'g;
3 - . . . . . —45%
mg/N m3 and the maximum nitrogen oxide NOx is less than 53.26 WWR 15 14 —6.7%
mg/N m>. HRSG 22 3.1 —45%
Total IGCC 73.1 70 —4.2%

6. Results and comparison

Taking the large-scale (300 MW) IGCC for example, consid-
ering the integration between different units and systems, the
simulation analysis is carried out. The exergy loss rate of unit in
IGCC before and after optimization is shown in Table 5.

The performances of IGCC system before and after using FSPC
are shown in Table 6. The CO conversion rate and CO, absorption
rate are decreased to O because of CCS. The GT efficiency n¢r
is increased from 42.1% to 50.6% with the ratio of 20.2%. The
efficiency of water recovery nyqer iS increased from 40.7% to
62.1% with the ratio of 52.6% because of WWR system. The net
efficiency of IGCC system 1y, is increased from 37.6% to 41.7%

with the ratio of 10.9% because of the integration of different
units and systems.

Fig. 9 shows the efficiency performances of IGCC system before
and after using FSPC.

The energy efficiency and exergy efficiency co-optimization of
IGCC are shown in Fig. 10. Fig. 10(a) shows that the 5y, firstly in-
creases and then decreases with the increase of integration ratio
B between ASU and IGCC. The 5, decreases with the increase of
removal efficiency of emissions. Fig. 10(b) shows that exerg, varies
with nonmonotonic fluctuations about 8 and removal efficiency
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Table 6 70%

Performances of IGCC system before and after using FSPC.

IGCC parameters Before using After using Ratio
FSPC FSPC
Coal flow rate figq (kg.s™!) 30 30 0
CO conversion rate 90 mol% 0 —100%
CO, absorption rate 94 mol% 1] —100%
Integration ratio g 28.6% 35.5% 24.1%
Nitrogen supply ratio y 71.2% 70% —1.7%
GT efficiency ner 42.1% 50.6% 20.2%
GT power output Ecr (MW) 469.5 508.3 8.3%
Efficiency of water recovery nyqcer 40.7% 62.1% 52.6%
Net efficiency of IGCC system npe 37.6% 41.7% 10.9%
Exergy efficiency of IGCC system neyergy 36.5% 39.2% 7.4%

of emissions. The addition of purification devices might reduce
the economy of the system but with lower emissions.

Fig. 11 shows the running IGCC based on fuzzy supervisory
predictive control (FSPC).

7. Conclusions

(1) An energy and exergy co-optimization method of integrated
gasification combined cycle (IGCC) based on Fuzzy Supervisory
Predictive Control

The Fuzzy Supervisory Predictive Control (FSPC) method is
proposed to implement robust control under complex distur-
bances by pre-considering unmeasurable disturbance and mea-
surable disturbance. The fuzzy rules extracted from historical
bigdata are employed in supervisory layer to make the pre-
cise control decisions. The proposed method has great signifi-
cance for the energy-saving and Near-zero emissions (NZEC) IGCC
with high safety and robust control by improving desulfurization
efficiency and denitrification efficiency.

(2) An IGCC process is proposed which contains three principle
couplings: ASU, heat recovery steam generator (HRSG) and CO,
capture [storage unit (CCS)

FSPC is proposed to improve robustness of unit in IGCC under
supercritical (SC) or ultra-super critical (USC) state. Integrating

M Before optimization
B After optimization
60%

50%

40%
30%
20%
10%

0

e

Tyater Mhet

Fig. 9. Efficiency performance of IGCC system before and after optimization.

gasification island (IGI) is the trend of large-scale cryogenic ASU.
The cryogenic ASU is coupled with gas turbine (GT) to save energy
by improving the net energy output of GT. The Integration of
CCS and IGCC can effectively reduce the greenhouse gas (GHG)
emissions.

(3) The net efficiency of IGCC system is increased from 37.6%
to 41.7% with the ratio of 10.9%. The exergy efficiency of IGCC
system is increased from 36.5% to 39.2% with the ratio of 7.4%

Taking the large-scale (300 MW) IGCC for example, after using
IGCC, the efficiency of water recovery is increased from 40.7% to
62.1% with the ratio of 52.6% because of waste water recovery
(WWR) system. The feedstocks conservation with low carbon
emissions can be realized by using FSPC. This is meaningful espe-
cially in relatively water-shortage dry areas and for industry with
massive waste heat. It is of great significance for high safety and
high efficiency IGCC and other complex industrial process system
under supercritical (SC) or ultra-super critical (USC) state.
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Nomenclature

e (t) is the deviation;

e™ is the specific chemical exergy (kJ.kg™1);

e™ is the specific thermo-mechanical exergy (k].kg™');
el is the specific mechanical exergy (k].kg~1);

e’ is the specific thermal exergy (kJ.kg™!);

E is the exergy transfer rate (kW);

Egir is the exergy of air (kW);

Ecoq is the exergy of coal (kW);

E is the chemical exergy transfer rate (kW);

Epowe, is the exergy of generator power (kW);

f:‘water is the exergy of water (kW);

Equ is the power consumption of auxiliary units (MW);
Essy is the power consumption of cryogenic ASU (MW);
Ecoqr is the coal consumption capacity of IGCC (MW);
Ecr is the power output of GT (MW);

Epac is the power consumption of MAC (MW);

Ee: is the net power output (MW);

Enc is the power consumption of NC (MW);

Eoc is the power consumption of OC (MW);

J is the objective function;

h is the specific enthalpy (k].kg~');

I is the exergy loss rate (kW);

Kp is the proportionality coefficient;

L is Laplace transform from time-domain to frequency
domain;

LHV is the coal low heating value (M].kg~1);

m is the mass flow rate (kg.s™1);

Thair asu 1S the total air mass flow rate to ASU (kg.s™!);

Mgir cr is the air mass flow rate to ASU from GT compressor

(kg.s™1y;

Meoar i the mass flow rate of coal (kg.s™1);
m; is differential order of PDE;
T, asy is the nitrogen mass rate separated from ASU

(kg.s™h);

T, cr is the nitrogen mass rate supplied to GT combustor

(kg.s™');

Muyater, recovery 1S the mass flow rate of recovered water
(kgs™');

Muwater.cocal iS the total mass flow rate of water (kg.s™!);
N, is the Gaussian distribution with zero mean;

P is pressure (MPa);

Py is the ambient air pressure (kPa);

Pypst in is the inlet pressure of HPST (kPa);

Pipst in is the inlet pressure of IPST (kPa);

Pyrpst in is the inlet pressure of LPST (kPa);

Pnc,in is the inlet pressure of NC (kPa);

Pnc our is the outlet pressure of NC (kPa);

Poc.in is the inlet pressure of OC (kPa);

Poc out is the outlet pressure of OC (kPa);

Pwwe.in is the inlet pressure of WWR (kPa);

s is the specific entropy (k].kg=1.K~1);

t is time (s);

To is the ambient air temperature (K);

Tp is the differential time constant (s);

Tgc is the temperature of exhaust gas from GT (K);
Typst in is the inlet temperature of HPST (K);

T, is the integration time constant (s);

Tipst in 1S the inlet temperature of IPST (K);

Tipst,in is the inlet temperature of LPST (K);

Ucon IS control constant;

u (t) is the controllable parameter;

v is measurable disturbance;

W is external reference assignment;
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Y¢p is the maximum value of signal output;
¥ is the stable value of output;

z~ 1 is backward shift operator about t;
B is integration degree;

y is nitrogen supply ratio;

Sovershoot 1S the overshoot of response;

A is forward difference operator;

nc is the compressor efficiency;

Nexergy 1S the exergy efficiency;

et 1S the net efficiency of IGCC;

Nuwater 15 the efficiency of water recovery;
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