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The gasification of coal is a process that has been commonly used to produce a mixture of gases containing primarily
carbon dioxide and hydrogen, called syngas. This syngas is used as an intermediate in the production of many chemi-
cals such as ammonia, synthetic hydrocarbons, and methanol (to name a few). Coal gasification has a reputation for
being “dirty” in terms of its emissions in comparison with other syngas creation technologies, such as methane reform-
ing. However, there is remarkably little information on what the “best case” for coal gasification could actually be and
how existing process perform relative to that “best case.” The goal of this article is to formulate a preliminary and con-
ceptual flow sheet for the gasification process; this flow sheet is not intended to be a finalized design or a definitive
solution. It is intended to illustrate the method of setting and achieving design objectives and provide a basis of compar-
ison for either new or existing processes. Thermodynamics can be used to describe any process, or system of processes.
Of particular interest are the properties of enthalpy and Gibbs free energy. Using these two thermodynamic properties
together as vectors on a diagram of free energy (DG) against enthalpy (DH), it becomes possible to develop better pro-
cess flow sheets that combine the thermodynamics of chemical reactions and the dynamics of physical operations on a
single diagram. This article will discuss the selection of the independent mass balances that best describe the process
as a whole, then the choosing of design objectives, how these objectives might be achieved, and their implications for
the process as a whole. Using these ideas one is able to show how to improve the carbon and operating efficiency of a
gasification process, making the process more reversible. It was found that there will always be a price to pay for using
coal as the feedstock for creating synthesis gas but there is room for improvement, most notably in how combustion is
carried out and how energy is used internally within a process. VC 2014 American Institute of Chemical Engineers
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Introduction

The impact of industries on the environment is rapidly
becoming a major international concern. Increasing public
awareness is evolving the public opinion toward an ever increas-
ing demand for industries to minimize their environmental
impact. At the same time, the requirements for industries to
maximize their productivity and profitability are also increasing.
Meeting these challenges is a complex undertaking that will
require new and innovative approaches to process design.

Existing research can be divided into two levels:

1. Placing emphasis on the performance of an overall sys-
tem and the interactions of individual units within the pro-
cess with each other. This could be considered a “systems
level” or “black box” approach.1–3 The GH-space itself is on
this level of process synthesis. The details of what occurs
within each individual unit are the subject of the next level
of synthesis. Such techniques include the pinch analysis4

often used in heat integration, combined exergy and pinch
analysis,5 mixed integer nonlinear programming techniques,6

and other energy saving techniques.7 Also, on this level is
optimizations of networks within a process, such as heat
exchanger network optimization,8–10 reactor sequence opti-
mization,11,12 and distillation sequencing.13

2. Placing emphasis on the functioning and optimization
of individual unit processes. This could be considered “units
level” and is far more details oriented than the previous
level. The vast majority of research involves the optimizing
of reactor performance through the use of specialized cata-
lysts and reactor design.14–17

Something that the majority of the existing research has in
common is that their techniques are typically applied on
existing flow sheets or to meet specific performance targets,
they give little information on what the best target actually
is. They give a great deal of information of how existing
processes might compare with each other but little on how
well they compare to the best case.

The flows of heat and work within a process are major
contributors to the environmental impact of a process,18

excess work and heat will be lost as irreversibility in a
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system, if not recovered.19 This loss can be described in
terms of exergy, which is the measure of the departure of
the system from equilibrium with its environment. It is,
therefore, a measure of a systems ability to affect its envi-
ronment; it shows the connection of losses in work and heat
with environmental impact. By minimizing the loss of heat
and work, the environmental impact can be minimized.

Typical procedures for process synthesis20,21 are first to
consider the desired products, then the selection of raw
materials and the reactions that will give the desired prod-
ucts, which then lead to the selection of the required unit
operations. Each of these units is then individually opti-
mized, usually in sequential order. Only then are the flows
of work and heat considered, after the flow sheet has been
finalized.

This practice of sequential design may be simple and con-
venient to manage and will improve the operation of some
of the individual units but the effect of that unit’s new oper-
ation on all the other units in the process is often not consid-
ered until the time comes for those units to be optimized.
This can lead to difficulties later on, with optimizing requir-
ing modifications that are impossible to perform, further
leading to a process that has a few efficient units but is over-
all inefficient.

Although the optimization of individual units and net-
works is extremely important, at this stage of a design even
small changes in a process translate into significant cost.

It is proposed that an alternative approach to efficient
process optimization and design is first to consider how
all the process units could integrate with one another from
the earliest stages of design, before any significant invest-
ment has been made, or even before any flow sheet has
even been finalized. This will facilitate the creation of a
process that is efficient, in its entirety. Such a process
could thus be considered the “best-case” performance tar-
get; which could then become the basis for the optimiza-
tion of the individual units, the design of new facilities,
or a guide to show where existing processes can best be
improved.

This work is part of series of case studies into processes
that have a reputation for poor performance in carbon diox-
ide emissions. The goal of these case studies is to investigate
if it is possible for these processes to perform any better in
that regard.

In this article, the thermodynamic properties enthalpy
(DH) and Gibbs free-energy (DG) are applied to the gasifica-
tion process as well as to other unit operations such as com-
pression and separation, with the goal of creating a
gasification system that is as close to reversible as possible,
and therefore, having the minimal environmental impact
achievable for a gasification process.

The technique described in this article allows processes to
be constructed from fundamental thermodynamic principles
and basic mass balances alone. Although many of these prin-
ciples may appear to be simple, this is actually deceptive.
The technique herein is actually a very subtle, but elegant,
method for designing process layouts.

Enthalpy and Gibbs Free Energy: Heat and Work

The enthalpy, Gibbs free energy plane: The GH-space

In a previously published article,22 it was proposed that
the DG and DH of reactions and process units could be

drawn on a plot of DG and DH, hereafter referred to as the
GH-space.

DG and DH are both extensive properties that are calcu-
lated independently of one another. This is different from,
for instance, pinch diagrams where an extensive property is
plotted against intensive property. DS could be used instead
of DG but the latter is used in this article due to its easier
relation to work.

Others23 have done similar work where plots of T0DS and
DH were used instead of DG. The goal of minimizing the
loss of work in that approach would be to minimize the
value of the change in entropy. This is likely to provide a
very precise measure of process reversibility but does not
provide easy access to the practical considerations of operat-
ing pressure, separations, mixing, among others. The
approach of using the GH-space allows all simple unit opera-
tions or reactions, for which DG and DH can be calculated,
to be easily represented on a single set of axes. DG and DH
are also directly related to the work and heat requirements of
a process, DG represents the work requirements of a process
and DH represents the heat requirement.

This article will not go into the minutia of the calculations
involved in using the GH-space to develop flow sheets. If
the reader should desire such details, previous works are
available.24 Instead this article will present a flow sheet
developed by the GH-space method and discuss its
implications.

Heat, work, and reversibility: The Carnot Temperature

As shown in previous publications,24 the heat requirements
of a process will also meet the work requirements of a pro-
cess at one specific temperature. This temperature has been
termed the “Carnot Temperature.”25

This temperature is given by Eq. 1

W5DGprocess 5DHprocess 12
T0

Tcarnot

� �
(1)

where:

� W is the work requirement of the process
� DGprocess is the Gibbs free energy of the process at T0

� DHprocess is the enthalpy of the process at T0, which is
equal to the process heat requirements

� T0 is the ambient temperature
� Tcarnot is the reversible Carnot Temperature

The primary result of Eq. 1 is that if the heat requirements
of a process were met by operating the process at its Carnot
Temperature, it would be reversible. Alternatively, if a pro-
cess was run at its Carnot Temperature the work required by
the process would flow with the heat of the process. This is
to say, that the heat supplied to the process would also sup-
ply the work.

From a reversibility viewpoint, the Carnot Temperature is
the ideal temperature at which a process should be run. The
heat automatically carries the correct amount of work: in sup-
plying the needed heat the needed work is also supplied. This
is essentially “killing two birds with one stone.” It equates
with less process equipment being needed. The equipment
that supplies the heat, supplies the work at the same time.

However; it is not always desirable, or even possible, to
run a process at its Carnot Temperature. When a temperature
other than the Carnot Temperature is used there will be a
deficit, or excess, between the amount of work carried by
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the process heat and the amount of work actually required
by the process. This difference will need to be covered by
additional process equipment and adds to process
complexity.

The Carnot Temperature can be used as measure of how
reversible a certain process, or “independent mass balance”
could be. Independent mass balances with reasonable Carnot
Temperature have the potential to be run close to reversibly.
Although independent mass balances with impractical Carnot
Temperatures are unlikely to ever be reversible, this gives a
very quick indication of where most of the inefficiencies of
a process are likely to occur and where additional care
should be taken.

Application to Gasification

The independent mass balances

In a previously published work, synthesis gas was pro-
duced by the methane steam reforming process.24 In this arti-
cle, let us consider an alternative feedstock, namely coal.

There are many reasons for using alternative feeds. The most
common being: cost and availability. Other reasons include:
production efficiency, safety, and environmental impact.

Whenever one attempts to use the GH-space, to synthesize
a flow sheet, the first step is to define the “independent mass
balances” of the process. The “independent mass balances”
could be thought of as the reactions that will be occurring
within the process, indeed the term “independent mass bal-
ance” and “reaction” can sometimes be used interchangeably.
This is not always the case however, often an “independent
mass balance” is actually the sum of many individual
“reactions,” the result of which is the “independent mass bal-
ance.” It is for this reason that a distinction is being made.

First, let us define the primary feed materials to this coal
gasification process:

� Coal. This will be considered to be pure carbon. Not
entirely accurate but will suffice for this early design.
� Liquid water. This is water in its natural state. Steam

will actually be needed in the process.
� Oxygen. This is actually available as air but will be

considered as pure oxygen to begin.

For these simplified feed stocks, it is possible to identify
the products produced by the gasification process:

� Hydrogen and carbon monoxide. This is the desired
product of syngas. The goal of this design is not only to pro-
duce syngas but also to produce it in the desired ratio.
� Carbon dioxide. An undesired by-product that has envi-

ronmental impact. One of the goals of the design will be to
minimize the production of this product.

There will be seven primary species in the process: Coal
(as carbon), liquid water, steam, oxygen, hydrogen, carbon
monoxide, and carbon dioxide. There are three atomic ele-
ments in the process: C, H, and O. Thus, there will be four
independent mass balances.

The independent mass balance that will produce the syn-
gas product is

CðsÞ1H2OðgÞ ! CO ðgÞ1H2ðgÞ Gasification

The heat and work requirements for gasification can be
determined by performing an energy balance at standard
conditions

DHgasification 5131:32 kW

DGgasification 591:37 kW

This reaction is endothermic and work deficient; in other

words, both heat and work must be added to the process.

This means a source of heat and work is required in order

for the gasification to proceed. The Carnot Temperature for

gasification can be calculated from Eq. 1 as around 977 K.

The 131.32 kW of heat required by gasification would also

carry the work requirement of 91.37 kW if the gasification

was carried out at 977 K. This Carnot Temperature is not

completely unreasonable but could be considered to be

somewhat low from an equilibrium viewpoint, as tempera-

tures below approximately 1100 K have poor coal conver-

sion at equilibrium. Although a low single pass conversion

can be worked around, it will have significant consequences

of potential separation devices and recycles that will come

later.
A heat source is required to provide the required heat to

the system. The most convenient source of heat would come
from combusting some of the carbon feedstock (coal) in oxy-
gen (or air) to produce the heat. This independent mass bal-
ance is

CðsÞ1O2ðgÞ ! CO2ðgÞ Combustion

An energy balance at standard conditions gives

DHcombustion 52393:51 kW

DGcombustion 52394:36 kW

This reaction is exothermic and work producing. This will

allow combustion to be used to provide the heat and work to

gasification. The Carnot Temperature of combustion can be

calculated to be close to 214,000 K. This temperature is

clearly impossible to achieve. The heat of combustion could

never carry the work of combustion. Combustion is irreversi-

ble by its very nature. Combustion is responsible for most of

the irreversibility in processes. Burning a unit of coal via

combustion will provide too much heat and work for gasify-

ing a unit of coal. Having such an excess will cause the pro-

cess to become irreversible if the excess work is not

recovered or otherwise used. For this reason, no more com-

bustion should be used than is absolutely necessary.
The ratio of carbon monoxide to hydrogen resulting from

gasification is 1:1. It may be desired to produce a ratio of
carbon monoxide and hydrogen that is not 1:1. Ratios of 1:2
are often favored by coal-to-liquids processes and methanol
processes; and ratios of 1:3 are favored by ammonia proc-
esses. Higher or lower ratios may be desired depending on
the intended application of the syngas.

To modify the ratio of carbon monoxide to hydrogen
another reaction is required, namely the water-gas shift
(WGS) reaction

COðgÞ1H2OðgÞ $ CO2ðgÞ1H2ðgÞ WGS

The energy balance at standard conditions gives the heat
and work requirements

DHWGS 5241:19 kW

DGWGS 5228:59 kW

This WGS reaction is also an exothermic work producer.
Its Carnot Temperature can be determined to be 973 K. This
temperature is not unreasonable; if possible the WGS mass
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balance should be carried out at this temperature. The pri-
mary factors that might prevent this are chemical equilib-
rium, ensuring the WGS mass balance is able to change the
ratio of carbon monoxide to hydrogen by a large enough
amount, and catalyst activity. It should be noted that consid-
eration was given to the equilibrium of the WGS mass bal-
ance but catalyst performance is beyond the scope of this
article.

Gasification and WGS use vapor phase water (steam) as a
reactant. At ambient conditions liquid water is easily
obtained. The phase change needs to be considered

H2OðlÞ ! H2OðgÞ Phase Change

An energy balance at standard conditions gives

DHphase change 544:01 kW

DGphase change 58:56 kW

Phase change is an endothermic and work deficient pro-
cess. The Carnot Temperature for this mass balance can be
calculated to be 370 K. It is interesting to note that this tem-
perature is equal to the boiling point of water at atmospheric
pressure. When boiling water in a kettle (for instance) the
water boils when the kettles element is supplying both the
heat and the work required.

Four independent mass balances have been defined and it
is clear that all four of them could be integrated to interact
with one another. Using the GH-space, it will be possible to
investigate how the reactions interact with one another and
to make the process more reversible, despite the inherent
irreversibility of combustion.

The design objectives

Now that the independent mass balances have been
defined, the next step is to decide what the objectives for the
flow sheet will be. This is a matter of stating what the pur-
pose of the design is. These objectives can be almost any-
thing; only the designer can decide exactly what the purpose
of their flow sheet will be.

For this gasification process design, the objectives will be
as follows:

1. Produce synthesis gas with a 1:2 carbon monoxide to
hydrogen ratio while ensuring the carbon feed proceeds as
close as possible to complete reaction.

2. Use no more combustion than is necessary to minimize
the production of carbon dioxide. Depending on the perspec-
tive, this could be considered the most important objective.

3. Fully integrate the flows of heat and work within the
process

4. Recover, or make use of, as much of any excess heat
and work as possible

5. Scale the process mass balance to use 1 mol/s of car-
bon as feed. This is merely for ease of calculation. The final
mass balance can be scaled to any desired flow.

Mathematical formulation of the design objectives

Vector Representation. Although it is desired to keep
this article as succinct as possible, some discussion of the
mathematical formulations is necessary. If more details are
desired, previous works,24 and the thesis26 in particular cover
the calculations in pedagogical detail.

The entire system can be represented by the following
vector addition

DHprocess

DGprocess

0
@

1
A2egasification

DHgasification

DGgasification

0
@

1
A1ecombustion

DHcombustion

DGcombustion

0
@

1
A

1eWGS

DHWGS

DGWGS

0
@

1
A1ephase change

DHphase change

DGphase change

0
@

1
A1

X0

DGseperation

� �

where:

� ei is the extent of reaction i
�
P

DGseparation is the sum of the work requirements for
any required separators. This assumes an ideal separation
where enthalpy of separation is zero. Essentially, this is the
opposite of an ideal mixing.

Applying Design Objective 1 with mass balances in car-
bon dioxide and hydrogen gives

NH2
52NCO

3egasification 2eWGS 52ðegasification 1eWGS Þ

eWGS 5
1

3
egasification

Applying Design Objective 5 and a mass balance in car-
bon gives

ecombustion 512egasification

A mass balance in water gives:

ephase change 5
4

3
egasification

Substituting into the vector addition gives

DHprocess

DGprocess

0
@

1
A5egasification

DHgasification

DGgasification

0
@

1
A

1ð12egasification Þ
DHcombustion

DGcombustion

0
@

1
A1

egasification

3

DHWGS

DGWGS

0
@

1
A

1
4egasification

3

DHphase change

DGphase change

0
@

1
A1

X0

DGseperation

� �

Thus, any value for the extent of the gasification mass bal-
ance can be chosen, which will allow the overall mass bal-
ance, work of separation, and overall energy balance to be
determined. The question now becomes: which value of
extent of gasification should be chosen?

The implication of Design Objectives 2 and 3 are

DHprocess 50 AND=OR DGprocess 50

The best case scenario would be if both DHprocess and
DGprocess could equal zero at the same time. However, this is
a rare occurrence. It is far more typical to have one or the
other as zero and attempt to deal with the consequences of
the others value. The question then becomes, what is a sensi-
ble way to proceed?

It is known from the independent mass balances that com-
bustion is the primary source of energy for the process; this
means that any deficit in energy will need to be made up by
combustion, which means that any value of DHprocess greater
than zero can be discarded. This means that a solution to the
vector addition where DGprocess 5 0 will only be valid if
DHprocess� 0. If this is not the case then seeking a solution
where DHprocess 5 0 is more sensible.
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The procedure could thus be summarized as follows:
choose a value for extent of gasification such that
DGprocess 5 0. Check that DHprocess� 0, if it does then the
solution could be useful. If it does not then choose the value
for extent of gasification such that DHprocess 5 0, the value of
DGprocess will then have to be dealt with.

The above vector addition can also be solved graphically
by drawing the independent mass balances and separators on
a plot of DH against DG. This is called the “GH-space.” In
this specific design, the vectors are very close to each other,
making the GH-space difficult to read. For this reason, the
vectors will be drawn onto separate figures.

To begin, the gasification and combustion balances can be
considered part of a single process unit (or reactor), thus
occurring at the same temperature. Thus, the gasification and
combustion balances can be drawn onto the GH-space of
Figure 1.

Figure 1 one shows the vector for the gasification balances
and the combustion balances. These two balances lie on the
same straight line as both of these balances are considered to
be at the same temperature. These vectors can then be multi-
plied by their relationship to the extent of gasification and
added together, the resultant vector of this operation can be
called the “gasifier” as both of these independent balances
can be considered as a single unit operation. This results in a
resultant vector which is shown in Figure 2. Figure 2 also

shows a vector which takes into account the effect of mix-
ing; this mixing is assumed to be ideal and thus has no
enthalpy.

The same exercise can then be repeated for the WGS and
phase change balances. Figure 3 shows the vectors for the
WGS and phase change balances. Just like in Figures 1 and
2, the vectors in Figure 3 can be added together and mixing
can be accounted for. This yields Figure 4.

The two final resultant vectors in Figures 2 and 4 can then
be drawn on Figure 5.

Figure 5 shows the two previously determined resultants
and the final resultant of the entire process.

Figures 1–5 show that all the vectors lie nearly on top of
one another; if they were all drawn onto a single set of axes,
it would be difficult to glean meaning from the graphical
solution. Fortunately, the previously derived mathematical
formulation can be used to gain an analytical solution as
well.

The vector addition can be solved with the value for the
extent of gasification as 0.69; this allows the following
results to be summarized.

Each independent mass balance for this gasification pro-
cess is

Figure 1. Vectors of the gasification and combustion
independent balances on the GH-space.

Figure 2. Resultant vector for the “gasifier” allowing
for ideal mixing.

Figure 3. Vectors of the WGS and phase change inde-
pendent balances on the GH-space.

Figure 4. Resultant vector for the WGS and phase
change balances with allowance for ideal
mixing.
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0:69CðsÞ10:69H 2OðgÞ ! 0:69H 2ðgÞ10:69COðgÞ
0:31CðsÞ10:31O 2ðgÞ ! 0:31CO 2ðgÞ

0:23COðgÞ10:23H 2OðgÞ ! 0:23H 2ðgÞ10:23CO 2ðgÞ
0:92H 2OðlÞ ! 0:92H 2OðgÞ

The overall mass balance will then be the sum of all the
independent mass balances

1CðsÞ10:31O 2ðgÞ10:92H 2OðlÞ
! 0:92H 2ðgÞ10:46COðgÞ10:54CO 2ðgÞ

The overall energy balance for the process is

DHprocess 50

DGprocess 5233:05 kW

It is immediately clear that, in the case of this gasification
process and a previously published work24 using natural gas,
there will always be a price to pay for using coal. The over-
all mass balance above shows that a coal gasification process
will always emit carbon dioxide, even under idealized
conditions.

In terms of process performance and environmental impact
natural gas will always be a preferred feedstock, at least
where a “hydrogen rich” syngas is desired. Where coal is the
only option, or a “hydrogen lean” syngas can be used, this
synthesis shows how a process might be designed to make it
is as efficient as possible, minimizing what is lost and mak-
ing best use of what is available.

Almost all of the irreversibility of the process comes from
the combustion of the carbon feed to provide energy to pro-
cess. Although the use of combustion to provide energy to
such a process will remain necessary for some time it does
show the importance of making the best use of what is being
combusted and not burning any more than is absolutely nec-
essary. It also shows that there may be significant opportu-
nity in investigating alternative energy sources for processes,
such as: alternative reactions, combustion of another feed
materials or even nuclear reactions, or renewable energy
sources.

Work Recovery: Dealing with DG. As can be seen; for
this specific design, with these specific design objectives,
when DHprocess 5 0 DGprocess has a negative value. In other
process designs, or even a similar design with different
design objectives, it is possible to instead have a positive

value for DGprocess. For the sake of brevity, this section will
deal with how to deal with this negative value.

The implication of a negative value for DGprocess is that
there is work available within the process that could poten-
tially be recovered as real work. If the work is not recovered
it will simply be lost to the surroundings. Once this work
enters the surroundings it will do something to the surround-
ings, which has environmental impact implications.

The first method to deal with a negative value of DGprocess

is to do nothing, just let the work be lost. This is typically
done when the cost of recovering the work is too prohibitive.
For instance, recovering the work might require running and
maintaining turbines and electrical generators. This could
potentially only make financial sense at very large scales.

Consider, however, that in this design any number of tur-
bines and compressors can be used to recover this work.
Another method to recover this work is by using a
compressor-turbine system: if more gas leaves the process
than enters the process; then the amount of work recovered
by the turbines, at the exit of the process, will be greater
than the amount of work used by the compressors, at the
entrance of the process. The net effect will be work recov-
ery. If the opposite were true then the net effect would be
work input.

Inspection of the above results shows that more gas does
leave the process than enter it. Thus, a compressor-turbine
system could be used to potentially recover the work. The
next step would then be to determine what pressure would
allow recovery of the process work.

Complete recovery of all the excess work would require
almost 4000 bar, this is clearly unworkable. However, it is
still possible to operate at a more reasonable pressure and
recover at least some of the excess work. At 75 bar, 52% of
the total available work can be recovered. This is shown on
the GH-space as Figure 6.

Figure 6 shows the recovery of work by the compressor-
turbine system as a vector that pushes the resultant of the
overall process toward DG 5 0. Ideally, the goal would be
for this “work recovery vector” to take the overall process
all the way to the origin of the GH-space. As already stated,
this would be impossible from a practicality viewpoint.

By taking the pressure higher, more of the available work
could be recovered. A lower pressure would recover less of
the available work. The operating pressure used has implica-
tions on the mass balance, as pressure will affect the maxi-
mum equilibrium conversion. Operating pressure also affects

Figure 5. Resultant vectors from Figures 2 and 4 show-
ing the process resultant.

Figure 6. Final process resultant after work recovery.
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the materials and cost of construction. Thus, for this design,
choosing an operating pressure would be a balance between
how much of the work is worth recovering (if any), conver-
sion, and cost.

It should be noted that by recovering the DGprocess, the
DHprocess will no longer be zero. DHprocess will instead be
equal to the amount of real work recovered. This is essen-
tially transforming “virtual” work into “real” work.

An idealized coal gasification process

With the results discussed in the previous sections, it is
possible to construct an ideal flow sheet, Figure 7.

Figure 7 shows the integrated compressor-turbine system
connected to the processes gas streams. Because the gasifica-
tion and combustion independent mass balances both use car-
bon as a feed, they were combined into a single unit which
has been called the “gasifier.” The oxygen and recycled water
were then cofed into the gasifier. The WGS independent mass
balance was then carried out in a separate unit, called “shift.”
The conditions of this unit were chosen to ensure that the ratio
of carbon monoxide to hydrogen is the desired 1 to 2. The
separator then recovers the syngas product while removing
carbon dioxide and separating the water for recycling. It
should be noted that, it may not be necessary or practical to
remove the carbon dioxide from the syngas.

The carbon efficiency for this gasification process is 46%.
This is the highest carbon efficiency attainable by the pro-
cess with these design objectives. This is significantly lower
than what is potentially attainable by natural gas processes.
It also shows that more carbon dioxide is produced by coal
gasification than syngas product. A noticeable amount of the
carbon dioxide comes from increasing the hydrogen content
of the syngas, if the intended application for the syngas can
accept a hydrogen lean syngas the carbon efficiency could
potentially go as high as 69%. An improvement but when
compared to the 104%24 that could be achieved using meth-
ane steam reforming is still low.

Design Objective 1. Inspection of Figure 7 and the overall
mass balance shows that the process produces the syngas prod-
uct in the desired ratio of 1:2 carbon monoxide to hydrogen.

The choice of the gasifier temperature, 2300 K, was cho-
sen to ensure that the equilibrium of the gasfication mass

balance favored the products and reacted the carbon feed to
near completion. Alternatively, additional water could have
been fed to the process to push the gasifier equilibrium fur-
ther to the products. Doing that has implications for Objec-
tive 3 but may be worth considering, as excess water also
suppresses carbon deposition.

This very high temperature was also chosen to assist with
Objective 4.

Design Objective 2. It was known when the independent
mass balances were defined that combustion was inherently
the most irreversible part of the entire process. To minimize
any loses to irreversibility and minimize carbon dioxide
emissions combustion had to be carefully controlled.

This is accomplished by carefully specifying the amount
of oxygen being fed into the “gasifier” unit, 0.31 mol/s. By
precisely specifying this oxygen flow, no more combustion
than is necessary will be allowed to occur. This corresponds
to making the overall process adiabatic. In addition, the
specification of the oxygen flow also has impact on design
Objectives 3 and 4. By fully integrating the flows of heat
and work and ensuring that the process is overall adiabatic,
no more combustion will be needed than what is necessary
and there will be no excess heat that needs to be recovered.

Design Objective 3. As discussed, specifying the flow of
oxygen into the process had a significant contribution to
achieving Objective 3. However, combustion was not the
only producer of heat and work and gasification was not the
only consumer of heat and work. Figure 8 (note that dashed
lines are heat flows and dotted lines are work flows) shows
how all the process units were integrated to assist with
Objective 2.

This process accomplished the integration of its heat and
work flows by the use of “heat engine” units. What these
units might actually be, or look like, is a matter for further
research. Heat engines and heat pumps do exist in reality but
they contain their own inefficiencies and have never been
applied in the manner suggested by this article. Further work
is required to investigate how these integrations of heat and
work could be carried out in a more practical manner and
the costs involved. Such an investigation would constitute a
publication on its own. Although this would be a worthwhile

Figure 7. Mass flows for a target gasification process.
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exercise, it is well outside the intended scope of this
research.

Design Objective 4. Once again Objective 2 had a
noticeable impact on achieving Objective 4. By making the
process overall adiabatic, it was ensured that all the heat of
the process was used internally by the process and thus there
was no excess heat to be recovered.

However, by ensuring that the heat of the process was
used internally it was not possible to also ensure that all the
work of the process would be used internally. Thus, there
was an excess work within the process that needed to be
recovered.

This recovery was accomplished by the use of a compres-
sion and turbine system. The pressure used by the process
was chosen such that the work generated by the turbines
could both be used to run the compressors of the process
and recover the excess work of the process itself. However,
it should be noted that it was not practical to recover all the
excess work due to very high pressures being required.

Only very high operating temperatures and pressures could
potentially allow complete recovery of the excess work but
these conditions could very well prove impractical. Indeed
2300 K could already be considered impractical and is on
the bounds of plasma processes, which do not operate a very
high pressure.

The proportion of excess work that is not recovered will
be lost to the surroundings as irreversibilities and has impli-
cations on environmental impact. It is for the designers to
decide how much loss of excess work is acceptable given
their unique requirements and objectives.

Conclusions

In this article, a process flow sheet was presented which
attempted to accomplish a specific set of goals, using the
“GH-space” technique presented in previous works. It should
be noted that the purpose of this technique is not to present

a finalized process flow sheet but to present an ideal or a
“target.” The gasification process presented in this article is
not what every gasification process should be by any means.
It is merely the thermodynamic ideal for the objectives it
was designed to achieve.

For the objectives described in the article, the flow sheet
presented represents the “best-case” scenario. No real pro-
cess could ever hope to match its performance. Knowing
what the ideal actually is, however, creates a valuable basis
for comparison. It seems likely that the actual implementa-
tion of the processes presented using the GH-space technique
will not perform well from a capital expenditure point of
view, requiring the construction of possibly unique heat
engines and heat pumps along with an associated utility sys-
tem, in addition to all the other units and utilities typically
required by processes.

One of the strengths of the GH-space is that it allows the
construction of process flow sheets from basic thermody-
namic principles. Even comparatively inexperienced design-
ers can use the simple, yet elegant, principles of the GH-
space to formulate flow sheets that are as thermodynamically
efficient and environmentally friendly as possible while also
allowing any previous knowledge or experience to be inte-
grated into the technique almost seamlessly.

In the discussion of the “Design Objectives,” it became
clear that the Objectives are not entirely independent of each
other. Decisions taken to achieve one objective have implica-
tions on achieving the other objectives. This is one of the big-
gest problems facing typical sequential design methodologies.
However, sequential design methodologies are comparatively
simple to manage. Managing a team of designers using this
GH-space method would require either an uncommonly
skilled manager or the development of an entirely new man-
agement method. Although this is well outside the ambit of
this article it is a matter worth giving some thought to.

All the design objectives can be achieved simultaneously
rather than consecutively. This is perhaps the greatest

Figure 8. Heat (dashed lines) and Work (dotted lines) flows for a target gasification process.
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strength of the GH-space, the capability to allow all the
interactions in a design to be taken into account simultane-
ously and presented in an analytical (or graphical) manner at
the very earliest stages of a design. It is at the earliest stages
of a design, before much investment in time and money has
been made, that the greatest opportunity for change and
innovation is present.

Literature Cited

1. Biegler LT, Grossmann IE, Westerberg AW. Systematic Methods for
Chemical Process Design. New Jersey, USA: Prentice Hall, 1997.

2. El-Halwagi MM. Pollution Prevention through Process Integration:
Systematic Design Tools. San Diego: Academic Press, 1997.

3. Douglas JM. Process synthesis for waste minimization. Ind Eng
Chem Res. 1992;31:238–243.

4. Linnhoff B, Townsend DW, Boland D, Hewitt GF, Thomas BEA,
Guy AR, Marsland RH. A User Guide on Process Integration for
the Efficient Use of Energy. Rugby, Warwickshire, UK: Institution
of Chemical Engineering, 1982.

5. Staine F, Favrat D. Energy integration of industrial processes based
on the pinch analysis method extended to include exergy factors.
Appl Therm Eng. 1996;16:497–507.

6. Kovac AK, Glavic P, Kravanja Z. Heat integration between proc-
esses: integrated structure and MINLP model. Comput Chem Eng.
2005;29:1699–1711.

7. Gundersen TA. Worldwide Catalogue on Process Integration. Paris,
France: International Energy Agency (IEA), 1997.

8. Escobar M, Trierweiler JO. Optimal heat exchanger network synthe-
sis: a case study comparison. Appl Therm Eng. 2013;51:801–826.

9. Ravagnani MASS, Caballero JA. Optimal heat exchanger network
synthesis with detailed heat transfer equipment design. Comput
Chem Eng. 2007;31:1432–1448.

10. Nagy AB, Adonyi R, Halasz L, Friedler F, Fan LT. Integrated syn-
thesis of process and heat exchanger networks: algorithmic approach.
Appl Therm Eng. 2001;21:1407–1427.

11. Achenie LKE, Biegler LT. A superstructure based approach to chemi-
cal reactor network synthesis. Comput Chem Eng. 1990;14:23–40.

12. Rooney WC, Hausberger BP, Biegler LT, Glasser D. Convex attain-
able region projections for reactor network synthesis. Comput Chem
Eng. 2000;24:225–229.

13. Andrecovich MJ, Westerberg AW. A MILP formulation for heat inte-
grated distillation sequence synthesis. AIChE J. 1985;31:1461–1474.

14. Ohtsuka Y, Asami K. Highly active catalysts from inexpensive raw
materials for coal gasification. Catal Today. 1997;39:111–125.

15. Wang J, Jiang M, Yao Y, Zhang Y, Cao J. Steam gasification of
coal char catalysed b K2CO3 for enhanced production of hydrogen
without formation of methane. Fuel. 2009;88:1572–1579.

16. Huang J, Fang Y, Chen H, Wang Y. Coal gasification characteristic
in a pressurized fluidized bed. Energy Fuels. 2003;17:1474–1479.

17. Clemens AH, Damiano LF, Matheson TW. The effect of calcium on
the rate and products of steam gasification of char from low rank
coal. Fuel. 1998;77:1017–1020.

18. Dincer I. Thermodynamics, exergy and environmental impact.
Energy Source. 2010;22:723–732.

19. Rosen MA, Dincer I. Exergy as the confluence of energy, environ-
ment and sustainable development. Exergy Int J. 2001;1:3–13.

20. Mahalec V, Motard RL. Procedures for the initial design of chemical
processing systems. Comput Chem Eng. 1977;1:57–68.

21. Westerberg AW. A retrospective on design and process synthesis.
Comput Chem Eng. 2004;28:447–458.

22. Sempuga BC, Hausberger B, Patel B, Hildebrandt D, Glasser D.
Classification of chemical processes: a graphical approach to process
synthesis to improve reactive process work efficiency. Ind Eng
Chem Res. 2010;49:8227–8237.

23. Oaki H, Ishida M. Study of chemical process structures for process
synthesis. J Chem Eng Jpn. 1982;15:51–56.

24. Fox JA, Hildebrandt D, Glasser D, Patel B. A graphical approach to
process synthesis and its application to steam reforming. AIChE J.
2013;59:3714–3729.

25. Patel B. Fundamental targets for the synthesis and evaluation of chem-
ical processes. Ph.D. Thesis. Johannesburg, South Africa: University
of the Witwatersrand, 2007.

26. Fox JA. A process synthesis approach to flowsheet design for the
minimization of carbon dioxide emissions. Ph.D. Thesis. Johannes-
burg, South Africa: University of the Witwatersrand, 2012.

Manuscript received Jan. 22, 2014, and revision received May 13, 2014.

3266 DOI 10.1002/aic Published on behalf of the AIChE September 2014 Vol. 60, No. 9 AIChE Journal


	l
	l
	l
	l
	l

