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Polygeneration, typically involving co-production of methanol and electricity, is a
promising energy conversion technology which provides opportunities for high energy
utilization efficiency and low/zero emissions. The optimal design of such a complex,
large-scale and highly nonlinear process system poses significant challenges. In this
article, we present a multiobjective optimization model for the optimal design of a
methanol/electricity polygeneration plant. Economic and environmental criteria are
simultaneously optimized over a superstructure capturing a number of possible combi-
nations of technologies and types of equipment. Aggregated models are considered,
including a detailed methanol synthesis step with chemical kinetics and phase equilib-
rium considerations. The resulting model is formulated as a non-convex mixed-integer
nonlinear programming problem. Global optimization and parallel computation techni-
ques are employed to generate an optimal Pareto frontier. VVC 2009 American Institute of

Chemical Engineers AIChE J, 56: 1218–1234, 2010
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Introduction

The current global environment of ever-increasing oil
depletion and green-house gas (GHG) emissions makes it
urgent to seek technologies which can reliably reduce the
pressure on oil based liquid fuels and carbon dioxide emis-
sions.1 Polygeneration,2 a multiple-input, multiple-output
energy system that produces electricity and chemicals, is one
such potential energy conversion technology, which is both
cost-effective and environmental friendly, hence providing
an alternative towards meeting increasing energy demands
and environmental constraints simultaneously. A schematic
flowsheet of a typical polygeneration plant3 is shown in Fig-

ure 1. It involves gasification of coal, biomass, petroleum

coke, or other feedstocks that can be gasified, using high

pressure oxygen produced in an air separation unit (ASU).

Gasification products mainly comprise synthesis gas, or syn-

gas, slug, and ash. Syngas contains hydrogen, carbon monox-

ide, carbon dioxide, steam, and other components in trace.

Mineral materials in feedstocks are converted to slug, a by-

product which can be sold to the market as building mate-

rial. Ash mixed with crude syngas is separated in a

particulate removal unit, usually a gas scrubber. Sulphur

compounds and other components which are harmful to

downstream reactors and catalysts are removed thereafter.

Removed sulphur compounds could be converted to elemen-

tal sulphur and sold as another by-product. Then the clean

syngas is split into two streams. One stream undergoes a

chemical synthesis process to produce liquid fuels, which
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could be Fischer-Tropsch (FT) oil, methanol, dimethyl ether

(DME), and hydrogen. The other stream of syngas, joined

by unconverted syngas from the chemical synthesis part, is

fed into the combustion chamber of a gas turbine. There it

combusts with high pressure air from an air compressor to

produce high temperature and high pressure gas, which

then expands in the turbine and drive a generator connected

with the gas turbine to produce electricity. Thermal energy

in the flue gas from the gas turbine is further exploited

through a heat recovery steam generator (HRSG) and steam

turbines.
The energy conversion efficiency of a polygeneration plant

is typically higher than that of conventional stand-alone

plants which produce the same products, as a result of more

efficient energy utilization (according to energy quality) and

higher degree of process integration. For instance, the pro-

duction costs of methanol in a methanol/electricity polygen-

eration plant could be 40% lower than that in a stand-alone

methanol plant because of increased overall energy conver-

sion efficiency.4

Polygeneration also provides opportunities to realize a
low/(almost) zero emissions system by placing a precombus-
tion carbon dioxide capture and sequestration (CCS) unit
between the gasification unit and chemical synthesis unit.
The CCS unit could be combined with the water-gas shift re-
actor of the chemical synthesis unit, see in Figure 1. Con-
ventionally, the function of the water gas shift reactor is to
adjust the mole composition of the syngas and make it
favourable to downstream chemical synthesis, via the
following water gas shift reaction:

COþ H2O�!CO2 þ H2 (r1)

Alternatively, CCS device could be added to the process
after the shift reactor to capture and sequestrate carbon diox-
ide in syngas. Because of the high concentration of carbon
dioxide in the syngas produced by a gasifier, this option is
less energy-intensive and more cost-effective than capturing

and sequestrating carbon dioxide in a conventional pulver-
ized coal power plant, in which only post-combustion is pos-
sible and carbon dioxide is extremely diluted by large
amount of nitrogen, making it much more difficult to sepa-
rate. Although CCS adds extra costs to the entire process,
this could be partially compensated due to the increase in
efficiency.

Designing such a complex polygeneration process clearly

constitutes a formidable task, especially considering the fol-

lowing issues:
• Alternative types of technologies and equipment for each

functional part of a polygeneration process—here a challenge

is on how to represent and determine an optimal combination

of technologies, their compatibility, and the like.
• High degree of mass and energy coupling and integra-

tion—in the gasification, chemical synthesis, and power gen-
eration parts of the process. Issues here include the accurate
calculation of thermodynamic properties, such as enthalpy
and entropy, and the highly nonlinear mathematical formula-
tions that such calculations typically result in.
• The chemical synthesis unit poses particular chal-

lenge—the unit deals with syngas of different mole composi-
tions produced from various types of gasifiers and feed-
stocks. A mechanistic model here will be most helpful to
appropriately represent chemical kinetics and phase equilib-
rium within the synthesis reaction.
• Economic and environmental criteria—here, a multi-

objective optimization framework is clearly needed if con-
vincing quantitative arguments have to be established for the
economic and environmental behaviours of a complex poly-
generation process. Such an optimization setting should also
consider the presence of nonconvexity in the nonlinear parts
of the model, which will require the use of appropriate
global optimization methods and tools.

Some of these issues have been partly addressed in our
previous works. At the strategic level Lin et al.5 proposed
optimal planning strategies for a polygeneration complex
over a long-term horizon time—a superstructure which cap-
tures potential technologies along with a suitable mixed-

Figure 1. A schematic flowsheet of a polygeneration plant.3
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integer optimization solution strategy. At the design level,
Liu et al.6 considered a polygeneration process comprising
different interconnected functional units within correspond-
ing mass and energy balance. Despite these achievements,
however, a comprehensive holistic approach for the optimal
design of polygeneration processes is still lacking. This is
the main objective of this work.

In particular, we propose a multiobjective mixed-integer
nonlinear programming (MINLP) formulation of a typical
polygeneration process operating over a (long-term) horizon
time. A typical polygeneration complex for the combined
production of methanol and electricity has been selected to
illustrate the methodology. Net present value (NPV) of the
plant over its overall operating horizon is selected as the
economic objective function, while a cradle-to-gate life
cycle assessment based GHG emission indicator is consid-
ered as the environmental objective function. The polygen-
eration process is presented as a network of several inter-
connected functional blocks. Each block involves alterna-
tive technologies or types of equipment as candidates, the
resulting superstructure captures all possible technical com-
binations (within the postulated set). For all blocks except
the methanol synthesis one, mass and energy balances are
established for all input and output streams. For the metha-

nol synthesis block, the model involves chemical kinetics
and phase equilibrium relationships to handle the different
mole compositions of inlet syngas resulted from different
technologies implemented in upstream blocks. The entire
operating horizon time is discretized into a number of dis-
crete time intervals, where all time-variant parameters are
considered as piecewise constant functions (over these time
intervals).

Figure 2. A superstructure representation of a polygeneration process.

Table 1. Design and Operational Variables

Design Variables
y Selection of Technologies or Types of Equipment
cap Capacity of a functional block

Operational Variables
mab-cp,drc,i(t) Mass flowrate of coal as feedstock over each

time interval
mb-c1(t) Flowrate of sequestrated carbon dioxide in

pre-combustion CCS over each time interval
mb-c2(t) Flowrate of sequestrated carbon dioxide in

post-combustion CCS over each time interval
rcp(t) Split ratio of syngas between chemical and

power generation blocks over each time interval
rws(t) Ratio of shifted syngas over each time interval
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This article is organized as follows. First, the superstruc-
ture representation of the polygeneration process is illus-
trated, followed by the detailed mathematical formulation for
each functional block, together with the analytical expres-
sions determining the economic and environmental objective
functions. A case study is then presented in detail, which
outlines the solution procedure involving a global optimiza-
tion search and parallel computational studies to accelerate
the solution time.

Process Superstructure Representation

A generic polygeneration process is divided into several
functional blocks, where each block could involve several
technology options. This forms a superstructure of the poly-
generation process, as shown in Figure 2, featuring the fol-
lowing blocks:
• Air separation unit. This block prepares oxygen for

an oxygen-blown gasifier. Part of the nitrogen produced
could be fed to the gas turbine block to mitigate NOx
formation.
• Feedstock preparation block. This block prepares slurry

for a slurry-fed gasifier or pulverized feedstock for a dry-
blown gasifier.
• Gasification chamber and syngas scrubber (GCS). Raw

feedstocks are gasified in this block to produce crude syngas.
Mineral components in the feedstocks are converted to slug
and ash and removed from the crude syngas. Some of the
sensible heat of the crude syngas could be recovered,
depending on the selection of equipment, for instance,
through a radiant/convective syngas cooler.
• Syngas cleanup unit. Sulphur compounds, chloride com-

pounds, fine particles, and other hazardous components in
crude syngas are removed in this block.
• Water gas shift block. In this block, mole composition

of the syngas is adjusted via the water-gas shift reaction
shown in (r1) to meet the requirement of downstream chemi-
cal synthesis.
• Precombustion CO2 capture and sequestration. Concen-

trated carbon dioxide in syngas after the water-gas shift reac-
tion can be separated out and sequestrated.
• Methanol synthesis. A split or the whole stream of the

syngas goes through this block for methanol synthesis. The
synthesis reaction is catalyzed. Depending on the phase of
inert medium, it could be either gas phase synthesis or liquid
phase synthesis.
• Gas turbine block. Unconverted syngas from the metha-

nol synthesis block, together with any bypassed fresh syngas,
combusts in this block, producing high-pressure high-temper-
ature gas to drive a turbine to produce power. Depending on
the temperature and pressure at the inlet of the turbine, there
could be several alternative classes of gas turbines, for
instance F class, H class, and so on.7

• HRSG and steam turbine block. A HRSG recovers heat
from flue gas coming out of the gas turbine block, producing
steam which drives a set of steam turbines to produce more
power.
• Postcombustion CO2 capture and sequestration. Carbon

dioxide in the flue gas can be separated and captured in this
block.

Based on this process superstructure representation, a
detailed mathematical model is developed in the purpose of

selecting the most optimal design and operational variables.
These variables represent the degree of freedom of the
model, as summarized in Table 1.

Mathematical Model

First, the operating horizon is discretized into nt time
intervals, denoted as

t ¼ ft1; t2;… tntg
In each time interval, mass and energy balances are estab-

lished for all functional blocks. Aggregated models are con-
sidered to establish input–output relationships based on a ref-
erence variable, for each functional block. A more detailed
mechanistic model is considered for the methanol synthesis
block to appropriately capture the chemical kinetics and
phase equilibrium relationships.

Mass flowrate of each stream is denoted by a variable
with four subscripts, referring respectively to the block it
relates to, the technology adopted by the block, components
comprising the stream, and its position in the block (inlet or
outlet). A subscript is null if the term it refers to does not
exist. Subscripts are given as a part of the name of a vari-
able, whilst sets in a parenthesis that follows denote the
space where the variable is defined upon. Nomenclature
for all variables, parameters and subscripts are listed in
Notation.

Functional blocks

Air Separation Unit. The ASU block has two input
streams, namely atmospheric air and compressed air
extracted from the gas turbine block, and three output
streams, namely oxygen stream flowing to the gasifier block,
nitrogen stream fed back to the gas turbine block, and vented
nitrogen. The following mass balances are considered.

The total inlet air stream is selected as a reference vari-
able for the ASU block:

mb as;air;iðtÞ ¼ mb as;aia;iðtÞ þ mb as;aic;iðtÞ (1)

mb as;air;iðtÞ ¼ mb as;oxy;oðtÞ þ mb as;nit;oðtÞ (2)

The amount of inlet air provided by the gas turbine com-
pressor is represented by an integration rate bir:

mb as;aic;iðtÞ ¼ mb as;air;iðtÞ � bir (3)

Mass balance for oxygen:

mb as;air;iðtÞ � XairðjÞ ¼ mb as;oxy;oðtÞ � XaoxðjÞ
þ mb as;nit;oðtÞXaniðjÞ; j ¼ O2 ð4Þ

Mole and mass flowrates of oxygen and nitrogen compo-
nents in the outlet oxygen stream are listed below.

mb as; ~oxy;oðj; tÞ ¼ mb as;oxy;oðtÞ � XaoxðjÞ; j ¼ O2;N2 (5)

mab as; ~oxy;oðj; tÞ ¼ mab as; ~oxy;oðj; tÞ �MWðjÞ; j ¼ O2;N2 (6)
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mab as;oxy;oðtÞ ¼
X

j¼O2;N2

mab as; ~oxy;oðj; tÞ (7)

Coal Preparation. The coal preparation block prepro-
cesses coal for the downstream gasifier block. Depending on
the gasification technology, either coal slurry or oxygen-
blown pulverized coal is prepared. The inputs comprise coal,
oxygen, and water. The output is either coal slurry or oxy-
gen-blown pulverized coal. The mass flowrate of the dry
coal component at the inlet is selected as the reference vari-
able. Mass balances between all inlet and outlet streams are
as follows:

mab cp;t gs;csl;oðag; tÞ ¼ acsl=drcðagÞ �mab cp;t gs;drc;iðag; tÞ (8)

mab cp;t gs;oxy;oðag; tÞ ¼ aoxb=drcðagÞ �mab cp;t gs;drc;iðag; tÞ (9)

Gasifier Chamber and Syngas Scrubber. The gasifier and
scrubber block includes several technical options. The selec-
tion (or not) of each technology is represented by a binary
variable yag, while the additional logical constraint

X
ag

yb gsðagÞ� 1 (10)

enforces that only one technology can be selected (at most).
Mass balance constraints on the total flowrate of coal are

given by

mab cp;drc;iðtÞ ¼
X
ag

mab cp;t gs;drc;iðag; tÞ (11)

With upper bound/lower bound constraints as follows

0�mab cp;t gs;drc;iðag; tÞ� yb gsðagÞ � UB (12)

And total flowrate of coal to all types of gasifiers
(although only one could be selected) is given by:

Inputs to this block comprise coal slurry or oxygen-blown
pulverized coal, oxygen from the ASU block, steam or water
injection from the steam turbine to the gasification chamber,
and making-up water to the syngas scrubber. Outputs are
crude syngas, slag slurry, and blown-down water. Each gas-

ifier requires a specific amount of oxygen to gasify the inlet
coal, using the flowrate of inlet coal as the reference vari-
able:

mab gs;t gs;oxy;iðag; tÞ ¼ aoxy=drcðagÞ �mab cp;t gs;drc;iðag; tÞ
(13)

Oxygen streams split to all gasifiers come from the ASU
block:

X
ag

mab gs;t gs;oxy;iðag; tÞ ¼ mab as;oxy;oðtÞ (14)

Flowrates of steam/water injection, making-up water, slag
slurry, and blown-down water are proportional to the refer-
ence variable, given by:

mab gs;t gs;swi;iðag; tÞ ¼ aswi=drcðagÞ �mab cp;t gs;drc;iðag; tÞ (15)

mab gs;t gs;mkw;iðag; tÞ ¼ amkw=drcðagÞ �mab cp;t gs;drc;iðag; tÞ
(16)

mab gs;t gs;bld;iðag; tÞ ¼ abld=drcðagÞ �mab cp;t gs;drc;iðag; tÞ (17)

mab gs;t gs;ssl;oðag; tÞ ¼ assl=drcðagÞ �mab cp;t gs;drc;iðag; tÞ (18)

Mass balance between the crude syngas and all other
streams is established as follows:

mab gs;t gs;csg;oðag; tÞ þmab gs;t gs;ssl;oðag; tÞ
¼ mab cp;t gs;drc;iðag; tÞ þmab cp;t gs;csl;oðag; tÞ
þmab cp;t gs;oxy;oðag; tÞ þmab gs;t gs;oxy;iðag; tÞ

þmab gs;t gs;mkw;iðag; tÞ þmab gs;t gs;bld;iðag; tÞ ð19Þ

Primary components in the crude syngas are H2, CO,
CO2, H2O, N2, and H2S, involving five elements: C, H, O,
N, S. From mass balances for all the five elements, together
with a mass relationship between H2 and CO in the crude
syngas, mole flowrates of each component in the crude syn-
gas are determined through Eq. (20–26):

mab cp;t gs;drc;iðag; tÞ � UAðCÞ
MWðCÞ

¼ mb gs;t gs; ~csg;oðag;CO; tÞ þ mb gs;t gs; ~csg;oðag;CO2; tÞ ð20Þ

mab cp;t gs;drc;iðag; tÞ � UAðHÞ
MWðHÞ þ 2 �mab cp;t gs;csl;oðag; tÞ þmab gs;t gs;mkw;iðag; tÞ þmab gs;t gs;bld;iðag; tÞ

MWðH2OÞ
¼ 2 �mb gs;t gs; ~csg;oðag;H2; tÞ þ 2 �mb gs;t gs; ~csg;oðag;H2O; tÞ þ 2 �mb gs;t gs; ~csg;oðag;H2S; tÞ

þ 2 �mab gs;t gs;ssl;oðag; tÞ �mab cp;t gs;drc;iðag; tÞ � UAðashÞ
MWðH2OÞ ð21Þ

mab cp;t gs;drc;iðag; tÞ � UAðOÞ
MWðOÞ þ 2 � ðmb gs;t gs;oxy;iðag; tÞ þ mb cp;t gs;oxy;oðag; tÞÞ � XaoxðO2Þ þmab gs;t gs;bld;iðag; tÞ

MWðH2OÞ
¼ mb gs;t gs; ~csg;oðag;H2O; tÞ þ mb gs;t gs; ~csg;oðag;CO; tÞ þ 2 � mb gs;t gs; ~csg;oðag;CO2; tÞþ

mab gs;t gs;ssl;oðag; tÞ �mab cp;t gs;drc;iðag; tÞ � UAðashÞ
MWðH2OÞ ð22Þ
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mab cp;t gs;drc;iðag; tÞ � UAðNÞ
MWðNÞ þ 2 � ðmb gs;t gs;oxy;iðag; tÞ

þ mb cp;t gs;oxy;oðag; tÞÞ � XaoxðN2Þ
¼ 2 � mb gs;t gs; ~csg;oðag;N2; tÞ ð23Þ

mab cp;t gs;drc;iðag; tÞ � UAðSÞ
MWðSÞ ¼ mb gs;t gs; ~csg;oðag;H2S; tÞ (24)

mb gs;t gs; ~csg;oðag;H2; tÞ ¼ ahyd=cm � mb gs;t gs; ~csg;oðag;CO; tÞ
(25)

Finally, crude syngas exiting all gasifiers is mixed up for
further cleaning in downstream cleanup units.

mb gs; ~csg;oðis; tÞ ¼
X
ag

mb gs;t gs; ~csg;isðag; is; tÞ (26)

Syngas Cleanup Unit. The input to this block is crude
syngas, and its output comprises sweet syngas and element
sulphur. The crude syngas is split into all available alterna-
tive syngas cleanup units:

mb gs; ~csg;oðis; tÞ ¼
X
ac

mb cu;t cu; ~csg;iðac; is; tÞ (27)

Again, only one syngas cleanup unit should be selected at
most. Appropriate logical constraints are considered:X

ac

yb cuðacÞ� 1 (28)

0�mb cu;t cu; ~csg;iðac; is; tÞ� yb cuðacÞ � UB (29)

Efficiency of removing each component from the crude
syngas is denoted as bcu, and the flowrate of each compo-
nent in the outlet sweet syngas is given by

mb cu;t cu; ~ssg;oðac; is; tÞ ¼ ð1� bcuðac; isÞÞ
� mb cu;t cu; ~csg;iðac; is; tÞ ð31Þ

After cleanup, sweet syngas from all units goes to a
mixer:

mb cu; ~ssg;oðis; tÞ ¼
X
ac

mb cu;t cu; ~ssg;oðac; is; tÞ (31)

The mixed sweet syngas is then split into two streams,
one flowing to the downstream methanol synthesis block and
the other entering the gas turbine block. The split ratio,
namely the chemical-power ratio rcp, basically determines
the production rates of methanol and electricity and it is a
significant variable for operating and controlling the entire
process. Here, for mathematical reasons (to avoid numerical
difficulties such as division by zero), we introduce an equiv-
alent variable, rcm, representing the ratio between the chemi-
cal stream and the main stream before split, as follows:

rcmðtÞ ¼ rcpðtÞ
rcpðtÞ þ 1

(32)

Flowrates of the chemical stream and the power stream
are given by

mb cu; ~ssc;oðis; tÞ ¼ rcmðtÞ � mb cu; ~ssg;oðis; tÞ (33)

mb cu; ~ssp;oðis; tÞ ¼ ð1� rcmðtÞÞ � mb cu; ~ssg;oðis; tÞ (34)

Water–Gas Shift Reactor. Input to this block is a split of
the chemical stream of sweet syngas, and its output is a
stream of shifted syngas. First, the chemical stream of sweet
syngas is further split into two steams, one going through
the water-gas shift reactor and the other bypassing it.

mb ws; ~sss;iðis; tÞ ¼ rwsðtÞ � mb cu; ~ssc;oðis; tÞ (35)

mb ws; ~ssn;oðis; tÞ ¼ ð1� rwsðtÞÞ � mb cu; ~ssc;oðis; tÞ (36)

The conversion rate of carbon monoxide, denoted as bCO,
is constrained by chemical equilibrium. Its maximum value
is set to be 90% throughout this model.8

DmCOðtÞ ¼ mb ws; ~sss;iðis; tÞ � mb ws; ~sss;oðis; tÞ; is ¼ CO (37)

DmCOðtÞ� bCO � mb ws; ~sss;iðis; tÞ; is ¼ CO (38)

mb ws; ~sss;oðis; tÞ ¼ mb ws; ~sss;iðis; tÞ þ DmCOðtÞ; is ¼ H2;CO2

(39)

mb ws; ~sss;oðis; tÞ ¼ mb ws; ~sss;iðis; tÞ; is ¼ N2;H2O;H2S (40)

Steam required by the water gas shift reaction is extracted
from the steam turbine, and its amount is equal to DmCO.
This will lead to a decrease of the work generated by the
steam turbine. Temperature and pressure of the extracted
steam would match those of the water gas shift reaction,
denoted as Twg and Pwg. Its enthalpy is a function of its tem-
perature, whilst its dependence on pressure is negligible,
denoted as hT

wg

. This stream of extracted steam would have
generated Dhwg work if it had not been used for water gas
shift reaction, given by

Dhwg ¼ hT
wg � hP

�;x� (41)

where P* and x* are pressure and steam quality at the exit of
the steam turbine.

Taking the standard conditions for water gas shift reac-
tions and steam turbines, i.e., Twg being set to 473 K, P*
0.049 bar, and x* 0.9, the unit work loss Dhwg is 9144 kJ/
kmol. The whole work loss due to the steam extract is then
given by:

DwwgðtÞ ¼ DmCOðtÞ � Dhwg (42)

After the water-gas shift reaction, the shifted and bypassed
syngas mix up again, with this stream being the inlet gas for
the downstream carbon dioxide capture block.
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mb c1; ~ssg;iðis; tÞ ¼ mb ws; ~sss;oðis; tÞ þ mb ws; ~ssn;oðis; tÞ (43)

Precombustion Carbon Dioxide Capture. Input to this
block is sweet syngas, and its outputs are syngas and cap-
tured carbon dioxide. The amount of captured carbon diox-
ide, mb_c1(t), is a process-wide variable to be selected. The
upper limit of CO2 recovery rate, denoted as bpreCO2

, deter-
mines the maximum amount of carbon dioxide that can be
separated, given by:

mb c1ðtÞ� bpreCO2
� mb c1; ~ssg;iðis; tÞ; is ¼ CO2 (44)

Considering the fact that the CO2 recovery rate is between
95% and 100% for most precombustion CCS technolo-
gies,9,10 bpostCO2

is set to 100% for simplicity. The flowrate of
the outlet steam of this block is given by

mb c1; ~ssg;oðis; tÞ ¼ mb c1; ~ssg;iðis; tÞ � mb c1ðtÞ; is ¼ CO2 (45)

mb c1; ~ssg;oðis; tÞ ¼ mb c1; ~ssg;iðis; tÞ; is ¼ H2;CO;H2O;N2;H2S

(46)

The energy penalty caused by the carbon dioxide separa-
tion step is accounted for in the electricity generation sec-
tion.

Methanol Synthesis. Two mechanistic models are consid-
ered for the gas phase and liquid phase methanol synthesis
based on chemical kinetics and phase equilibrium proposed
by Lee,11 to handle different mole compositions of the inlet
sweet syngas resulted from different gasification technologies
used upstream.

First, the sweet syngas is split between gas and liquid
phase methanol synthesis. Only one technology can be
selected.

mb c1; ~ssg;oðis; tÞ ¼
X
am

mb ms;t ms; ~ssg;iðam; is; tÞ (47)

0�mb ms;t ms; ~ssg;iðam; is; tÞ� yb msðamÞ � UB (48)X
am

yb msðamÞ� 1 (49)

• Gas phase methanol synthesis:
With the inherent difficulty of removing reaction heat, a

strict constraint is imposed on the mole composition of inlet
syngas to control the amount of reaction heat released for
the gas phase methanol synthesis via setting an upper limit
to the carbon to hydrogen ratio, as follows:

mb ms;t ms; ~ssg;iðGP;H2; tÞ � 2 � mb ms;t ms; ~ssg;iðGP;CO; tÞ
� mb ms;t ms; ~ssg;iðGP;CO2; tÞ� ðyb msðGPÞ � 1Þ � UB ð50Þ

Only two reactions are independent from the three reac-
tions taking place in a methanol synthesis reactor (r2 to r4
shown below). Here, we select (r2) and (r3) as the two inde-
pendent ones.

COþ 2H2 �!CH3OH (r2)

CO2 þ H2 �!COþ H2O (r3)

CO2 þ 3H2 �!CH3OHþ H2O (r4)

Mole flowrates of all components in the product gas and
their mole compositions are expressed in terms of production
rates of CH3OH and H2O, denoted as Dmmeh and Dmwat, and
stoichiometric coefficients of reaction (r2) and (r3), as follows

mb ms;t ms; ~pgm;oðam; j; tÞ ¼ mb ms;t ms; ~ssg;iðam; j; tÞ
þ t1ðjÞDmmeh þ t2ðjÞDmwat; j ¼ is \ im ð51Þ

Mole fractions of all components in the product gas are
given by

ym ~pgmðam; im; tÞ ¼ mb ms;t ms; ~pgm;oðam; im; tÞP
im mb ms;t ms; ~pgm;oðam; im; tÞ (52)

Fugacity coefficients of each component in the gaseous
mixture are expressed in terms of mole fraction, critical tem-
perature and pressure, and reaction temperature and pressure,
as follows

ln/ðam; im; tÞ ¼
9TcðimÞP

128PcðimÞT 1� TcðimÞ
T

� �2
 !

ym ~pgmðam; im; tÞ ð53Þ

The chemical equilibrium constants of reactions (r2) and
(r3) are given below, in terms of mole fractions and fugacity
coefficients of reactants.

K1 ¼
ym ~pgmðGP;CH3OH; tÞ/ðGP;CH3OH; tÞ

P2ym ~pgmðGP;CO; tÞym2
~pgmðGP;H2; tÞ/ðGP;CO; tÞ/2ðGP;H2; tÞ

ð54Þ
K2 ¼
ym ~pgmðGP;CO; tÞym ~pgmðGP;H2O; tÞ/ðGP;CO; tÞ/ðGP;H2O; tÞ
ym ~pgmðGP;CO2; tÞym ~pgmðGP;H2; tÞ/ðGP;CO2; tÞ/ðGP;H2; tÞ

ð55Þ
On the other hand, empirical equations of equilibrium

constants K1 and K2 are given by the following expressions:

log10 K1 ¼ 3921

T
� 7:971 log10 T þ 2:499� 10�3T

� 2:953� 10�7T2 þ 10:2 ð56Þ

lnK2 ¼ 4:33� 8240

T þ 460
(57)

Thus relationships between component properties and re-
actor properties can be established through Eqs. 54–57.
• Liquid phase methanol synthesis:
For liquid phase methanol synthesis, equations of chemi-

cal equilibrium are set up for the liquid phase where cata-
lytic reactions take place.

1224 DOI 10.1002/aic Published on behalf of the AIChE May 2010 Vol. 56, No. 5 AIChE Journal



K1 ¼ x ~pgmðCH3OH; tÞkHðCH3OHÞcðCH3OHÞ
x ~pgmðCO; tÞx2~pgmðH2; tÞkHðCOÞk2HðH2ÞcðCOÞc2ðH2Þ

(58)

Henry’s law constant kH is given as follows.

kHðimÞ ¼ 10eaðimÞþbðimÞ
T þcðimÞ lnðTÞ; im ¼ H2;CO;CO2;N2

(59)

kHðimÞ ¼ 10
a0�b0
Tþc0 � /ðimÞ; im ¼ CH3OH;H2O (60)

Activity coefficient c for each reactant in the liquid phase,
a solution comprising all reactants and inert oil, is obtained
using the following expression.

ln cðim; tÞ ¼ 2Aoil;imx ~pgmðim; tÞxoilðoil; tÞ þ Aim;oilx
2
oilðoil; tÞ

� 2
X
im

ðAoil;imx
2
~pgmðim; tÞxoilðoil; tÞ

þ Aim;oilx ~pgmðim; tÞx2oilðoil; tÞÞ ð61ÞX
im

x ~pgmðim; tÞ þ xoilðoil; tÞ ¼ 1 (62)

where

Aoil;im ¼ aoil;im þ boil;imðT � 273:15Þ þ coil;imðT � 273:15Þ2
(63)

Aim;oil ¼ aim;oil þ bim;oilðT � 273:15Þ þ cim;oilðT � 273:15Þ2
(64)

With activity coefficients and fugacity coefficients avail-
able, phase equilibrium relationships between gaseous and
liquid phases are established as

x ~pgmðim; tÞcðim; tÞkHðimÞ ¼ ym ~pgmðLP; im; tÞ/ðLP; im; tÞP
(65)

The production rate of methanol is given by

mb ms;mep;oðtÞ ¼
X
am

mb ms;t ms; ~pgm;oðam; im; tÞ; im ¼ CH3OH

(66)

Property coefficients used in this block are listed in Table
2.

Gas Turbine. Inputs to the gas turbine block include fuel
gas, atmosphere air to the air compressor, nitrogen recycled
from the ASU block, and steam injection from the steam tur-
bine. Its outputs are flue gas leaving the turbine, compressed
air to the ASU block, and mechanical work generated by the
turbine.

The fuel gas input comprises two parts: flue gas from the
methanol synthesis block and the power stream of the fresh
sweet syngas after the cleanup unit, as follows

mb gt; ~fug;iðj; tÞ ¼
X
am

mb ms;t ms; ~pgm;oðam; j; tÞ þ mb cu; ~ssp;oðj; tÞ;

j ¼ is \ im \ ig ð67Þ
Then it is split into all available alternative gas turbines.

Again only one of them should be selected.

mb gt; ~fug;iðig; tÞ ¼
X
agt

mb gt;t gt; ~fug;iðagt; ig; tÞ (68)

0�mb gt;t gt; ~fug;iðagt; ig; tÞ� yb gtðagtÞ � UB (69)

X
agt

yb gtðagtÞ� 1 (70)

Table 2. Property Coefficients

Coefficient Value Coefficient Value Coefficient Value

Tc(H2) 33.2 K Tc(CO) 134.5 K Tc(CO2) 304.2 K
Tc(N2) 126.2 K Tc(CH3OH) 513 K Tc(H2O) 647 K
Pc(H2) 13.0 bar Pc(CO) 35.0 bar Pc(CO2) 73.8 bar
Pc(N2) 34.0 bar Pc(CH3OH) 81.0 bar Pc(H2O) 220.6 bar
a(H2) �11.12 b(H2) 1438.02 c(H2) 1.90
a(CO) 88.99 b(CO) �6417.13 c(CO) �11.63
a(CO2) 4.24 b(CO2) �629.76 c(CO2) 0
a(N2) 3.53 b(N2) �105.82 c(N2) 0
a0(CH3OH) 5.16 b0(CH3OH) 1569.61 c0(CH3OH) �34.85
a0(H2O) 3.56 b0(H2O) 643.75 c0(H2O) �198.04
aoil,H2

�0.451 aoil,CO 12.7 aoil,CO2
�13.3

aoil,N2
0 aoil,CH3OH

37.3 aoil,H2O
0

boil,H2
0.00567 boil,CO �0.107 boil,CO2

0.117
boil,N2

0 boil,CH3OH
�0.335 boil,H2O

0
coil,H2

0 coil,CO 0.000201 coil,CO2
�0.000258

coil,N2
0 coil,CH3OH

0.00076 coil,H2O
0

aH2,oil
0.0476 aCO,oil 0.0903 aCO2,oil

0.321
aN2,oil

0 aCH3OH,oil
�1.011 aH2O,oil

0
bH2,oil

�0.000732 bCO,oil �0.000330 bCO2,oil
�0.00298

bN2,oil
0 bCH3OH,oil

0.0183 bH2O,oil
0

cH2,oil
0 cCO,oil �4.58 � 10�6 cCO2,oil

6.60 � 10�6

cN2,oil
0 cCH3OH,oil

�5.40 � 10�5 cH2O,oil
0
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The lower heating value (LHV) of the fuel is used as the
reference variable, given by

lhvb gt;t gt;fug;iðagt; tÞ ¼
X
ig

LHVðfugÞ � mb gt;t gt; ~fug;iðagt; ig; tÞ

(71)

The LHV of H2 and CO are 122.68 and 10.11 MJ/kg,
respectively, and the LHV of all other components in the
fuel gas are zero.

Flowrates of inlet air, nitrogen and steam injection are cal-
culated from the lower heating value:

mb gt;t gt;air;iðagt; tÞ ¼ aair=lhvðagtÞ � lhvb gt;t gt;fug;iðagt; tÞ (72)

mb gt;t gt;nit;iðagt; tÞ ¼ anit=lhvðagtÞ � lhvb gt;t gt;fug;iðagt; tÞ (73)

mb gt;t gt;stm;iðagt; tÞ ¼ astm=lhvðagtÞ � lhvb gt;t gt;stm;iðagt; tÞ
(74)

Total flowrates of each component in all inlet streams are
given by

mb gt;t gt; ~gas;iðagt; ig; tÞ ¼ mb gt;t gt; ~fug;iðagt; ig; tÞ
þ ðmb gt;t gt;air;iðagt; tÞ � mb as;aic;iðtÞÞ � XairðO2Þ; ig ¼ O2 ð75Þ

mb gt;t gt; ~gas;iðagt; ig; tÞ ¼ m
b gt;t gt; ~fug;iðagt; ig; tÞ

þ ðmb gt;t gt;air;iðagt; tÞ � mb as;aic;iðtÞÞ � XairðN2Þ
þ mb gt;t gt;N2;iðagt; tÞ; ig ¼ N2

(76)

mb gt;t gt; ~gas;iðagt; ig; tÞ ¼ m
b gt;t gt; ~fug;iðagt; ig; tÞ

þ mb gt;t gt;stm;iðagt; tÞ; i ¼ H2O ð77Þ

mb gt;t gt; ~gas;iðagt; ig; tÞ ¼ mb gt;t gt; ~fug;iðagt; ig; tÞ;
i ¼ H2;CO;CO2 ð78Þ

Assuming that complete combustion takes place in the
combustion chamber of a gas turbine, the flowrates of com-
ponents in the flue gas are given by mass balances over all
elements, as follows:

mb gt;t gt; ~gas;iðagt;H2; tÞ þ mb gt;t gt; ~gas;iðagt;H2O; tÞ
¼ mb gt;t gt; ~gas;oðagt;H2O; tÞ ð79Þ

2mb gt;t gt; ~gas;iðagt;O2; tÞ þ mb gt;t gt; ~gas;iðagt;H2O; tÞ
þ mb gt;t gt; ~gas;iðagt;CO; tÞ þ 2mb gt;t gt; ~gas;iðagt;CO2; tÞ
¼ 2mb gt;t gt; ~gas;oðagt;O2; tÞ þ mb gt;t gt; ~gas;oðagt;H2O; tÞ

þ mb gt;t gt; ~gas;oðagt;CO2; tÞ ð80Þ

mb gt;t gt; ~gas;iðagt;CO; tÞ þ mb gt;t gt; ~gas;iðagt;CO2; tÞ
¼ mb gt;t gt; ~gas;oðagt;CO2; tÞ ð81Þ

mb gt;t gt; ~gas;iðagt; ig; tÞ ¼ mb gt;t gt; ~gas;oðagt; ig; tÞ; ig ¼ N2

(82)

mb gt;t gt; ~gas;oðagt; ig; tÞ ¼ 0; ig ¼ H2;CO (83)

mb gt; ~gas;oðig; tÞ ¼
X
agt

mb gt;t gt; ~gas;oðagt; ig; tÞ (84)

The mechanical work generated by a gas turbine is
obtained from the turbine’s internal efficiency as follows

wb gtðagt; tÞ ¼ gi;b gtðagtÞ � lhvb gt;t gt;fug;iðagt; tÞ (85)

HRSG and Steam Turbine. Streams carrying enthalpy
into the HRSG and steam turbine block include the flue gas
leaving the gas turbine block, the heat recovered in the gas-
ifier chamber and scrubber block, the heat recovered in the
syngas cleanup unit, and all miscellaneous heat recovered
elsewhere in the process. The enthalpy in these streams is
given as follows

hb gt;t gt;gas;oðagt; tÞ ¼ lhvb gt;t gt;fug;iðagt; tÞ � wb gtðagt; tÞ
(86)

hb st;gas;iðtÞ ¼
X
agt

hb gt;t gt;gas;oðagt; tÞ (87)

hb gs;t gs;rch;oðag; tÞ ¼ arch=b gsðagÞ �mab gs;t gs;csg;oðag; tÞ (88)

hb cu;t cu;rch;oðac; tÞ ¼ arch=b cuðacÞ �mab cu;t cu;csg;iðac; tÞ (89)

hb st;rch;iðtÞ ¼
X
ag

hb gs;t gs;rch;oðag; tÞ þ
X
ac

hb cu;t cu;rch;oðac; tÞ

(90)

hb st;rcm;iðtÞ ¼ arcm=gas �mab gt;gas;oðtÞ (91)

The mechanical work generated in this block is given by:

wb stðtÞ ¼ gi;b st � ðhb st;gas;iðtÞ þ hb st;rch;iðtÞ þ hst;rcm;iðtÞÞ
(92)

Postcombustion Carbon Dioxide Capture. Input to this
block is flue gas coming out of the HRSG, and its outputs are
captured carbon dioxide and the remaining part of the flue
gas. The amount of captured carbon dioxide, mb_c2(t), is a pro-
cess-wide variable to be selected. The upper limit of CO2 re-
covery rate, denoted as bpostCO2

, determines the maximum
amount of carbon dioxide that can be separated, given by:

mb c2; ~gas;iðig; tÞ ¼ mb gt; ~gas;oðig; tÞ (93)

mb c2ðtÞ�bpostCO2
� mb c2; ~gas;iðig; tÞ; ig ¼ CO2 (94)

Considering the fact that the CO2 recovery rate is below
90% for most postcombustion CCS technologies, 9,10 bpostCO2

is
set to 90%. The flowrate of the outlet steam is given by

mb c2; ~gas;oðig; tÞ ¼ mb c2; ~gas;iðig; tÞ � mb c2ðtÞ; ig ¼ CO2 (95)

mb c2; ~gas;oðig; tÞ ¼ mb c2; ~gas;iðig; tÞ; ig ¼ O2;N2;H2O (96)
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Energy penalty caused by the carbon dioxide separation
step is accounted in the electricity generation section.

Production rates

Production rates of primary products, i.e., methanol and
electricity, and by-products are calculated in this section.

Production of Methanol. The production rate of methanol
is obtained from the methanol synthesis block, as follows

mamehðtÞ ¼ MWðCH3OHÞ � mb ms;meh;oðtÞ (97)

Methanol should meet its market demand in each period,
given by

mamehðtÞ�UmehðtÞ (98)

Electricity Generation. Gross mechanical work is gener-
ated in the process from the gas and steam turbines. After
deduction of the compression work consumed in the ASU, in
the CO2 capture block, and other auxiliary equipment, net
mechanical work is obtained.

The gross mechanical work is given as follows

wgrpðtÞ ¼
X
agt

wb gtðagt; tÞ þ wb stðtÞ (99)

The compression work consumed in the ASU comprises
three parts, namely compression work for the inlet air, the
oxygen product and nitrogen, given as follows

waiaðtÞ ¼ aw=aia �mab as;aia;iðtÞ (100)

waioðtÞ ¼ aw=aio �mab as;aio;oðtÞ (101)

wainðtÞ ¼ aw=ain �mab as;ain;oðtÞ (102)

The work consumption in precombustion and postcombus-
tion CO2 capture blocks are given by

wb c1ðtÞ ¼ aw=c1 �mab c1ðtÞ (103)

wb c2ðtÞ ¼ aw=c2 �mab c2ðtÞ (104)

The work consumed by other auxiliary equipment is given
as a fraction of gross mechanical work generation, as fol-
lows

wauxðtÞ ¼ aw=aux � wgrpðtÞ (105)

The net mechanical work production is obtained as a sum-
mation of all the mechanical work, together with the work
loss resulted by steam extraction for the water gas shift reac-
tion, as follows

wnetðtÞ ¼ wgrpðtÞ � waiaðtÞ � waio � wain � wb c1ðtÞ
� wb c2 � wauxðtÞ � DwwgðtÞ ð106Þ

Using the mechanical efficiency of the generator, the net
electricity production rate is given by

elcðtÞ ¼ gm � wnetðtÞ (107)

Again, the electricity production rate should meet its mar-
ket demand in each period, as follows

elcðtÞ�UelcðtÞ (108)

Production of Sulphur as a By-Product. Production rate
of sulphur is given as a product of sulphur removal rate and
its content in the inlet coal, as follows

masulðtÞ ¼ asul=drc � ðmab cp;drc;iðtÞ � UAðSÞÞ (109)

Objective Functions. An economic objective, NPV, is
calculated from initial capital costs of the process and its
profit over the operating horizon. Initial capital costs com-
prise the purchase of primary equipment, auxiliary equip-
ment, civil/structure/architectural costs, engineering fees and
contigency, interest occured during construction period, and
starting-up costs. Profit over the operating horizon is calcu-
lated by discounting the net profit in each time interval to
the starting point of the operating horizon and summing
them up.

The purpose of the environmental objective is to provide
an objective measurement of the environmental behaviour of
a polygeneration plant over its life time, comprising all pri-
mary types of emissions produced from both plant operation
and all previous stages. Based on this, all sorts of damage
assessments can be conducted according to specific interest
and purposed, for instance, impacts on climate change, eco-
toxicity effects, and depletion of natural resources. A cradle-
to-gate GHG emissions indicator is established over the
operating horizon, on a CO2-equivalent basis. It comprises
three parts:
• GHG emissions produced within the process during

operation
• GHG emissions produced throughout mining, extraction,

and other preprocessing phases of feedstocks
• GHG emissions produced during equipment production

and plant construction
Net Present Value. The NPV of the process is obtained

by subtracting the total capital requirement up to the starting
point of process operation from the summation of net profit
in each period discounted to the same time point.

The calculation of the total capital requirement results
from the investment cost calculations of primary equipment
in all functional blocks. For each block, there is a reference
capacity and investment cost. Size effects are considered by
a size factor. The capacity of each block is expressed in
terms of a primary stream, as follows
• ASU—oxygen production rate
• coal preparation—coal flowrate
• gasifier and scrubber—coal flowrate
• syngas cleanup unit—clean syngas production rate
• water-gas shift reactor—flowrate of inlet syngas
• precombustion CO2 capture—flowrate of captured CO2

• methanol synthesis—methanol production rate
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• gas turbine—mechanical work generation
• HRSG and steam turbine—mechanical work generation
• postcombustion CO2 capture—flowrate of captured CO2

The investment cost of each block is given by

invðp; qÞ ¼ dinvðp; qÞ capðp; qÞ
dcapðp; qÞ
� �n

;

p ¼ block; q ¼ technology

In all operating periods, the capacity of each block should
be greater than the operating flowrate of the corresponding
stream, denoted by z, upon which the capacity is defined, as
follows

capðp; qÞ� zðp; q; tÞ; p ¼ block; q ¼ technology; t ¼ period

(111)

The investment cost for all primary equipment is then
expressed as the summation over all functional blocks using
all technologies, as follows

inveqp ¼
X
p;q

invðp; qÞ; p ¼ block; q ¼ technology (112)

Investment costs for bulk plant items, including water
system, civil, structure, architecture, piping, control and
instrumentation, and electrical systems, are given by

invbk ¼ abk=equ � invequ (113)

Process plant cost is obtained from costs of equipment
and bulk plants items, as follows

invppc ¼ inveqp þ invbk (114)

Engineering fees and project contingency are given by

invefc ¼ aefc=ppc � invppc (115)

Total plant cost is then given by their summation, as
follows

invtpc ¼ invppc þ invefc (116)

Interest occurred during the construction period is obtained
as

invist ¼ aist=tpc � invtpc (117)

Finally, the total plant investment is

invtpi ¼ invtpc þ invist (118)

Miscellaneous investment costs, including prepaid royal-
ties, initial catalyst and chemical inventory, startup costs,
spare parts, working capital, and land use, is given by

invmis ¼ amis=tpi � invtpi (119)

The total capital requirement of a plant is given by

invtcr ¼ invtpi þ invmis (120)

In each period, O and M costs includes purchase of feed-
stocks, sequestration of CO2, and other fixed cost. Purchase
of feedstocks is obtained as the product of capacity factor
(availability), operating time within the period, price of feed-
stocks, and consumption rate, as follows

omcdrcðtÞ ¼ kðtÞ � sðtÞ � fdrcðtÞ �mab cp;drc;iðtÞ (121)

The cost of CO2 sequestration is given as the product of
capacity factor, unit cost of sequestration, and rate of seques-
tration, as follows

omcseqðtÞ ¼ kðtÞ � sðtÞ � fseqðtÞ �mab c1; ~ssg;oðis; tÞ; is ¼ CO2

(122)

Fixed O and M costs are obtained as a fraction of the total
capital requirement, given by

omcfixðtÞ ¼ kðtÞ � afix=tcr � invtcr (123)

Income in each period comes from the sales of electricity
and methanol (and sulphur as a by-product), given by

incelcðtÞ ¼ kðtÞ � sðtÞ � felcðtÞ � Uelc (124)

incmepðtÞ ¼ kðtÞ � sðtÞ � fmepðtÞ � Umep (125)

incsulðtÞ ¼ kðtÞ � sðtÞ � fsulðtÞ �masulðtÞ (126)

The net income in each period is thus obtained as follows

incnetðtÞ ¼ ðincelcðtÞ þ incmepðtÞ þ incsulðtÞÞ
� ðomcdrcðtÞ þ omcseqðtÞ þ omcfixðtÞÞ ð127Þ

After discounting the net income in all periods to the
starting point of project, the net present value is obtained as
follows

npv ¼
X
t

incnet

ð1þ rÞsðtÞ
� invtcr (128)

Equation 128 is used as the economic objective function
to be maximized.

Coefficients used in the calculation of the economic objec-
tive function are listed in Table 3.

GHG Emissions. Emissions of three GHG gases, denoted
as e, namely CO2, CH4, and NOx, are calculated from the
following three stages:
• cradle-to-gate emissions during feedstock production,

including extraction and transportation to site
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• emissions produced during equipment production, instal-
lation and plant construction
• emissions produced throughout the plant operating period
Cradle-to-gate emissions during feedstock production and

precessing procedure are obtained from corresponding emis-
sion inventory and consumption rate of feedstocks. Invento-
ries of all the three emissions during coal production and
precessing, denoted as cfds, are taken from European Refer-
ence Life Cycle Data System (ELCD),12 which are obtained
from official statistical data of EU-25 countries. Inventories
for CO2, CH4, and NOx are 0.0154, 0, 3.85 � 10�5 kilo-
gramme per kilogramme of coal produced, respectively.
Emissions from this category are calculated as:

ghgfdsðeÞ ¼
X
t

kðtÞ � sðtÞ � cfdsðeÞ �mab cp;drc;iðtÞ (129)

Emissions produced during the equipment production, in-
stallation and plant construction are obtained as the product
of the investment cost of the equipment or the construction
procedure and a corresponding emission inventory, which is
calculated using the Economic Input-Output Life Cycle
Assessment (EIO-LCA) method. The EIO-LCA method esti-
mates the materials and energy resources required for, and
the environmental emissions resulting from, activities in an
economy, and it provides emission inventories on an eco-
nomic basis, i.e., the amount emissions produced by inves-
ting a unit amount on a certain type of equipment or con-
structing a certain type of plant. Values of these EIO-LCA
emission inventories are obtained from Ref. 13, denoted as
ceqp and ccon, respectively. Emissions from this category are
calculated as:

ghgeqcðeÞ ¼
X
p;q

ceqpðp; q; eÞ � invðp; qÞ þ cconðeÞ � invbk;

p ¼ block; q ¼ technology ð130Þ

Emissions produced throughout the plant operating period
can be calculated either directly or via corresponding refer-
ence variables. Carbon dioxide emissions of this category
are given by:

ghgoptðCO2Þ ¼
X
t

kðtÞ � sðtÞ �mab c2; ~gas;oðCO2; tÞ (131)

Emissions of SO2 are obtained from the sulphur removal
rate, as follows:

ghgoptðSO2Þ ¼ 2
X
t

kðtÞ � sðtÞ � ð1� asul=drcÞ

�mab cp;drc;iðtÞ � UAðSÞ ð132Þ

Emissions of NOx are calculated using the mechanical
work generated by the gas turbine as the reference variable,
as follows:

ghgoptðNOxÞ ¼
X
agt;t

kðtÞ � sðtÞ � aNOx=wgt � wb gtðagt; tÞ (133)

Overall emissions of each kind are the summation of those
produced during each phase discussed earlier, as follows:

ghgðeÞ ¼ ghgfdsðeÞ þ ghgeqcðeÞ þ ghgoptðeÞ (134)

Emissions of CO2, SO2, and NOx have different impacts
on the green house gas effect. According to the Fourth
Assessment Report of the Intergovernmental Panel on Cli-
mate Change (IPCC), their impact factors are 1, 0, and 310
respectively, on a hundred year time scale.14 Denoting the

Table 4. Ultimate Analysis of Illinois #6 Coal, wt %, Dry

Basis

C H N S O Ash

71.7 5.1 1.4 2.8 7.8 11.2

Table 5. Prices of Feedstocks and Products

Price

Feedstocks Coal 65 $/tonne

Methanol 343 $/tonne
Products Electricity 0.06 $/kWh

Sulphur 82.7 $/tonne

Table 6. Technology Alternatives Considered for Functional

Blocks

Block

Symbol of
Technical
Alternative Definition

Gasification
chamber and
sysgas scrubber

Q Oxygen-blown, coal slurry fed,
quench for crude syngas cooling

RC Oxygen-blown, coal slurry fed,
radiative and convective heat
exchanger for crude syngas
cooling

H Oxygen-blown, coal slurry fed,
radiative and convective heat
exchanger for crude syngas
cooling, compatible with hot
syngas cleanup

Syngas cleanup unit CQ Cold syngas cleanup, compatible
with quench gasifier

CRC Cold syngas cleanup, compatible
with radiative and convective
gasifier

CH Hot syngas cleanup
Methanol synthesis G Gas phase methanol synthesis

L Liquid phase methanol
turbine GTH H-class gas turbine

Table 3. Coefficients for Calculation of the Economic
Objective Function

Coefficient Value

n 0.7
abk/equ 0.34
aefc/ppc 0.25
aist/tpc 0.112
amic/tpi 0.053
r 0.1

AIChE Journal May 2010 Vol. 56, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1229



impact factors by r, the overall green house gas effect of all
emissions are given on a CO2 equivalent basis, as follows:

ghgCO2eqv
¼
X
e

rðeÞ � ghgðeÞ (135)

Equation 135 is used as the environmental objective func-
tion to be minimized.

Model Summary and Its Solution as a Multi-Objective
Optimization Problem. The model is formulated as

min U
f1 ¼ �npv

f2 ¼ ghgCO2eqv

(

s.t. Eq: 1�135
(p)

This is a multiobjective optimization (MOO) problem for
decision making. The goal is to obtain U, the decision mak-
er’s utility function, which comprises the two objective func-
tions to be minimized simultaneously. Its optimal solutions
satisfy the condition that any further decrease of one objec-
tive function will always cause increase of the other objec-
tive function, the so called Pareto optimality.

This MOO problem is converted into a set of conventional
single objective optimization problems using the �-Constraint
method.15 Firstly, problem (p) is solved with only objective
function one, f1, as follows:

min f1 ¼ �npv

s:t: Eq: 1�135 (p1)

By solving problem (p1), an optimal solution can be
obtained, denoted as ~x�1. The maximum of objective function

Table 7. Values of Key Parameters for Each Functional
Block

Block Parameter Value

ASU bir 50%
Xaox(O2) 0.95
Xaox(N2) 0.05
Xani(O2) 0.011
Xani(N2) 0.989
dcap 29.3 kg/s oxygen
dinv 53.6 � 106 $

ceqp(CO2) 16.8 tonne/106 $
Coal preparation acsl/drc 0.5

aoxb/drc 0
dcap(G–Q) 31.6 kg/s coal
dcap(G–RC) 31.1 kg/s coal
dcap(G–H) 28.8 kg/s coal
dinv(G–Q) 27.7 � 106 $
dinv(G–RC) 27.3 � 106 $
dinv(G–H) 25.9 � 106 $
ceqp(CO2) 16.8 tonne/106 $

Gasifier chamber
and syngas scrubber

aoxy/drc 0.923
aswi/drc 0

amkw/drc(G–Q) 0.54
amkw/drc(G–RC) 0.124
amkw/drc(G–H) 0.103
abld/drc(G–Q) 2.098
abld/drc(G–RC) 0.45
abld/drc(G–H) 0
assl/drc(G–Q) 0.59
assl/drc(G–RC) 0.536
assl/drc(G–H) 0.156
dcap(G–Q) 31.6 kg/s coal
dcap(G–RC) 31.1 kg/s coal
dcap(G–H) 28.8 kg/s coal
dinv(G–Q) 32.9 � 106 $
dinv(G–RC) 79 � 106 $
dinv(G–H) 63.6 � 106 $
ceqp(CO2) 16.8 tonne/106 $

Syngas cleanup bcu(ac,H2O) 1
bcu(ac,CO2) 0.27
bcu(ac,H2S) 1

dcap(CGCU–Q) 58.1 kg/s syngas
dcap(CGCU–RC) 62.8 kg/s syngas
dcap(HGCU) 72.9 kg/s syngas

dinv(CGCU–Q) 37.3 � 106 $
dinv(CGCU–RC) 30.6 � 106 $
dinv(HGCU) 65.0 � 106 $
ceqp(CO2) 16.8 tonne/106 $

Precombustion CCS aw/c1 0.173 kWh/kg CO2

dcap 17.5 kg/s
dinv 26.5 � 106 $

ceqp(CO2) 16.8 tonne/106 $
Methanol synthesis T(GP) 523 K

T(LP) 523 K
P(GP) 70 bar
P(LP) 50 bar

dcap(GP) 12.4 kg/s methanol
dcap(LP) 12.4 kg/s methanol
dinv(GP) 15.6 � 106 $
dinv(LP) 30.0 � 106 $

ceqp(GP,CO2) 16.8 tonne/106 $
ceqp(LP,CO2) 16.8 tonne/106 $

Gas turbine aair/lhv(GT–H) 0.782 kg/MJ
anit/lhv(GT–H) 0.0473 kg/MJ
astm/lhv(GT–H) 0.0147 kg/MJ
gi,b_gt(GT–H) 0.405
dcap(GT–H) 282.2 MW
dinv(GT–H) 54 � 106 $

ceqp(GT–H,CO2) 39.5 tonne/106 $
ceqp(GT–H,SO2) 2.49 tonne/106 $
ceqp(GT–H,NOx) 0.649 tonne/106 $

Table 7. (Continued)

Block Parameter Value

HRSG and steam turbine arch/b_gs(G–Q) 0 MW/(kg/s)
arch/b_gs(G–RC) 0.819 MW/(kg/s)
arch/b_gs(G–H) 0.728 MW/(kg/s)

arch/b–cu(CGCU–Q) 0.182 MW/(kg/s)
arch/b–cu(CGCU–RC) 0 MW/(kg/s)
arch/b–cu(HGCU) 0 MW/(kg/s)

arcm/gas 0.399 MW/(kg/s)
gi,b–st 0.306
dcap 154.6 MW
dinv 45.5 � 106 $

ceqp(CO2) 39.5 tonne/106 $
ceqp(SO2) 2.49 tonne/106 $
ceqp(NOx) 0.649 tonne/106 $

Postcombustion CCS aw/c2 0.288 kWh/kg CO2

dcap 17.5 kg/s
dinv 26.5 � 106 $

ceqp(CO2) 16.8 tonne/106 $
Electricity generation aw/aia 0.399 MW/(kg/s)

aw/aio 0.229 MW/(kg/s)
aw/ain 0.134 MW/(kg/s)
aw/ccd 1.482 MW/(kg/s)
aw/aux 0.023
gm 0.985

Sulphur recovery asul/drc 0.99
Plant construction ceqp(CO2) 209 tonne/106 $

ceqp(NOx) 0.626 tonne/106 $
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two, f2, is obtained at this optimal point ~x�1, as any value
higher than this for f2 will not decrease the value of f1. This
maximum of f2 is denoted as follows:

hU ¼ f2ð~x1Þ (136)

After this, another optimization problem is established
with f2 only, as follows:

min f2 ¼ ghgCO2eqv

s:t: Eq: 1�135 (p2)

By solving problem (p2), another optimal solution is
obtained, denoted as ~x�2. At this point, f2 reaches its mini-
mum, denoted as:

hL ¼ f2ð~x�2Þ (137)

The (feasible) bounds of f2 are then defined by hL and hU,
as [hL, hU]. Then this region is divided equally into N inter-
vals by a set of points, denoted as:

fhL; h1; h2;…; hq;…; hN�1; hUg (138)

where

hq ¼ hL þ hU � hL

N
; q ¼ 1; 2;…;N � 1 (139)

Then, problem (p) can be converted into the following set
of single objective optimization problems:

min f1 ¼ �npv

s:t: f2 � h

Eq: 1� 135

h 2 fhL; h1; h2;…; hq;…; hN�1; hUg

(p3)

Case Study

A case study has been conducted using the proposed
approach for a coal-based polygeneration plant that produces
methanol and electricity.

Illinois #6 coal is used as the main fuel feedstock, and
its ultimate analysis is shown in Table 4. Market demand
for electricity is 400 MW, and market demand for metha-
nol is considered 500 tonne per day. Element sulphur is
sold to the market as a by-product. Prices of feedstocks
and products in the first time interval are listed in Table 5.
Prices in the following time intervals are adjusted accord-
ing to inflation rate, given by Eq. 140, where rinf is the an-
nual inflation rate, 3% in this case study. An operating ho-
rizon of 10 years is assumed, and it is divided into three
time intervals of equivalent length. Plant availability is set
to be 0.85. Technology alternatives of four primary func-
tional blocks are considered. Symbols representing these
technical alternatives and their definitions are listed in
Table 6. Values of key parameters for each functional
block are listed in Table 7. These data are obtained from
Refs. 11, 16.

fðtÞ ¼ ð1þ rinfÞsðt�1Þ � fðt� 1Þ (140)

The overall mathematical model corresponds to a non-
convex MINLP model involving 9 binary variables, 1252
continuous variables, 1162 equality constraints, and 194 in-
equality constraints. The optimization is performed in
GAMS17 using BARON18 as the MINLP solver. The model
involves nonconvex bilinear, trilinear, and fractional terms
(also with exponential terms). Before solving the problem,
the variables and constraints are properly scaled so that
values of all variables and coefficients fall in the range of
�100 to 100. Priorities are assigned to binary variables and
some key continuous variables with great impact on the
computational performance in conducting the Branch-and-
Reducing algorithm within BARON. These continuous vari-
ables include coal flowrate, split ratio of syngas between
chemical and power generation parts, ratio of shifted syn-
gas, and flowrates of carbon dioxide separation in both
CCS blocks.

The computational results indicate that it takes 201 and
519 s, respectively, on a 3.31 GHz CPU to solve the two

Figure 3. Computation solution times to global opti-
mality.

Figure 4. Pareto curve for polygeneration energy sys-
tems design.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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single-objective optimization problems shown in (p1) and
(p2). After obtaining these two bounds, the whole interval in
divided into 100 sub-intervals, as shown in Eq. 138. These
problems are solved in parallel on a 274-CPU cluster with
an average CPU speed of 2.03 GHz and total memory of
329.6 GB. The computation times for solving each one of
the 100 problems to global optimality is shown in Figure 3.
As can be seen, 98 problems are solved to global optimality
within 40 min.

The optimal results obtained are used to generate the opti-
mal Pareto curve, the frontier that separates the feasible and
infeasible design space, shown in Figure 4. As can be seen,
out of the 18 possible combinations of technologies listed in
Table 6, only four appear in the Pareto curve. The different
types of equipment and technologies that are needed to meet
specific design targets are listed below:
• Hot gas cleanup technology should only be used when

the emission constraint is extremely strict.
• A combination of quench gasification, cold gas cleanup,

and liquid phase methanol synthesis technologies is suitable
for conditions where the environmental constraints are either
significantly loose or very tight. With a relaxed environmen-
tal constraint, this technological combination is chosen due
to low requirements on initial capital investment. With a
tight environmental constraint, however, it becomes again
preferable due to its corresponding minimum requirements
on the composition of inlet syngas entering the methanol
synthesis reactor.
• Gas phase methanol synthesis, with either a radiative

and convective gasifier or a quench gasifier, appears to be
the most viable design. It is superior to other types of
designs in most circumstances where the emission constraint
is neither too strict nor too loose.

Conclusions

A superstructure based multiobjective mixed-integer opti-
mization methodology is proposed for the design of polygen-
eration energy systems where both profitability and environ-
mental impacts are taken into account, based on which Par-
eto trade-off curves can be obtained to guide the design
process. Trade-offs between the economic and environmental
objectives show that certain technological combinations are
superior to others under circumstances where specific con-
straints are considered important. To enhance the accuracy
of the model, all key parameters used in this modeling and
optimization framework are collected from industrial demon-
stration plants. Optimization under uncertainty is another
option if further improvements on the accuracy of optimiza-
tion results are required. On the computation side, the study
shows that reasonable computation times can be achieved
for the solution of such large-scale multiobjective nonconvex
MINLP problems, with the appropriate utilization of
advanced global optimization tools, preprocessing, and paral-
lel computation techniques.
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Notation

Binary variables

y ¼ selection of equipment using a technology, 1 for selection,
0 otherwise

Continuous variables

DmCO ¼ converted carbon monoxide in water gas shift reaction
Dmmeh ¼ production rate of methanol in methanol synthesis block
Dmwat ¼ production rate of water in methanol synthesis block
Dwwg ¼ total work loss resulted by steam extraction for water gas

shift reaction
/ ¼ fugacity coefficient

cap ¼ capacity of a functional block
elc ¼ electricity generation, MW

ghgCO2eqv
¼ green house gas emissions on a CO2 equivalent basis,

tonne
ghgeqc ¼ emissions from equipment production and plant

construction, tonne
ghgfds ¼ emissions from feedstock production, tonne
ghgopt ¼ emissions during plant operation, tonne

h ¼ enthalpy flowrate, MJ/s (MW)
inc ¼ income
inv ¼ investment cost for equipment
lhv ¼ flowrate of lower heating value, MJ/s (MW)
m ¼ mole flowrate, kmol/s

ma ¼ mass flowrate, kg/s
npv ¼ net present value
omc ¼ O & M cost
rcm ¼ ratio between chemical stream and main stream of sweet

syngas
rcp ¼ chemical-power ratio
rws ¼ fraction of chemical stream of sweet syngas that undergoes

water-gas shift reaction
w ¼ mechanical work
x ¼ mole fraction for liquid phase

ym ¼ mole fraction for gaseous phase
z ¼ streams upon which capacity of a block is defined

Parameters

Dhwg ¼ unit work loss resulted by steam extraction for water gas
shift reaction

U ¼ market demand for each primary product
aair/lhv ¼ ratio between mass flowrate of inlet air and the LHV of

inlet fuel
abld/drc ¼ mass ratio between blown down water and inlet coal for a

gasifier
abk/eqp ¼ ratio between investment costs for bulk items and

equipment
acsl/drc ¼ mass ratio between water and coal in coal slurry
aefc/ppc ¼ ratio between engineering fees & project contingency and

process plant cost
afix/tcr ¼ ratio between fixed O & M cost and total capital

requirement
ahyd/cm ¼ mass ratio between H2 and CO in crude syngas
aist/tpc ¼ ratio between interest and total plant cost

amkw/drc ¼ mass ratio between making-up water and inlet coal for a
gasifier

anit/lhv ¼ ratio between mass flowrate of inlet nitrogen and the LHV
of inlet fuel

aNOx/wgt
¼ ratio between NOx emissions and mechanical work

generated by the gas turbine
aoxb/drc ¼ mass ratio between oxygen and coal in oxygen-blown

pulverized coal feed
aoxy/drc ¼ mass ratio between inlet oxygen and coal steams to a

gasifier
arch/b_cu ¼ heat recovery rate in the syngas cleanup unit block
arch/b_gs ¼ heat recovery rate in the gasifier chamber & scrubber block
arcm/gas ¼ ratio between miscellaneous recovered heat and flowrate of

gas turbine flue gas
assl/drc ¼ mass ratio between slag slurry from the syngas scrubber

and inlet coal to a gasifier

1232 DOI 10.1002/aic Published on behalf of the AIChE May 2010 Vol. 56, No. 5 AIChE Journal



astm/lhv ¼ ratio between mass flowrate of steam injection and the
LHV of inlet fuel

asul/drc ¼ recovery rate of sulphur
aswi/drc ¼ mass ratio between steam/water injection and inlet coal for

a gasifier
aw/aia ¼ ratio between compression work and mass flowrate of

atmosphere air for ASU
aw/ain ¼ ratio between compression work and mass flowrate of

nitrogen for ASU
aw/aio ¼ ratio between compression work and mass flowrate of

oxygen for ASU
aw/aux ¼ ratio between work consumed by auxiliary equipment and

gross mechanical work generation
aw/c1 ¼ ratio between work consumption and captured carbon

dioxide for precombustion CCS
aw/c2 ¼ ratio between work consumption and captured carbon

dioxide for postcombustion CCS
bCO ¼ conversion rate of carbon monoxide in water gas shift

reaction
bpreCO2

¼ recovery rate of carbon dioxide in precombustion CCS

bpostCO2
¼ recovery rate of carbon dioxide in postcombustion CCS

bcu ¼ fraction of removal for a component in the crude syngas
through a syngas cleanup unit

bir ¼ integration rate between the ASU block and the gas turbine
block

ccon ¼ emission inventory for plant construction
ceqp ¼ emission inventory for equipment production
cfds ¼ cradle-to-gate emission inventory for feedstock production
gi ¼ internal efficiency
gm ¼ mechanical efficiency
k ¼ capacity factor (availability)
y ¼ interval point for an objective function in �-Constraint

method
yL ¼ lower bound of an objective function in �-Constraint

method
yU ¼ upper bound of an objective function in �-Constraint

method
r ¼ impact factors of a greenhouse gas on a CO2 equivalent

basis
s ¼ operating time
t ¼ stoichiometric coefficient
f ¼ price
A ¼ coefficient for calculation of activity coefficient of a

component solved in inert oil
K ¼ equilibrium constant

LHV ¼ lower heating value
MW ¼ molecular weight

P ¼ pressure
P* ¼ pressure at the exit of a steam turbine
Pwg ¼ pressure of water gas shift reaction
Pc ¼ critical pressure
T ¼ temperature

Twg ¼ temperature of water gas shift reaction
Tc ¼ critical temperature

UA ¼ ultimate analysis of coal, comprising C, H, O, N, S, ash,
w.t.%

UB ¼ upper bound
Xair ¼ mole composition of atmosphere
Xani ¼ mole composition of nitrogen stream produced in ASU
Xaox ¼ mole composition of oxygen stream produced in ASU

a ¼ coefficient for calculation of Henry’s law constant
a0 ¼ coefficient for calculation of Henry’s law constant

aim,oil ¼ coefficient for calculation of activity coefficient
aoil,im ¼ coefficient for calculation of activity coefficient

b ¼ coefficient for calculation of Henry’s law constant
b0 ¼ coefficient for calculation of Henry’s law constant

bim,oil ¼ coefficient for calculation of activity coefficient
boil,im ¼ coefficient for calculation of activity coefficient

c ¼ coefficient for calculation of Henry’s law constant
c0 ¼ coefficient for calculation of Henry’s law constant

cim,oil ¼ coefficient for calculation of activity coefficient
coil,im ¼ coefficient for calculation of activity coefficient

h ¼ enthalpy

kH ¼ Henry’s law constant
n ¼ size factor
r ¼ discount rate

rinf ¼ inflation rate
x* ¼ steam quality

Sets

ac ¼ syngas cleanup technologies
ag ¼ gasification technologies
agt ¼ gas turbine technologies
am ¼ methanol synthesis technologies, GP for gas phase, LP for

liquid phase
e ¼ green house gas emissions: CO2, CH4, and NOx

ia ¼ components in the air: O2, N2

ig ¼ components in fuel and flue gas of a gas turbine: O2, N2,
H2O, H2, CO, CO2

im ¼ components in product gas of methanol synthesis: N2, H2O,
H2, CO, CO2, CH3OH

is ¼ components in syngas: H2, CO, CO2, H2O, N2, H2S
t ¼ time interval

Subscripts

Functional Blocks

b_as ¼ air separation unit
b_c1 ¼ precombustion CO2 capture
b_c2 ¼ postcombustion CO2 capture
b_cp ¼ coal preparation
b_cu ¼ syngas cleanup unit
b_ms ¼ methanol synthesis
b_gs ¼ gasifier chamber and scrubber
b_gt ¼ gas turbine
b_st ¼ steam turbine
b_ws ¼ water gas shift reactor

Technologies

t_cu ¼ syngas cleanup technologies
t_gs ¼ gasification technologies
t_gt ¼ gas turbine technologies
t_ms ¼ methanol synthesis technologies, GP for gas phase, LP for

liquid phase

Components

air ¼ overall air flow
aia ¼ atmosphere air
aic ¼ compressed air
bld ¼ blown down water
csg ¼ crude syngas
csl ¼ coal slurry
drc ¼ dry coal
elc ¼ electricity
fug ¼ fuel gas
gas ¼ gas
mep ¼ methanol product
mis ¼ miscellaneous heat recovered

mkw ¼ making up water
nit ¼ nitrogen
oil ¼ inert oil in liquid phase methanol synthesis
oxy ¼ oxygen
pgm ¼ product gas from methanol synthesis block
rch ¼ recovered heat
rcm ¼ miscellaneous recovered heat
seq ¼ CO2 sequestration
ssc ¼ sweet syngas for chemical synthesis
ssl ¼ slag slurry
ssn ¼ non-shifted sweet syngas
ssp ¼ sweet syngas for power generation
ssg ¼ sweet syngas
sss ¼ shifted sweet syngas
stm ¼ steam
sul ¼ element sulphur
swi ¼ steam/water injection
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Positions

i ¼ inlet
o ¼ Outlet

Miscellaneous

aux ¼ auxiliary equipment
efc ¼ engineering fees and project contingency
eqp ¼ equipment
fix ¼ fixed O & M cost
grp ¼ gross production
ist ¼ interest
net ¼ net production rate/income
ppc ¼ process plant cost
tpc ¼ total plant cost
tpi ¼ total plant investment
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