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This article presents a novel, systematic, and robust procedure for driver and power
plant selection based on mathematical programming. The discrete nature of gas tur-
bines is considered as gas turbine drivers and gas turbine-based power plants are
selected from a group of candidates. Plant availability with considering parallel com-
pression has also been included, which allows a more comprehensive exploitation of
the trade-offs between capital costs, operating costs, and availability. When neglecting
process heating and any steam equipment, the formulation can be applied to heavily
power dominated processes, such as LNG. However, a more comprehensive formula-
tion, allowing waste heat recovery and the integration with a multilevel steam system,
is also proposed to produce more thermally efficient systems. This approach proved to
be flexible and robust and is the first in producing solutions ranging from no-steam to
all-steam systems, including all-gas turbine, all-motor and hybrid gas turbine/motor/
steam systems. © 2010 American Institute of Chemical Engineers AIChE J, 56: 2356-2376, 2010
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Introduction

A novel superstructure-based approach for driver and
power plant selection based on mathematical programming
is presented in this article. The detailed problem formulation
for synthesis and optimization is described, showing the mul-
tiple functionalities of the optimization model and how these
can be applied to problem analysis. LNG processes are of
particular interest because of the very large power demands
that result from providing refrigeration between ambient
temperature and typically —160°C. Furthermore, LNG is
nowadays rapidly increasing its share in the global energy
market and is today the object of enormous investment and
engineering activity, with countries such as Qatar, Nigeria,
Australia, Trinidad and Tobago and Egypt seriously commit-
ted or committing as global suppliers. High energy prices
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and the increasing worldwide preference for cleaner fuels
have accelerated the monetization of gas reserves.

Previous work

Plenty of work has been published in relation to the syn-
thesis and design of utility systems, dealing with electricity
generation, process heating and, in some cases, driver selec-
tion. Some approaches are based purely on thermal perform-
ance, focusing on optimizing the energy efficiency of the
system. Although rich in thermodynamic insights, capital-
energy trade-offs are not considered in these methods and,
consequently, the resulting solutions are often not economi-
cally attractive in practice, even when energy costs are dom-
inant.'?

Mathematical programming allows the automated design
of processes at the conceptual level. Mixed integer program-
ming has been particularly useful, as it is able to handle dis-
crete design decisions. Process synthesis approaches based
on mathematical programming are usually based on a

AIChE Journal



superstructure in which all the potential process alternatives
are contained and from which the optimization algorithm
will identify the best combination. Thermodynamic insights
have usually a lower priority. Papoulias and Grossmann®
introduced the Mixed Integer Linear Programming (MILP)
approach to the synthesis of utility systems. Although in
principle the problem formulation would result nonlinear,
simplifications such as linearized cost functions and fixed
operating conditions were made to make it linear. This work
proved the strength of mathematical programming applied to
the synthesis of utility systems and its advantage over heu-
ristic-based approaches regarding the optimality of the solu-
tions and the capacity to properly consider capital-energy
trade-offs. On the basis of the work by Papoulias and Gross-
mann,> Bruno et al.* formulated the same problem in a
Mixed Integer Nonlinear fashion (MINLP), in an attempt to
provide greater accuracy.

Petroulas and Reklaitis® opted for decomposing the design
problem into two subproblems, namely steam header selec-
tion and driver allocation. The overall objective was to mini-
mize a linear combination of operating costs. This work
introduced a discretization technique which allowed a choice
of steam pressure levels from a set of candidate pressures in
a linear fashion. No capital costs, electricity trading, or gas
turbines were considered.

Colmenares and Seider® proposed a Nonlinear Program-
ming (NLP) strategy for the synthesis of utility systems that
satisfy the heating and power demands of a process. Their
superstructure consists on a cascade of simple Rankine
cycles operating in several temperature intervals which are
dictated by the temperature levels at which heat is required
by the process. The objective of the optimization was
defined as the minimization of either the cost of external
utilities or the annualized cost of the utility system (capital
and operating costs). However, Colmenares and Seider® did
not address the problem of driver selection and did not con-
sider gas turbines or electric motors as options in their
superstructure. Also, because of the nature of the NLP
model, there is no option for choosing among different steam
turbine configurations. Electricity trading was not allowed.

Some of the equipment used in utility systems are discrete
in nature (e.g., gas turbines and associated power plants). This
is reflected in the form of a set of available sizes, performance,
and costs. Using continuous functions (e.g., from data regres-
sion) for these items would be inappropriate. If standard mod-
els with capacities higher than those given by synthesis results
are adopted, the optimal conditions might be lost because the
consequent higher costs and performance variations have been
neglected. Thus, it is critical that these discrete variables
remain discrete in the formulation of the problem.

Maia et al.” were the first in considering standard equip-
ment sizes in the synthesis of utility systems. Their approach
was based on a simulated annealing algorithm able to handle
discrete variables and discontinuous cost functions. Their
method allowed steam turbines and electric motors as me-
chanical drive options although not gas turbines. Only one
mechanical demand was allowed per driver and vice versa.
Although the approach is able to handle discrete equipment
sizes (e.g., gas turbines), as defined by the designer before
the optimization, their costs and efficiency are obtained by
using continuous correlations. In this way, the strength of
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the standard equipment approach is not fully exploited since
cost and efficiency are unique for each gas turbine model in
the market and do not follow a regression approximation in
a satisfactory way.

Wilkendorf et al.® addressed the supply of heat, power,
and cooling to processes, electricity export and import and
fuel selection. The formulation allowed for the minimization
of combined capital costs and operating costs. They did not
show how to tackle the problem of driver selection. As in
the case of Maia et al.,” Wilkendorf et al.® used standard
equipment sizes with continuous capital cost data. The prob-
lem was formulated as MINLP and solved with a simulated
annealing algorithm to overcome local optima.

Maréchal and Kalitventzeff® tackled the synthesis of utility
systems with a three-step procedure. The first step addresses
the optimization of a generic superstructure considering
rough equipment performance and costs by use of an MILP
formulation. The second step identifies a set of suitable
equipment able to satisfy the recently identified requirements
and considers standard sizes where applicable. The third step
reintroduced the equipment choices from the second step to
the superstructure to obtain several alternative configurations
via optimization. There are two main drawbacks of this
decomposition strategy. First, the inaccuracies from using
typical equipment efficiency and cost functions in the first
step will influence and may well mislead the standard equip-
ment selection performed in the second step. Second, since
the equipment costs are not considered until after a screening
based on preset rules is made (in step two), there is a bias
toward favoring high-efficiency units over less efficient but
cheaper ones. Also, the problem of mechanical driver selec-
tion was not addressed.

Shang'® proposed another superstructure-based formula-
tion for the synthesis of utility systems. This work consid-
ered multiple operating periods to account for seasonal and
other scheduled variations of the energy demands and equip-
ment performance. The MILP optimization is performed on
a reduced superstructure, which is generated after an initial
screening of various design alternatives based on energy effi-
ciency and features only the most efficient options. This
screening will inevitably bias the final solutions toward the
higher end of energy efficiency, therefore not fully exploring
the capital-energy trade-off. A discretization method is pro-
posed to identify the sizes of the candidate steam and gas
turbines. Turbine sizes are not discretized to match standard
equipment available in the market but to avoid nonlinearities
in the problem formulation. Their performance and cost are
still dictated by data regression models. There are no me-
chanical drive considerations.

Later, the method by Varbanov!! allowed for simultaneous
steam level selection and utility system design and operation
under multiple time periods. The original MINLP nature of
the problem is tackled by alternating MILP optimizations
with rigorous nonlinear simulations, resulting in a successive
mixed integer linear approach (SMILP). The data required
by the initial MILP optimization are obtained by applying a
superstructure initialization procedure, which is based on
even more approximate models to produce an initial solution
to the problem. However, by so doing, there is a risk that
the initial solution might produce a bias in the final solution.
Also, like in many of the previous approaches, the allocation
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of mechanical drivers was not addressed and the gas turbine
costs and nominal performance are represented by continu-
ous functions.

Frangopoulos and Dimopoulos12 addressed the synthesis
and multiperiod optimization of cogeneration systems by
maximizing the net present value of the investment consider-
ing capital, operating, and availability costs. The latter was
incorporated as a penalty representing the estimated produc-
tion loss when the energy needs of the process are not cov-
ered due to equipment failure. The problem formulation was
MINLP. By incorporating availability in the objective func-
tion, their approach benefits from the capacity of trading-off
capital costs, operating costs, and lost production. However,
the system superstructure is very limited, which restricts the
applicability of this approach. There are no steam turbines
and gas turbine generators without heat recovery are not pos-
sible. Mechanical power demands are not supported and the
gas turbines are represented as continuous in size with their
costs and performance parameters from data regression.

More recently, Aguilar'® proposed an MILP formulation
for the synthesis of utility systems with driver allocation and
multiperiod considerations. Steam turbines, gas turbines, and
electric motors were all mechanical drive options. The
equipment sizes and loads for each operating period were
optimized simultaneously and the best maintenance schedul-
ing for the equipment in the system was also obtained.
Availability issues were addressed by implicitly optimizing
the degree and type of equipment redundancy during the
synthesis stage, although availability did not actually contrib-
ute to the objective function. Instead, the synthesis of the
system was constrained in such a way that it was forced to
overcome a set of input failure scenarios (i.e., always satisfy-
ing the energy demands). However, the designer is left with
the responsibility of defining these failure scenarios (in the
form of special operating periods) in advance of the optimi-
zation. Furthermore, the redundancy considerations were
limited to steam and electricity generation but no indication
was provided as to how to design the system so that it can
overcome or mitigate the impact of mechanical drive fail-
ures. As in other approaches only one mechanical demand
per driver was allowed, although the combination of two
drivers to run a single demand was supported. Standard gas
turbine sizes were not considered and their cost and perform-
ance were modeled as continuous functions.

Other approaches that have tackled the synthesis of utility
systems with multiperiod considerations are those by Maia
and Qassim,14 which extended the formulation by Maia
et al.” and Iyer and Grossmann,"> with a further extension
later by Oliveira and Matos,'® and also Maréchal and Kalit-
ventzeff,'” based on the main strategy by Maréchal and
Kalitventzeff.” However, the more frequent limitations al-
ready discussed still persist in these approaches; only steam-
based utility systems, lack of flexibility when addressing me-
chanical driver allocation, no use of gas turbine drivers and
helper motors, use of continuous cost and performance func-
tions for gas turbines (except by Maréchal and Kalitvent-
zeff'”) and no availability considerations in the objective
function. Also, there are further inherited limitations in the
cases of follow-up papf:rs.m’17

In most of the approaches discussed for the synthesis of
utility systems, a steam system is playing the central role as
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the energy supply through steam generation and its distribu-
tion is assumed to be more efficient than systems without
steam being present. Gas turbines were included in some
cases as an option for electricity generation and for heat re-
covery from their exhaust, but not for mechanical drive serv-
ice except in Aguilar."® Steam turbines and electric motors
were the only available options for satisfying mechanical
demands and these were limited to run just one piece of
equipment and not a combination on the same shaft.

The provision of a steam system as part of the overall util-
ity system is not always essential. Such is the case, for
instance, of LNG plants, where the current practice is to use
a hot oil circuit for process heating and a full steam system
is usually considered an unnecessarily expensive and com-
plex option since gas turbine drivers have become normal
practice. Nevertheless, running steam turbine drivers or gen-
erators with heat recovered from gas turbine exhaust could
still be attractive when looking for improvements in thermal
efficiency and atmospheric emissions.

Other limitations of the existing approaches include lack
of flexibility when addressing mechanical driver allocation,
no use of gas turbine drivers and helper motors, use of con-
tinuous cost and performance functions for gas turbines
(except by Maréchal and Kalitventzeff'”), and no availability
considerations in the objective function (except by Frango-
poulos and Dimopoulos'?).

A novel synthesis and optimization framework for driver
and power plant selections has been developed, to accommo-
date practical considerations and to reflect those drawbacks
which have not fully addressed in the available design meth-
ods. Before presenting detailed problem formulation, design
issues associated with driver and power plant selections will
be addressed, which will then be followed by the implemen-
tation of these issues into the optimization model.

Power Systems

The energy demands in a process site are in the form of
heat, electricity, and mechanical power. Equipment such as
pumps, fans, etc., demand some amount of mechanical
power to perform their functions. However, it is compressors
that may demand such an amount of power as to signifi-
cantly affect the decisions at the design stage regarding the
thermal efficiency of the supporting (power) system.

Low temperature processes can be particularly power in-
tensive due to the requirements of the refrigeration compres-
sors. Each compressor, or compressor stage, represents a
demand for mechanical power, which must be supplied by a
driver, connected via a shaft. It is possible to run several
compressors on the same shaft, hence consuming power
from a common driver and running at the same speed. When
the total mechanical power demand of a shaft is beyond a
practical limit for the driver, it is necessary to use more than
one shaft (more than one driver) to satisfy the compressor
demands.

If several shafts are required, there will be many options
for allocating the compressors to the shafts and even for sep-
arating stages of the same compressor into different shafts.
Consecutive stages belonging to the same compressor that
run on the same shaft could be built into a single casing pro-
vided they are of the same nature (e.g., centrifugal), which
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is an economic incentive. The lowest compressor cost would
result from having all stages in a single casing. However,
the power supplied by each driver must be in balance with
the sum of the demands on its respective shaft. This con-
straint, together with a practical upper limit for the driver
size, means that sometimes a large compressor must be split
into several casings to allow being driven by more than one
shaft. The three driver options considered in this article are
described below, as well as the options for on-site electricity
generation.

Mechanical drivers

Steam Turbines. Steam turbines have been the classic
choice for drivers in conventional utility systems for many
years. In that case, the system design was relatively straightfor-
ward as steam turbines can usually be manufactured to the cus-
tomer requirements. If present, the refrigeration cycle(s) could
be optimized with minimum consideration of the driving sys-
tem. The steam turbines were designed solely to match the
power and speed requirements of the refrigerant compressors,
which were in turn fixed by the refrigeration cycle design.]8

The need for a complete steam system to support the
operation of such turbines has been the main drawback of
the steam option for power dominated processes such as
LNG, since water treatment and steam production, distribu-
tion, and condensing represent a significant capital invest-
ment.'®'” Given that the heating demands in these processes
are minor, steam turbine drivers have been avoided since the
use of gas turbine drivers became a common practice. Steam
could then be removed from the plant completely and pro-
cess heating provided via alternative systems such as a hot
oil circuit. The thermal efficiency of the system can increase
with the introduction of steam generation from the exhaust
heat of gas turbines.*?!

Gas Turbines. In cases where steam systems are avoid-
able, direct drive gas turbines (DDGTs) generally reduce the
plant complexity and capital investment. An added advant-
age is that gas turbine systems are more efficient for stand-
alone power generation, hence requiring less fuel and pro-
ducing fewer emissions per unit of product than steam-based
power systems. The acceptance of gas turbine drivers is also
due to increased availability, operating range, and operating
experience of the industrial gas turbine as well as its rela-
tively easy start up.'”** Aeroderivative gas turbines, more
compact and efficient, are still unproven as direct mechanical
drivers although this is a feasible concept.

Unlike steam turbines, gas turbines are available in the
market only in standard models and cannot be custom-
designed in practice since that would involve impractically
high development costs. Gas turbines are rather a package
concept. Each model is unique and corresponds to a prede-
fined set of components defining its performance (air com-
pressor, combustor, expander, lube oil system, etc.). The
overall trend is that the larger the turbine of the same type,
the higher its efficiency and the lower its specific cost. It is
also worth noting that aeroderivative gas turbines provide a
significant improvement in efficiency but at a higher specific
cost than industrial ones.

Performance data of gas turbines is normally available at
ISO conditions (atmospheric conditions of 1 atm, 15°C, and
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60% relative humidity, no inlet or outlet losses, and methane
as fuel). When atmospheric conditions or the fuel composi-
tion are different so will be the performance of the gas tur-
bines. The turbine power output and other performance pa-
rameters (e.g., efficiency, exhaust gas flowrate, and tempera-
ture) will have to be adjusted to reflect the actual operating
conditions. GE Power Systems has published some plots
from where derating factors can be estimated.?® For instance,
a given gas turbine operating at ambient temperature of
27°C would show a power output around 7% inferior to that
reported at ISO conditions. Additional factors should also be
considered to account for the effect of fouling and ageing.
Coyle et al.** estimate that the air compressor fouling in gas
turbines occurs very quickly and that a constant factor of 2%
can be applied to account for the turbine power lost due to
fouling. They also report a factor of 4% normally taken to
account for power losses due to ageing, which occurs rapidly
during the first year.

Usually, no gas turbines larger than frame 7 are consid-
ered for mechanical drive applications because concentrating
multiple compression demands onto fewer drivers could lead
to an important decrease in availability. However, a frame 9
gas turbine model was recently released by GE as mechani-
cal drive and several units will be installed for the Qatargas
II LNG project.

Although gas turbines have a relatively good efficiency,
their performance deteriorates significantly at partial load.
Using partially loaded gas turbine drivers during normal
operation is not a common practice because of their unattrac-
tive efficiencies and because the capital utilization would not
be appropriate.

Electric  Motors. Driving major mechanical demands
with electric motors is also an alternative. This would result
in a simpler application since motors do not need as many
support systems as gas turbines (air compression, combus-
tion, fuel gas, etc.) or as steam turbines (water treatment,
boilers, condensers, etc.). If the plant is not able to import
electricity or it is not economically attractive, it will be nec-
essary to have at least a power plant on the site and is evi-
dent that some of the saved complexity will be transferred to
the gas turbines used there. However, it would still be a sim-
plification as the support systems would be kept to one cen-
tral application.®

If the electricity were to be generated on site, the use of
electric motors could lead to a higher overall thermal effi-
ciency since very large gas turbines (e.g., frame 9) or com-
bined cycle power plants, with improved thermal efficiency
and specific cost, could be used to this effect. This would
lead to a decrease in atmospheric emissions per unit of
power generated and probably in total capital investment—
the extra cost for the motors themselves, as well as for the
electric system (transformers, lines, substations, etc.), must
be considered.

A practical limit for a suitable motor (synchronous, 3000—
3600 rpm) is around 60 MW, although larger but slower
motors have been manufactured at more than 100 MW,
which certainly would require gearboxes if intended for
compressor drivers.’®?” The use of electric motors around
these sizes and beyond involves a technological risk.

Precedents exist in the air separation industry employing
49 and 52 MW motors. The Snghvit LNG project in Norway
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Figure 1. Cost of heavy-duty gas turbine generators in
simple cycle.

went recently online and is a pioneering move of the LNG
industry toward large electric motors. There, 65 MW electric
motors are fed by several aeroderivative gas turbine genera-
tors. A connection to an external grid is also available.

Helper Motors and Generators. Gas turbines themselves
require a smaller driver to provide the torque needed during
the start up of the compression system. This starting torque
depends on the system inertia, compressor gas loading, the
acceleration rate required for safe control of turbine tempera-
tures, and other factors. A variable speed electric motor is
normally used as the starter driver. Sizing these motors is
not a trivial task. A dynamic simulation of the system during
start up might be required for such purpose.”®

It is often economically attractive to use this installed
capability (starter motor) in a continuous fashion as a helper
to the gas turbine, supplementing the turbine power output
and maximizing the production capacity with the installed
equipment.”’>" Starter motors could also act as electric gen-
erators in case the capacity of the turbine is in excess of the
total shaft power demands.>'*?> The installation of helper
motor size up to 20 MW had been reported for a LNG lique-
faction plant.*>

With the mechanical power demands being imposed by
the process, only discrete DDGT options available to choose
from and avoiding partial load operation of the gas turbines,
it would be very difficult to perfectly match the supply with
the demands in each particular shaft. The use of continuous
size elements such as helper motors or generators makes it
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possible to keep the shaft in balance and to smooth the
effect of the discrete nature of gas turbines on the design of
the power system.

Electricity generation

In addition to the mechanical demands, there will also be
some electricity demands for running equipment such as
smaller compressors, fans, pumps, instrumentation, utilities,
etc. If the plant is not able to import electricity, an on-site
generation system will be required.

The gas turbine engine has a relatively low capital cost
compared with pure-steam power plants. Their efficiency
and flexibility make gas turbine-based cycles the dominant
energy converters for the production of electricity today and
in the foreseeable future.’” Besides pure steam systems, gas
turbines in simple or combined cycle are also power genera-
tion options. Combined cycles offer a step improvement in
efficiency but have higher specific capital costs than simple
cycle plants. Even very large gas turbines, such as frame 9s,
are suitable for electricity generation.

As previously mentioned, one could claim that combined
cycle plants imply a steam system and hence high capital
costs. However, combined cycle power plants are available
as pre-engineered, self-contained packages, which partially
mitigate the cost of the auxiliary systems.

To demonstrate the uniqueness of each gas turbine, Fig-
ures 1 and 2 show the cost and efficiencies of a set of 67
heavy-duty gas turbine generators in simple cycle as pub-
lished in Gas Turbine World 2000-2001.>* It can be easily
appreciated that the data points are significantly scattered
and that any type of data regression function cannot repre-
sent these costs and efficiencies without incurring large
errors. Also, there are size regions with a significantly
smaller number of options available.

Plant capacity and power balance

If the power system is based purely on steam, the design
procedure would be straightforward. Once the process
capacity is chosen, the characteristics of the driven equip-
ment are obtained and a set of specifications for the steam
turbine drivers can be produced. The same procedure applies
for the steam turbines intended for electricity generation.
The virtually continuous size nature of steam turbines facili-
tates this procedure.
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Figure 2. Efficiency of heavy-duty gas turbine genera-
tors in simple cycle.
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Table 1. Inherent Availability Values for Some Equipment

Item Availability

Pump 0.9346*
Centrifugal compressor 0.9973*
Axial compressor 0.9973%%*
Gas turbine frame 5 0.9918%*
Gas turbine frame 6 0.9890*
Gas turbine frame 7 0.9863*
Electric motor (variable speed) 0.998"
Steam turbine 0.994"

“From De La Vega et al.*
**Assumed the same as centrifugal compressor.
"From Shu et al.”’

There is a different story when gas turbines are part of the
power system since they are discrete options. The use of
helper motors or generators could eventually help in balanc-
ing the power in individual gas turbine shafts. Also, when
using main electric motor drivers, there should be no major
difficulty in balancing the shafts. However, if gas turbines
are involved in the electric generation, either in simple or in
combined cycles, the overall energy balance will rely on dis-
crete sized elements. It will be more difficult then to achieve
an exact global match between the power demands and sour-
ces.

Importing or exporting electricity could be an option to
achieve overall power balance but this is not always possi-
ble, either because of a remote location (e.g., offshore), or
because it is not economically attractive. In this type of sit-
uation, and for a given production rate, the designer would
often have to select a power system with oversized compo-
nents. One could choose to run the power system at partial
load to achieve the proposed plant capacity, but it would
imply poorer gas turbine performance besides an incomplete
capital utilization. To avoid this, the plant capacity can
sometimes be slightly adjusted to obtain a better match
between power supply and demands, pursuing a full utiliza-
tion of the available power.”**> Even when the overall capi-
tal investment increases due to the larger equipment in gen-
eral, the specific fuel consumption, atmospheric emissions,
and capital utilization would be definitely more favorable.

Plant availability

The choice of rotating equipment and compression strat-
egy may have a significant influence on the amount of time
that a process is down or operating at partial load due to
scheduled and unscheduled events. In this section, the main
availability issues are discussed. The reader can find further
details on these concepts from various literature.*®*

Some Concepts. Availability can be generally defined as
the probability of a component or system to perform its
required function over a stated period of time. Alternatively,
it can also be defined as the expected portion of time that a
plant or item can perform its function successfully.

For a plant, the achievable availability (A,) reflects the
availability considering planned and unplanned maintenance
time, whereas the inherent availability (A;) measures the
availability to be expected when reflecting corrective
(unplanned) maintenance only. In the remainder of this pa-

AIChE Journal September 2010 Vol. 56, No. 9

Published on behalf of the AIChE

per, the term ‘“‘availability” is to be understood as achievable
availability unless otherwise stated.

For every equipment item, the failure rate does vary along
its lifetime. The infant mortality or early failures dominate
when the equipment is very recent in service. Later, a lower
and relatively constant failure rate is expected when failures
occur mostly randomly. Finally, toward the end of the equip-
ment lifetime, the wear-out mechanisms accelerate and the
failure rate increases. Availability is then, by definition, a
function of time. However, after a relatively short time of
operation, it tends to settle down to a rather stable value
given by the ratio of MTTF to the summation of MTTF and
MTTR (where MTTF is the mean time to failure and MTTR
is the mean time to repair of a given system or item).

Table 1 includes typical inherent availability data for
some types of rotating equipment. Note that the larger the
gas turbine, the lower its availability. The ones for compres-
sors, motors, and steam turbines are also, strictly speaking, a
function of size, but average values are presented instead for
simplicity.

Scheduled downtime is another factor that affects the an-
nual plant production. Table 2 shows the planned mainte-
nance time for different gas turbines over a period of 6
years. The larger the gas turbine, the more scheduled mainte-
nance is required. Large gas turbines are able to bring the
benefit of economy of scale, but one must be aware of the
consequent increased scheduled and unscheduled downtime
that they imply. Gas turbines sometimes even dominate the
scheduled annual maintenance time. For instance, if 10 days/
year are required for periodic turnarounds, having a frame 7
gas turbine on site would mean that such period has to be
extended for further 3.3 days/year in average. Instead, if the
largest gas turbine were a frame 5 then the original 10 days/
year target could be met.

Redundancy is related to the provision of additional equip-
ment items above those actually required for satisfactory
operation, with the purpose of improving availability. This
could be implemented in two ways. If all the items are
intended to be in operation simultaneously and, in case of
failure, the system is able to keep operating with some of
them working properly; it is called active or active parallel
redundancy. If, on the contrary, the items in excess are to be
normally shut down until they are needed to replace one or
several of the items in service, it is called stand-by redun-
dancy. Both types of redundancy have a positive impact on
the plant availability and are employed usually to overcome

Table 2. Scheduled Maintenance Time for Gas Turbiness

Frame 5% Frame 6%* Frame 7*
Year (days) (days) (days)
1 5 7 9
2 5 7 9
3 10 13 17
4 5 7 9
5 5 7 9
6 12 20 27
Average 7.0 10.2 133

*From De La Vega et al.* It assumes 1 day for shutdown and 1 day for
start up.
**Estimated.
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any relatively unreliable elements in the system (e.g., a spare
pump or parallel valve). Obviously, this implies an increased
capital investment.

In availability terminology, items are in series if failure of
the system results from failure of any item. On the other
hand, items are in parallel if one or some of them can fail
without making the whole system fail. Once the series and
parallel components of a system have been identified, they
can be represented in a reliability block diagram.*'

When the items are in series, the system will perform its
function successfully only if all items do so. Thus, the (in-
herent) availability of a system with n components in series
is the product of those of all components (ie.,
Argys = [17_, Ai). When the items are in parallel, the system
will fail only if all items do so. Therefore, the overall avail-
ability would be Argys = 1 —[]7, (1 — Ap).

Improving Availability for Major Rotating Equipment. Plant
availability has a major impact on process economics, espe-
cially when an important number of rotating equipment is
involved. Unscheduled downtime is associated with the fail-
ure of heat exchangers, pumps, valves, instrumentation and
control, utilities, human factors, etc. The choice of rotating
equipment and compression strategy has a significant influ-
ence on the amount of time that the process is down or oper-
ating at partial load. Designers must be aware of the avail-
ability implications in the choice of rotating equipment and
their arrangement. Initially, one power system design could
appear to be more appropriate than others based on equal
operating time, but if it implies a lower availability, it might
lose such an advantage.

For example, until recently, LNG plants were normally
built with two medium sized trains (plants) per project. In
this way, one of the trains could keep running, whereas the
other was unavailable due to planned or unplanned shut-
downs. If, however, only one train was built, there would be
no production at all during such downtimes. Consequently,
there was a general consensus that two trains were the
required minimum for overall availability.”” Of course,
building two 50% trains is more expensive than building a
single 100% train, the latter being favored by the economy
of scale. However, one must be aware that not only would
this imply elements in series for availability, but also large
gas turbines, which show worse individual availability and
scheduled maintenance time than smaller ones.

The Atlantic LNG Project in Trinidad and Tobago, which
began production in 1999, broke the trend of having two
trains and set a new benchmark. Given the fact that a signifi-
cant amount of downtime is due to rotating equipment, they
opted for constructing a larger single train but with parallel
driver/compressor sets. That is, for each refrigeration cycle,
splitting the low-pressure refrigerant stream and feeding two
independent compression lines (also with independent drivers
and intercoolers). Thanks to this strategy, the project could
benefit from the economy of scale while still having an
availability comparable to that of a two-train project.” In
the case when one compressor or driver is down, the plant
could keep producing at partial load. Figure 3 illustrates the
concept of series and parallel compression.

Sparing Philosophy in Electric Generation. Parallel com-
pression may improve the availability of the system by using
redundancy in compressors and drivers. However, it is also
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Figure 3. Series and parallel compression.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

important to ensure a reliable electricity supply. If there is
only one generator, what would happen if it fails? Most
likely, the helper generators or steam turbine generators, if
any, would not be able to provide enough electricity to keep
the process producing normally or even at reduced capacity.
Even if there are two power plants in the process, these
problems are likely to remain if they are sized to run at full
capacity during normal operation, since one power plant
could not boost its capacity significantly in case the other
one fails. If there is a connection to an external grid, perhaps
importing electricity temporarily could be a solution, but this
is not always the case.

Quite often some sort of redundancy, or sparing philoso-
phy criteria is adopted. For example, the use of several
slightly oversized power plants, so that there is immediate
spare capacity in case of contingency. An N + 1 sparing
philosophy is frequently used for electricity generating units.
That is, if N generating items are required to supply the nor-
mal demand, then one extra unit is installed to cover the def-
icit left after the potential failure of one of the others. The
spare unit may either be kept offline to be used only in case
of contingency or be kept online, running simultaneously
with the other N units, all at partial load. In both cases,
some capital utilization is sacrificed to guarantee a reliable
operation.

Synthesis of Power Systems

In very power intensive processes, such as LNG, the heat-
ing requirements are relatively minor and therefore a com-
plex cogeneration scheme is not always required. In the
approach described below, the heat required by the process
can be provided not only via a steam system but also
through an alternative thermal fluid circuit so that nonsteam
solutions can be obtained whenever optimal. This makes the
approach appropriate for a wide range of process power-to-
heat ratios.

The problem formulation in this work is the first in pro-
viding enough flexibility to produce solutions ranging from
no-steam solutions to all-steam solutions. Another major
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contribution of this work is that availability is allowed to
participate in the objective function in the form of lost profit
due to planned and unplanned shutdowns. This introduces a
new dimension to the problem and allows considering capi-
tal/energy/availability trade-offs instead of the classic capi-
tal/energy approach. Although the method'? allowed this
type of trade-offs for limited configuration options, this
research work was the first in considering this issue as evi-
denced in Del Nogal et al.** Also, sparing philosophy may
be considered at designer’s request for power plants, steam
turbine generators, and boilers.

Similarly, this work is the first synthesis approach consid-
ering gas turbine drivers and the possible combination of
several mechanical demands (e.g., compression stages) in a
single driver shaft, as well as the splitting of a multistage
compressor in several casings to be driven by several shafts.
Also, the use of starter motors as continuous helpers to gas
turbine drivers is exploited at the synthesis stage for the first
time.

System components

The main elements involved in the power system are
shown in Figure 4. On the demand side, the mechanical
power demands are assumed to be compression stages
belonging to the different refrigeration cycles in the process.
It must be emphasized that this is for illustration purposes
only and does not represent a limitation of this work, as the
nature of these demands does not actually affect the formula-
tion and equipment other than compressors can be readily
included without any difficulty. These demands are known
once there is a basic design of the process. In the lumped
basic electricity demands, the electricity requirements for
running smaller process and utility compressors, air coolers,
pumps, instrumentation and control, etc. can be included.
These electricity demands are external to the power system
and can be estimated once a preliminary design of the pro-
cess is complete. There could be an additional amount of
electricity required internally for the power system itself to
support any featured electric motors, air-cooled steam con-
densers, boiler feed water pumps, water treatment, etc.

On the supply side, gas turbines, steam turbines, and elec-
tric motors are the elements available for providing direct
mechanical power. The optimal number of DDGTs is
unknown, although the designer may have an idea of a prac-
tical maximum number. Power plants, either in simple or
combined cycle, and steam turbines are the main electricity
producers. Again, the optimal number of these is not known,
but a practical limit could certainly be set. Helper generators
can also produce a limited amount of electricity when the
capacity of the gas turbine drivers is in excess of its shaft
demands.

Some elements are both a power supply and demand. For
example, helper and main motor drivers supply mechanical
power and use electricity at the same time. Helper generators
act the reverse way. In case these features are selected to be
part of the power system, there will be a net additional
demand or production of electricity. Unlike the lumped basic
demands, this amount of electricity does depend on the char-
acteristics of the power system. Helpers are limited to one
per gas turbine driver.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Problem formulation

The design of power systems involves discrete decisions,
not only because of the discrete options available for gas tur-
bines and power plants, but also because of the discrete
power demands and arrangement alternatives of the compo-
nents in the system. Proper utilization of the installed
capacity is also a key issue. The start-up motors of gas tur-
bines are now often used as helper drivers to boost shaft
power. The optimal power system must satisfy a set of me-
chanical, electrical, and heating demands by employing the
most cost-effective number, type, and model of mechanical
drivers, compressor stage arrangement, helper motors or gen-
erators and power plants, either in a simple or combined
cycle. A proper optimization model for this problem must
allow for the flexible arrangement alternatives of driven
equipment on different mechanical shafts to consider the dif-
ferent compressor casing alternatives.

Figure 5 shows, in two parts, the superstructure on which
the new optimization model is based. Figure 5a shows all
the elements not requiring a customized steam system (steam
may still be present in combined cycle power plants). These
are gas turbine drivers, electric motors, mechanical demands,
power plants, and the relevant electrical connections. Helper
motors or generators are allowed on each gas turbine shaft.
Each compressor stage is allowed to run on any of the gas
turbines or motor shafts, hence allowing each compressor to
be split into different casings. Figure 5b shows the steam-
based elements and how they are linked to the nonsteam
superstructure through potential heat recovery steam genera-
tors for each gas turbine driver and simple cycle power
plant. This multilevel steam superstructure includes steam
generators, such as boilers and supplementary fired HRSGs,
which may produce steam at any one of the existing levels,
extraction steam turbine drivers and generators, letdown
valves, vents, deareator and connections to provide/receive
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Figure 5. Superstructure for the synthesis of Power Systems.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

steam to/from the process at each level. Heat may be pro-
vided to the process through steam or through an implicit
hot oil system.

There will be a maximum number of potential gas tur-
bines, steam turbines, and main motor shafts that the de-
signer will define to avoid excessive use of binary variables
when solving the problem. Later, the optimization will yield
their most cost-effective number and type, and therefore
which places are to be active. Similarly, the designer can
also define a maximum number of potential power plants.

Objective Function. The goal of the optimization is to
find a feasible power system with minimum total cost
(defined in Eq. 1), which may comprise any combination of
capital costs, fuel costs, CO, emission penalties, lost profit
due to unavailability, boiler water treatment operating costs,
and charges for the electricity imported (a credit if exported
instead). Taking into account, all these costs will allow the
model to trade-off the capital investment against the
expected performance of the system. For the sake of a fair
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trade-off, the capital cost must represent the total installed
cost of the equipment and not just the purchased cost. In this
way, the real investment is reflected and capital and operat-
ing costs are weighted properly in the objective function.
Please note that the net present cost is minimized in the cur-
rent optimization frameworks.

TCost = CCap + CFuel + CCO2 + CElec
+ CAvail + COpWT (1)

Equation 2 accounts for all the relevant capital costs. All
the equipment cost functions in this article stand for installed
cost and on the basis of year 2002. Detailed costs such as
piping, instrumentation, etc. are not explicitly considered
since they are already covered by the installation factors.
The sources of capital costs in this article are obtained from
various literature®®>**3#5 and data obtained directly from
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Table 3. Cost Parameters

e [—1 0.95 WHMGo (kW) 14,000
WEDo (kW) 446,000 CHMGo (k$) 2372
CEDo (k$) 29,200 WMo (kW) 14,000
FSM [—] 0.15 CMo (k$) 2372

aLy bLv hexpy (kJ/kg)
VHP 160.8 2021.1 2400.7
HP 134.8 1691.6 2397.9
MP 100.9 1262.9 2395.4
LP 453 559.3 2395.8
hret“T (kJ/kg) 251.2 LMTD® (°C) 23.6045

UCod (kW/m> C)  0.80912

Please note that capital cost parameters which is specific to the driver consid-
ered are given in Tables 2, 3, 4, and 5 in the Part 2 of this article.

industry sources.
given in Table 3.

In this formulation, the compressor demands are fixed but
nevertheless, their cost has to be a variable since it will
depend also on the casing arrangement, which is left as a
degree of freedom for the optimizer. The cost of the after-
coolers will be fixed from the beginning as it does not
depend on the casing arrangement or any other variables.
This cost is also included for the sake of future comparisons,
as the resulting solution will be compared with other solu-
tions that feature parallel compression. The aftercooler costs
in both situations are different because they are not propor-
tional to size in a linear way as follows:

Cost parameters used in this work are

CCap = CDDGT + CSTD + CMM + CHelp + CPP + CSTG
+ CDist + CHRSG + CB + CDea + CbfwP
+ CTFH + CWT + CRC + CAC + CSparePP

+ CSpareSTG + CSpareB
(@)
CDDGT = Z Z YTopgrp rop - CTrop 3
GTD TOP
CPP = Z Z YPPoppp ppop - CPPOPppop )
PP PPOP
CSparePP = YSparepp,, - CPPoppp,, 5)

The set of binary variables YTopgrp top indicates whether
and which standard gas turbine choice (actual model) has
taken the DDGT place GTD. Thus, Eq. 3 accounts for the
cost of all the actual DDGTs present in the final design and
does it in a discrete fashion. The cost of the power plants is
calculated in a similar way in Eq. 4.

Some other capital costs are calculated using the six-tenths
factor rule to reflect the economy of scale (Egs. 6 to 21), but
more suitable equipment-specific exponents other than 0.6
are used instead (either from correlated data or from Remer
and Chai*®). Electricity distribution costs include the
required transformers, lines, etc. and are scaled according to
the total electricity produced on site. The cost of aftercoolers
can be scaled according to their duty, provided that the ref-
erence sizes and costs belong to exchangers of the same type
(i.e., water or air-cooled) and used for a similar service (sim-
ilar physical properties and temperature differences).
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0.70
Z WPPpp + (%) WHGGgrp - 7,

CDist = .CEDo (6)

WEDo

6 0.80

CAC = Z <_AC ) .CACoxc 7

AC OAC

Z mcs 0.82

CRC = Z e . CRCoc
WRCoc

x (1+ (NCAS, — NCASoc) - PCAS)  (8)

S 0.70
WGTD - FSM + WHMEX + WHGEX
CHelp — Z ( GTD + + )

&= WHMGo
x CHMGo (9)
WM 0.70
CMM = > ( M> .CMo (10)
7 \WMo
CWT = 136.52 - MMKkUp"*° (11)
CB=Y > (a -MBpr, +b - YBgr,)  (12)
B Lv
CDea = 2.88 - Mbfw + 90 - YSteam (13)
CTFH = 3.032 - QTFH"® (14)
CbfwP = 240.24 - WbfwP"#®  (one spare pump assumed)
(15)
CSTD =) " (23.289 - WSTE5 + CCondsrp ) (16)
STD
CSTG =) _ (15.066 - WSTEfG + CCondsra ) (17)
STG
CSpareSTG = 15.066 - WSpareSTG" (18)

CSpareB = ap ,_ypp - MStSpareB + by,_ypp - YBN*!  (19)

OouT — _ CT
VFLV7NLV+1‘ST (heXpLV,NLv-H hret )

UCond A LMTDCOnd

CCondgr = 0.977 - &
(20)

CHRSGir = » (8.158 - (YHRug Ly — YSFur Lv)
Lv

+ 1501 - MSTIRY,) - AAL,
+ Z <8 158 - YSFyr 1y + 1.501 - MSTSE || ) "BBL,

+Z41 955 .

+2.335 - MExhjjz +

1+ BRHR) - MSThR Ly

QSFyr
382.9

+76.567 - Z YSFug Ly
(21)
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Figure 6. Temperature profiles and nomenclature in a single pressure heat recovery steam generator.

In the case of refrigerant compressors, if they are of the
same type and intended for similar service as the cost refer-
ence, then two factors affect their cost. The first factor
accounts for the total compressor power relative to that of
the reference. The second factor considers a fixed fractional
penalty per additional casing (or a credit, if a compressor
ends up having fewer casings than the reference). This sec-
ond factor is an estimation and extends the applicability of
the six-tenths factor rule to account explicitly for the effect
that casing arrangement has on compressor costs.

The cost of helpers and main motors is a function of their
power. As stated previously, the sizing of starter motors for
gas turbine-driven compression systems is not a trivial task.
Nevertheless, for the purposes of this optimization model, it
will be assumed that the size of the starter motors is a fixed
fraction of the respective gas turbine output (usually around
15%, as seen from existing systems). It is assumed also that
there will be one starter motor per gas turbine (i.e., no
shared starter motors). Then, when using DDGTs, there will
be a fixed charge for the respective starter motors, whether
they are intended to be used continuously as helpers or not.
If used in a continuous mode, helper power (motor or gener-
ator) could be less than or greater than the starting require-
ments. In the first case, there is no further cost associated. If,
however, a helper with a capacity greater than the starting
requirements is installed to be operated fully as a helper, but
at partial capacity during start up, then of course its cost will
be higher than that of a motor sized merely for start up. A
maximum limit must exist for the helper power, though rela-
tive to the size of the associated gas turbine.

For costing purposes, therefore, the size of starter/helper
devices consists of two terms (Eq. 9). The first one
(WTr - FSM) is fixed once a gas turbine is chosen and repre-
sents the power required for start up, regardless of its possi-
ble continuous use. The second term (WHMEx or WHGEX)
becomes active only when the continuous helper contribution
(motor or generator) is in excess of the starting requirements
and accounts precisely for the amount of excess power.
Additional constraints involving these variables are presented
later. The cost of motors and generators is calculated using
the same equation since they are essentially the same kind
of equipment but operating in different modes.
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The cost of steam turbine drivers and generators was cor-
related as a function of their power and includes air-cooled
condensers. The capital cost of water treatment was corre-
lated as a function of the boiler feed water makeup flowrate,
assuming a combined ion exchange and reverse osmosis
treatment (more details in Beardsley et al., 1995). Heat re-
covery steam generators are assumed to have a single pres-
sure level (any one of the available levels in the steam
superstructure) and to operate in either unfired or 100% sup-
plementary fired mode. Their cost is modeled as an approxi-
mation of the correlation presented by Foster—Pegg.44 Figure
6 illustrates the profiles and nomenclature of a single pres-
sure heat recovery steam generator.

The total fuel consumption of the system is the sum of the
fuel consumption, based on low heating value (LHV), of all
gas turbine drivers, power plants, heat recovery steam gener-
ators, and boilers featured in the system and is calculated
using Eq. 22. If there is a source of cheap fuel in the pro-
cess, such as a tail gas, boil-off, or an end flash gas stream,
in case of an LNG process, this would provide a portion of
the fuel burned in the process. Any fuel deficit would have
to be covered by more expensive feed gas or “fresh” fuel.
The optimization will implicitly tend to use as much cheap
fuel as possible (e.g., end flash). Equation 23 defines the
total fuel as the combination of end flash and fresh fuel
streams. The amount of end flash fuel is limited to the maxi-
mum available in the process by Eq. 24 (constrain to zero if
the stream does not exist). The total present cost of the fuel
(through plant lifetime) is calculated in Eq. 25 and different
costs for each type of fuel are allowed.

QFTot = » " YTOPgrp top - HRTOProp - WTOPT0p

GTD TOP
+ Y ) YPPOPpp ppop - HRPPOPppop - WPPOPppop
PP PPOP
+ Z QSFyg + Z QBg (22)
HR B
QFTot = QFEF + QFF (23)
QFEF < MaxQFEF (24)
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) LIFE |

)LIFE

(1+1R

CFuel = (QFEF - CFEF + QFF - CFF) -HYR-—
R-(1+1R

(25)

Depending on the environmental legislation that the plant is
intended to operate under, or if the plant operator would like to
encourage more efficient systems, a penalty for CO, emissions
might apply. The rate of CO, emissions (CO2Em) is calculated
in Eq. 26, as a function of the fuel consumption and the present
cost of the respective penalties (CCO2) in Eq. 27.

CO2Em = QFTot - CO2F (26)
1+ R)
CCO2 = CO2Em -PCO2 -HYR - ————  (27)
R (1 +IR)

Trading electricity will result in a cost or a benefit,
depending on whether it is imported or exported as follows:

CElec = (]mp - CElmp — Exp - CEEXp)

) LIFE _1

) LIFE

(1+1R
IR-(1+IR

x HYR - (28)

The operating cost of the water treatment plant is esti-
mated in Eq. 29 (derived from Beardsley et al.®).

(1 +IR)LIFE — |

COpWT = 15.776 - MMKUp"®* . HYR - —
IR- (1+IR)

(29)

Driver Allocation. Each gas turbine drive position may
or may not be taken by an actual unit. As previously stated,
binary variables are used to account for the existence or ab-
sence of a DDGT in the place GTD and for the choice of
the actual gas turbine model if the place is active. Equation
30 limits the DDGT assignment to one or none per place
and Eq. 31 controls the selection of the DDGT model from
the set of available standard options. In Eq. 32, the mechani-
cal demands are assigned to different gas turbine shafts. Full
load operation of DDGTs is assumed.

> YTOPsm1op < 1 (30)
TOP

WGTDgrp = Y _ YTOPgrprop - WIOPTop  (31)
TOP

WTSDgrp,cs = YTCSgrp,cs - WCScs (32)

The shaft balance for a gas turbine driver is as follows:

WGTDgrp - (1 — MLoss) — Y WTSDgrp,cs
CS

+ WHMgrp - (1 — MLoss) — WHGgmp =0 (33)

Equation 34 calculates the power required for starting up
a gas turbine driver as a function of the respective gas tur-
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bine size. Equations 35 and 36 set a maximum limit for the
size of the helper devices. The limit is given by the starting
power requirements and, if needed, some excess capacity,
which is also limited to a maximum in Eqs. 37 and 38. Note
that the variables accounting for the excess capacity will be
implicitly set to zero when the helper power is not intended
to go beyond the starting requirement. Otherwise, the solver
would incur unnecessary costs. Equations 39 and 40 ensure
the selection of only one type of helper (i.e., either motor or
generator) for each gas turbine.

WSMgrp = Z (YTOPGrp,1op - WTOPTop - FSM10p) (34)

TOP
WHMGTD < WSMGTD + WHMEXx (35)
WHGg < WSMgmp + WHGEX (36)

WHMEx < WGTDgrp - FMaxHM — WSMgrp 37
WHGEx < WGTDGTD - FMaxHG — WSMGTD (38)
WHMgrp < YHMgrp - THM 39)

WHGgm < (1 — YHMgrp) - THG (40)

In the case of main motors and steam turbine drivers, the
shaft balances and the allocation of mechanical demands are
similar to the case of gas turbines but without the presence
of helpers (Egs. 41-44). A limit for the steam turbine and
motor driver sizes is enforced by Eqs. 45 and 46. Binary
variables are used as the number of such drivers must be
accounted for in availability calculations afterward. Equation
47 ensures that only one driver is selected to run a particular
mechanical demand.

WSTsrp - (1 — MLoss) — Y WSTSDsmpcs =0 (41)
CS

WSTSDsrp,cs = YSTCSstp,cs - WCScs (42)

WMy - (1 —MLoss) — > WMSDycs =0 (43)

WMSDw cs = YMCSyics - WCScs (44)
WSTSTD S MaxST - YSTSTD (45)
WMy < MaxM - YMMy, (46)

Y YTCSgrocs + ) YSTCSsp.cs + Z YMCSpics = |
GTD STD

47)

Steam Generation. The following set of equations is
related to steam generation in the heat recovery boilers. Equa-
tions 48 to 50 look after temperature feasibility, whereas Eqs.
51 and 52 state the energy balances around the overall equip-
ment and around the combined superheating and vaporization
sections, respectively. These energy balances assume that all
the exhaust gas from the gas turbines is sent to the HRSGs,
hence they are useful for calculating only the maximum steam
production possible, depending on the selected steam level
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and on the use of supplementary firing. Equation 53 defines
an exhaust temperature consistent with the selected gas tur-
bine driver and Eq. 54 limits the actual flowrate of exhaust
gas used for heat recovery up to a maximum, again, consistent
with the selected gas turbine model. Equations 55 to 60 are
logic constraints that ensure only active gas turbine options
have a contribution in the HRSG heat balances.

Tpexhyg prop > Tsatry - YHRur Ly + ATmin (48)

Tstkur HrRopP > TStKmin 49)

Tstkpr prop > Tbfwr, - YHRur 1y + ATin (50)

> OMSTIRY,
Lv
+ (1 + BRHR) -Cpwl,, - (TsatLV — beWLV>)

= Z MethRop . Cpexh . (TethRop . (1 — Z YSFHR,LV)
HROP Lv

: (AHvapLV + Cpwvy, - (Tsuva - TsatLv)

+ TSEMAX . Z YSFur v — TStkHR,HROP) (51)
Lv

> MSTRY, - (AHvapy, + Cpwvy, - (Tsupy, — Tsatwy)) =
Lv

Z MeXhHRop . Cpexh . (TeXhHRop . (1 — Z YSFHRA,LV)
HROP Lv

+ TSEMAX Z YSFur Ly — TpeXhHR.HROP) (52)
Lv

Texhgtp = Z YTOPgtp T0P - Texhtop (53)
TOP

Mexhgrp < Z YTOPgrp Top - Mexhrop (54)
Top

Texhrop - (1 — ZYSFGTDALV) + TSFMAX. Z YSFgtp Ly
Lv Lv

— TpeXhGTD,TOP S YTOPGTD‘Top.ﬁ (55)

Texhscop - (1 -3 YSFPP’LV) + TSFYAX. S " YSFppy
Lv Lv

— Tpexhpp scop < YPPOPpp scop.I' T (56)

Texhyrop - (1 -3 YSFHR,Ly) + TSFYX > " YSFig 1y
Lv Lv

— TpethR’HROP >0 57
Texhrop - <1 - Z YSFGTD,LV> + TSFMAX. Z YSFgrp.Ly
Lv Lv

— Tstkarp,rop < YTOPgrp 0P - I'T  (58)

Texhscop - (1 -3 YSFPP,LV) + TSFYAX. N " YSFpp .,
Lv Lv
— Tstkppscopr < YPPOPppscop - I'T ~ (59)
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Texhyrop - (1 -3 YSFHR,LV> + TSFYAX .S " YSFig Ly
Lv Lv

- TStkHR‘HROP >0 (60)

Equations 61 and 62 allow the selection of a steam level in
potential HRSGs only in active DDGT and simple cycle power
plant places. Equation 63 allows a maximum steam production
only in active HRSGs. Equation 64 limits the actual steam
production in a given HRSG and steam level to the maximum
determined by previous energy balances and constraints.

Supplementary firing is restricted to active HRSG places
and selected steam levels only (Eq. 65). To keep linearity in
the equations, it is necessary to account for the HRSG steam
production in different variables, depending on whether sup-
plementary firing is used or not. This is done by Egs. 66 to
68. Equations of the linear form are preferred in this formu-
lation to avoid the mathematical difficulties that the optimiz-
ers face when nonlinearities are present and the associated
risk of being trapped in local optima or not finding a feasible
solution at all. More details on linearization are given later.

Z YHRGrp 1y < Z YTOPGrp toP (61)
v ToP
Z YHRppy, < Z YPPOPpp scop (62)
Ly SCOP
MSTHY, < YHRyg Ly - TMST (63)
MSThr v < MST%]?,)L(V (64)
YSFur v < YHRpR 1y (65)
MST} 1y < YSFur Ly - TMST (66)
MSTRRT, < (1 = YSFury) - TMST (67)
MST{ 1, + MSTRRY, = MSThg Ly (68)

The amount of supplementary fuel would be forced to zero
by Eq. 69 when supplementary firing is not selected in a given
HRSG, since the right hand side of the inequality would be
negative and all variables are implicitly positive. This is also
possible because the amount of supplementary firing also con-
tributes toward the total cost and the optimizer would implic-
itly prefer zero supplementary firing in the described situation
to avoid unnecessary costs. In case the supplementary firing
option is active, the amount of fuel is estimated by using the
actual exhaust gas flowrate going through the HRSG and a
representative fixed exhaust temperature instead of the actual
one to avoid nonlinearities in the equation. The same idea is
applied in Eq. 70 for estimating the actual exhaust gas flowrate
through each HRSG. This assumption introduces some degree
of inaccuracy in the calculated supplementary fuel and exhaust
gas flowrate sent for heat recovery. However, such quantities
are further required in the problem formulation only for cost-
ing purposes. The slight error introduced will eventually end
up in the supplementary fuel and HRSG costs. Feasibility con-
flicts are definitely not introduced by this assumption. Equation
70 also assumes that the pinch point is located at the saturated
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water point for unfired HRSGs and at the cold end when
100% supplementary firing is used.

Equations 71 to 73 are related to boilers. They account for
the selection of up to one steam level, limiting the steam
production to active levels only and calculating the fuel
required, respectively.

QSFy > Mexhyy - Cpexh - (TSFMAX - TethVG)

- (1 - ZYSFHR_,LV) -TQSF  (69)
Lv

MSTig, - (Cpwvi, - (Tsupy, — Tsatiy) + AHvap,,)

MethR ~ Z

v Cpexh - (TethVG — (Tsaty, + ATmin))

MSTSE | . (prva . (Tsupy, — Tsatr,) + AHvapy, + (1 v BRHR) . Cpwiy,, - (Tsat, — bewLV))

(70)

2

> YBg, <1 (71)

MBgiy < YBgy, - IMST (72)

1
QB = —- ZMBB‘LV - (AHvapy, + Cpwvy, - (Tsupy,
B Lv

—Tsaty,) + Cpwly, - (Tsatr, — Tbfwr,)) (73)

The remaining equations related to steam generation are
the deareator mass and energy balances (Eqs. 74 and 75),
the definition of the make up water flowrate as the sum of
all water losses in the system (Eq. 76), and the calculation
of the boiler feed water pump power (Eq. 77).

LPDea + STCond + MMKUp + » _ Crety, - PSTPEM,,
Lv

= Mbfw + FPEA . LPDea  (74)

LPDea - hLvy, + STCond - hret” + MMkUp - hMKup

+ Y Crety, - PST;, " - YSteam - hret,,
Lv

= Mbfw - hIP®4 + FPEA . L PDea - hvPEA  (75)

MMkUp = (BRHR + SLOSS) ‘ Z Z (MSThR Lv)

HR Lv
+ (BR® +SLoss) - > 3" (MBgy,) + FF% - LPDea
B Lv

+ Z (1 — CRety,) - PST;y " - YSteam

BRP + SLoss
+ ST
— SLoss Z

N4 Z Vent, (76)
Lv
WhfwP = (hbfw - thEA) > ((BRHR +1)
Lv

x> (MSThg y)+(BRE 4+ 1)- >~ (MSTs1y) (77
HR

B

BRP + 1
; PSTSEN
1 — SLoss

+ DSPWLV)
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— Cpexh - (TSFMAX — (Tbiw, + ATmin)>

Lastly, the master binary variable YSteam controls the
activation or ban of boilers and HRSGs as superstructure
options (Eq. 77). In case YSteam has a value of zero, Eq. 78
ensures that the process heat demands are satisfied through a
thermal fluid heating system (e.g., hot oil).

Z Z YHRug 1) + Z Z YBgv) < YSteam

HR Lv

x (NPPMAX + NGTDVAX NBMAX) (78)

QTFH = (1 — YSteam) - QPPEM (79)

Steam Turbines. Figure 7 illustrates a generic extraction
steam turbine and the relevant nomenclature adopted. Equa-
tions 80 and 81 are the energy balances that calculate the
power produced at each stage of a given steam turbine. Note
that they feature the product of flowrates and enthalpies. To
keep the formulation linear, the enthalpies of the steam
mains are made fixed parameters (hLvy,) by assuming con-
stant predefined header conditions, as they could be calcu-
lated before optimization. As a consequence of this assump-
tion, solutions may feature small amounts of steam letdown
and/or boiler feed water injection to the steam mains to
absorb any deviation from the chosen fixed conditions. Also,
the outlet enthalpies from each steam turbine stage would in

Lv
WStage
Lv v+l ST WStagey, i o1

7 " WStage,, i st

F
LVOUT =Lv+1 e

HLv,,
LvOUT = NLv ; HEXPy 11 HEXpy fiv HEXPu w1

ouT
% FOTLy byt g7 FOUT, Mot FOUT Rt st

LvOUT = NLv+1

(cond)

Figure 7. A generic extraction steam turbine.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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principle be variables since, being rigorous, the performance
of steam turbines (e.g., isentropic efficiency) is a function of
both the expansion region and the turbine size.'' However,
by neglecting the effect of turbine size, and since the steam
levels are known before optimization, the turbine stage effi-
ciencies and the stage outlet enthalpies can be estimated
with the model by Varbanov'' also before optimization (e.g.,
assuming a moderate steam flowrate). This permit keeping
the formulation linear, since the stage outlet enthalpies, now
parameters (hExpy,1,our), would depend only on the header
conditions, which are already fixed. In contrast to the formu-
lations,'"*'® this modeling strategy permits representing mul-
tistage steam turbines in a linear fashion and still keeping
the relevant energy balances in the formulation to ensure
thermodynamic consistency. It has to be emphasized that,
although this approximation neglects the impact of stage size
on stage efficiency, the effect of stage inlet and outlet condi-
tions is fully considered when predicting these before opti-
mization.

WStagey, 1vour,sT = (va - hEXva,LVOUT) ) FE:I/,ST;
LvOUT =Lv+1 (80)
WStage, , 1 vour,st = (hExvaALvOUT—l - hEXPLv,LvOUT)
LvOUT-1
. (F S

FS&{TST> ;LVOUT >Lv+2  (81)
i=Lv+1

Equation 82 states the mass balance around each steam
turbine. Equation 83 defines the total power available from
each steam turbine as the sum of the power of all its stages.
Equation 84 is a logic statement that allows the selection of
only one steam level to feed a particular steam turbine,
whereas Eq. 85 limits the inlet flowrate from the active feed
steam level to a maximum. Equation 86 is a correlation to

estimate the power required by the steam turbine condensers
as a function of the heat duty, assuming these are of the air

cooled type (derived from Hudson Products Corporation“).
NLv+1
IN OUT
Filosr = Fiv Lvoutst (82)
LvOUT=Lv+1
NLv+1

WSTgr = Z

Lv LvOUT=Lv+1

WStagey, 1 vour st (83)

> YLVSTL, st = YSTsr 84)
FN o < YLVSTy, g1 - FINVAX )
WCond =
0.1372.3"%" (FSETELV st (muﬁmﬂ - hretCT)) (86)
ST Lv

Steam Mains. Equations 87 and 88 state the mass and
energy balances around the steam mains, respectively, except
for the first one (VHP), which is taken care of by Eqgs. 89
and 90. The letdown from the lowest steam header is used
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for deareation purposes (Eq. 91). Equation 92 accounts for
the total condensate flowrate from steam turbines.

(1 — SLoss) <Z MSThg Ly + Z MBj LV) +PSTN

Lv—1

+ DSPWy, + LETDy,—; + Z Z Flo]},JVTST
ST i=1

= LETD,, + PSTLy " + Z FIN 1 + VENTL,; Lv > 2

(87)

(1 — SLoss) (Z MSThg v + ZMBB LV) ~hLviy

+ PSTOEN, . hPSTCEN, | + DSPW,, - hbfw
Lv—1

+LetDyy 1 -hDvy 1+ Y Y Fllp - hExp;
ST i=1

(LetDLV +PSTPEM . YSteam + Z iy or + Vent]_v>

x hLvp,;Lv > 2 (88)

(1 —SLoss) (Z MSTyg 1 + Z MBg, 1) + PSTORN,

+DSPW, = LetD; + PSTP™™,; + 3 F\; + Vent; (89)
ST

(1 —SLoss) (Z MSTyr | + ZMBB ,> ~hLv,

+ PSTYEN,

-hPSTCEN, 4+ DSPW, - hbfw =

(Letdl + PSTPEN, . YSteam + Z Nr + Ventl) -hLv,

(90)
Letdg; = LPDea 91)
STCond = Z B o (92)

ST Lv

Electricity. In the next two equations, each potential
power plant place is allowed to be in use by one actual
power plant or none. These are selected from a set of stand-
ard models available, including simple and combined cycle
models. Full load operation of power plants is assumed.

Z YPPOPpp ppop < 1 (93)
PPOP

WPPpp = > YPPOPpp ppop - WPPOPppop  (94)
PPOP

Equation 95 states the overall electricity balance. The
demands included are the lumped basic electricity demands,
the helper and main motors, boiler feed water pumps, con-
densers (air-cooled), and the exported electricity. These are

September 2010 Vol. 56, No. 9 AIChE Journal



balanced against the electricity supplied by the helper gener-
ators, power plants, steam turbine generators, and import.
Motor and generator efficiencies are taken into account as
well as a factor for the electricity distribution losses. Equa-
tions 96 and 97 ensure that only one electricity trade option
is active (either import or export) and set a maximum trad-
ing limit.

If no electricity trading is allowed, there will be difficul-
ties in closing the overall electricity balance because of the
presence of discrete elements operating at full load. For for-
mulation purposes, this can be resolved by setting the elec-
tricity import to zero but not constraining the export. In this
case, the resulting amount of “exported electricity” would
actually represent the surplus capacity of the system. Of
course, no value should be given to such an ‘“export” since
it does not represent a real profit. In practice, one could op-
erate the power system at partial load and stick to the origi-
nal plant production rate or, alternatively, redesign the plant
for an increased production rate so that the demands and the
available power achieve a better match, for the sake of an
improved capital utilization. Also, the surplus power could
be sold if there is a connection to an external grid and an
interested party for purchasing this.

_ HM
BED + Z (u)

GTD m

WMy
+§< - )+Exp+bewP

+WCond — (Z WHGGp - 7 + »_ WPPpp
GTD PP

+y WSTSTG> - (1 —ELoss) —Imp =0 (95)
STG

Exp < YEXP - MaxExp 96)

Imp < (1 — YExp) - MaxImp o7

Number of Compressor Casings. The purpose of Egs. 98
to 107 is to calculate the number of casings in which each
compressor is arranged. Stages of the same compressor that
are to be run by a common shaft, either gas turbine, steam
turbine or motor driven, can be merged into one compressor
casing provided they are of the same nature (e.g., centrifu-
gal), which is an economic incentive. Equation 98 finds out
the number of stages of the compressor C that are driven by
each gas turbine and Eq. 99 identifies whether the gas tur-
bine GTD is driving at least one stage of such a compressor
or not. Equation 100 is then able to calculate the number of
different gas turbine shafts in which the stages of the com-
pressor C are running. Similarly, Egs. 101 to 103 are able to
account for the number of motor shafts servicing the com-
pressor in question and Eqs. 104 to 106 for the number of
steam turbine drivers. Last, in Eq. 107, the number of cas-
ings for the compressor C is calculated. This is, assuming
that those stages belonging to compressor C on the same
shaft are merged into one casing.

NCSTcem = Y YTCSancs (98)
CSeC
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NCSTcgrp < YTCorp.c - NCSe (99)
NTSc = > YTCar,c (100)
GTD
NCSMcm = ) YMCSycs (101)
CSeC
NCSMcm < YMCyc - NCS¢ (102)
NMSc = > YMCyc (103)
M
NCSSTcst = » | YSTCSstocs (104)
CSseC
NCSSTc st < YSTCsrp ¢ - NCSc (105)
NSTSc = )~ YSTCsrpc (106)
STD
NCASc = NTSc + NMSc + NSTSc (107)

In case a particular compressor contains stages of different
nature (e.g., axial and centrifugal), or they are incompatible
in some way, it would be more convenient for formulation
purposes to define them as different compressors, each one
featuring only compatible stages. Therefore, the solver will
implicitly refrain from proposing stages of different types to
be merged. Also the compressor costing would be more
accurate as the costs of compressors of different nature are
calculated separately.

Availability. 1If all the compressors, drivers, and power
plants are assumed in series for availability, the availability
of the compression train can be calculated as in Egs. 108 to
114. Note that inactive driver or power plant places will con-
tribute an availability of 1, which is neutral.

AlTrain = AIComp - AIDDGT - AIST - AIMM (108)

AIDDGT = H AlTGmo (109)

GTD

AlTgrp = Z (YTOPGrp,top - Taitop) + 1 — ZYTOPGTD‘TOP

TOP TOP

(110)

AICc = (Caic) ™™ (111)

AlComp = [ [ AICc (112)

C
YSTs
AIST = (STai); v (113)
YMM;

AIMM = (MMai)zM: h (114)
SchDT > SimMnt (115)
SchDT > MntTy (116)
SchDT > MntPPpp (117)
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MniTr = )~ YTOPr 1op - MntToprop (118)
TOP
MntPPpp = Y~ YPPOPpp ppop - MntPPOpppop  (119)

PPOP

The scheduled annual downtime is calculated next as the
longest maintenance required among all gas turbine drivers
and power plants, although such downtime must have a min-
imum which is given by the general plant maintenance time
(not related to gas turbines or power plants). See Egs. 115 to
119.

Assuming that the failure of any power plant would lead
to a total plant shutdown, the unscheduled annual downtime
would be as follows:

UnsDT = (365 — SchDT) - (1 — AlTrain - AIPP)  (120)
where
AIPP = [ [ AIPPLpp (121)
PP
AIPPLpp = )~ (YPPoppp ppop - PPLaippop) + 1
PPOP
— > YPPopppppop  (122)

PPOP

The lost profit incurred due to both planned and
unplanned shutdowns:

CAvail = (SchDT — SimMnt + UnsDT) - DCAP - PMar

(1+R)"—

IR (1+IR)

1

-HYR - —
LIFE

(123)

Only the excess downtime over that of the minimum plant
maintenance (for equipment other than drivers) is penalized.
For instance, if the general plant maintenance is scheduled
as 10 days/year (excluding DDGTs and power plants) and
the most demanding DDGT and power plant require 13
days/year and 15 days/year for maintenance, respectively,
then Eq. 120 will penalize only for the lost profit incurred
during (15 — 10) = 5 days/year. That is, assuming simulta-
neous maintenance and that only gas turbine drivers and
power plants are the elements capable of eventually incur-
ring such excess downtime.

Sparing Philosophy. Another way of looking after avail-
ability issues, particularly for electricity and steam genera-
tion, is the consideration of sparing philosophy as discussed
before. At the designer’s_request (through binary parameters
YPPY*!, YSTGM*! and YBV*!), the formulation is able to
consider automatically the investment on a spare power
plant, spare steam turbine generator, and/or an auxiliary
boiler, covering for the failure of any one of their respective
units in the system. This is considered by Egs. 124 to 127.
The spare boiler would also cover the failure of any one of
the HRSGs in the system. It is assumed that the spare boiler
will be designed to produce steam at the highest pressure
level.
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> YSparepp,, < YPPV'! (124)

PPop
> YSparepp,, - WPPOppp,, < YPPV ! - WPPpp  (125)

PPop
YSparepp,, < Z YPPoppp ppop (126)
PPop
WSpareSTG > YSTGV*! - WSTsrg (127)
MStSpareB > YBV*! - > "MBg 1, (128)
Lv

(129)

MStSpareB > YBY*! > " MSTy 1,
Lv

Parallel Compression. With few modifications, the opti-
mization model can also be used to find optimal power sys-
tems that employ parallel compression strategy. Assuming
identical compression sets in parallel (identical drivers, com-
pressors, and aftercoolers), there is no need to add more var-
iables to the model, as the user would simply duplicate the
driver/compressor arrangement obtained as result. The input
data to the optimization would be the same as before, just
that the set of compressor demands must be consistent with
the fact that they now handle half the refrigerant flowrate.

The contribution of drivers, compressors, aftercoolers, and
HRSGs to capital costs, steam, electricity, and fuel has to be
doubled because duplicates of these items exist in the im-
plicitly-modeled parallel driver/compressor set. To incorpo-
rate these changes, only minor modifications are required in
some equations throughout the formulation. Regarding avail-
ability, it has to be considered that, although the failure of
any item in a compression train still causes the failure of
such train, there is another independent train still running
and allowing the plant to keep producing at partial capacity.
Production at 50% capacity will be assumed for such scenar-
ios, although sometimes it could be more than that. Equation
120 has to be replaced by the following two equations:

UnsTot = (365 — SchDT)
x ((1 — AlTrain)>-AIPP + (1 — AIPP)) (120a)

UnsPart = 2 - (365 — SchDT) - (1 — AlTrain) - AlTrain - AIPP
(120b)

The lost profit incurred now becomes as follows:

CAvail = (SchDT — SimMnt + UnsTot + 0.5 - UnsPart)

(1+R)"™ -1

R (1+R)"™

x DCap - PMar - HYR - (123a)

Solving the problem

To obtain the optimal solution, the total cost given in Eq.
1 must be minimized subject to the constraints described by
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Figure 8. Approximation of a function of the type Y =
X with0 <R < 1.

Egs. 2 to 129 (general formulation), which still involve sev-
eral nonlinearities. Additional constraints are given by non-
negative values for the continuous variables (i.e., each con-
tinuous variables greater than or equal to zero) and values of
{0,1} for the binary variables. The problem is, in principle,
of the MINLP type.

Note that a 100% availability subformulation, defined by
Eq. 1 as the objective functions and subject to constraints 2
to 106 plus 124 to 129 (i.e., omitting the availability con-
straints), is also a valid and consistent subproblem that does
not consider plant availability. Another way of neglecting
plant availability would be to use the general formulation
with the inherent availabilities of all components set to 1
and their maintenance time set to 0 days/year or any value
below that given to the minimum plant maintenance time.

Linearization. Nonlinearities in the general formulation
arise from equations dealing with cost estimation and plant
availability. Linearizing the latter could result a very lengthy
and complex task, if possible at all, due to the mathematical
nature of the expressions (e.g., a variable to the power of
another variable) but certainly the nonlinear cost equations
can be linearized with a fair effort and some extra equations.
By so doing, the 100% availability subformulation could be
transformed into an equivalent MILP problem, thereby being
much easier to solve. Furthermore, global optima would be
guaranteed. Also, the solver robustness would be signifi-
cantly enhanced when solving the general formulation, even
when availability-related nonlinearities force the problem to
remain MINLP. This is because firstly the nonlinearities
would be kept to a minimum and secondly because the lin-
ear, 100% availability formulation could be solved in
advance of the nonlinear, variable availability formulation to
provide a feasible initial solution for the MINLP solver.

Most cost equations contain factors of the type XX, where
X is a variable and R a constant. Replacing each of these
functions by a single straight line would result in a signifi-
cant loss of accuracy. Instead, a more precise approximation,
yet linear, can be implemented by combining several straight
lines, each one valid over a given interval. That is, a piece-
wise linearization. Figure 8 shows clearly that this is a better
approximation. Four linear segments are used in the illustra-
tion. Depending on how broad the expected range of equip-
ment sizes is, it could be appropriate to use a larger or a
lesser number of linear segments. The more segments the
more precise the approximation. Nevertheless, it must be
kept in mind that these cost models are an approximation
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themselves and that using an excessive number of segments
will just bring extra complexity without a significant
improvement in the accuracy of the calculations.

There are various ways of implementing piecewise lineari-
zation in practice. Perhaps the most compact way will be
employing SOS2 variables (special ordered sets of Type 2).
Within an SOS2 set of variables at most two can have posi-
tive, nonzero values, and these two variables must be adja-
cent in the ordering given to the set.*®

With the purpose of illustrating the application of SOS2
variables to piecewise linearization, let Y = f{(X) be the func-
tion to be approximated and let the set of N data points (X;,
Y;) define the N — 1 linear segments for the approximation.
That is, each segment being defined by each pair of consecu-
tive (X;, ¥;) points. Let also 4 = (4;...4y) be the SOS2 vari-
able set. The linearization is then performed by substituting
Y = f(X) for the following three equations:

N
ZA,~Y,»

Y = (130)
N
X:Zii-xi (131)
N
> k=1 (132)

Conclusions

In Part 1 of this article, a systematic methodology has
been described for the systematic driver and power plant
selection in power-demanding industrial processes using
mathematical programming. The discrete nature of gas tur-
bines is fully considered and gas turbine drivers and pre-
engineered power plants are selected from a group of candi-
dates. A superstructure-based optimization model has been
proposed which is able to obtain the best power system for a
given economic scenario and the designer is able to influ-
ence the final design by modifying the system constraints,
equipment choices, and economic parameters. When neglect-
ing availability considerations, the problem can also be for-
mulated as an MILP problem by linearizing some of the
constraints in several intervals. This does, without sacrificing
significant accuracy, avoid the convergence problems usually
associated with nonlinearities. Although it is not practical to
linearize the constraints dealing with plant availability, by
linearizing the remaining equations the solving difficulties
are kept to a minimum. By carrying out either the full or the
maximum practical linearization, one can have more confi-
dence in the optimality of the resulting solutions. The pro-
posed optimization framework is applied to an LNG case
study, which is presented in the second part of this article.

Notation
Indices

B = boiler
C = refrigerant compressor
CS = compressor stage
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Lv
HR
HROP
M

steam level (e.g., 1 = VHP, 2 = HP, ..., NLv = Cond)
heat recovery steam generator place (GTD U PP)

gas turbine option for HRSG (TOP U SCOP)

electric motor driver place

PP = power plant place
PPOP = power plant option (actual model)

SCOP

ST
STD
STG

GTD
TOP

Parameters

THG
T'HM
I'MST
T'QSF
IT

g

My

Ny
AHvap
ATmin
a

AA

b

BB
BED

BRE
BRHR
BRP

CACo AC
Cai
CEDo
CEEXP
CEIMP
CFEF
CFF
CHMGo
CMo
CO2F
Cpexh
CPPOP
Cpwl
Cpwv
CRCoc
~ Cret
CTrop
DCAP
ELoss
FDEA
FINMAX
FMaxHG

FMaxHM

FSM
hexp
hbfw
thEA
hLv
hMKUp
hPSTOEN
hret
hret®"

HRPPOP

HRTOP
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simple cycle power plant option (actual model) (SCOP
€ PPOP)

steam turbine place

steam turbine driver place (STD € ST)

steam turbine generator place (STG € ST)

gas turbine driver place

gas turbine driver option (actual model)

upper limit for helper generator power (kW)
upper limit for helper motor power (kW)
upper limit for steam flowrate (kW)

upper limit for supplementary firing fuel (kW)
upper limit for temperature (kW)

boiler efficiency

helper generator efficiency

motor efficiency

enthalpy of vaporization of water (kJ/kg)
minimum temperature difference (°C)
parameter for boiler costing

parameter for HRSG costing

parameter for boiler costing

parameter for HRSG costing

basic electricity demand. Internal
demands are not included (kW)

boiler blowdown ratio (blowdown rate/steam produced)
HRSG blowdown ratio (blowdown rate/steam produced)
process  blowdown ratio (blowdown rate/steam
produced)

reference cost of aftercooler (k$)

inherent availability of a compressor casing

reference cost of electricity distribution equipment (k$)
price of exported electricity (k$/kW h)

cost of imported electricity (k$/kW h)

cost of end flash fuel (k$/kW h)

cost of fresh fuel (k$/kW h)

reference cost of helper motor or generator (k$)
reference cost of electric motor driver (k$)

specific CO, emissions (kg CO,/kW h of fuel — LHV)
mean heat capacity of gas turbine exhaust (kJ/kg C)

cost of power plant option (model) (k$)

mean heat capacity of liquid water. (kJ/kg C)

mean heat capacity of steam. (kJ/kg C)

reference cost of refrigerant compressor (k$)

fraction of condensate return from process

cost of DDGT option (model) (k$)

plant capacity (metric ton/day)

fraction of electricity lost in distribution

deareator vent (fraction of deareating LP steam)
maximum steam flowrate to steam turbines (kg/s)
maximum helper generator size (fraction of the gas
turbine output)

maximum helper motor size (fraction of the gas turbine
output)

starter motor size (fraction of the gas turbine output)
enthalpy of steam after expansion (kJ/kg)

enthalpy of boiler feed water (kJ/kg)

enthalpy of liquid water from deareator (kJ/kg)

enthalpy of steam in header (kJ/kg)

enthalpy of water make-up (kJ/kg)

enthalpy of process steam generation (kJ/kg)

enthalpy of condensate return from process (kJ/kg)
enthalpy of condensate return from condensing turbines

power system

(kJ/kg)
fuel consumption of power plant option (kW fuel/kW
power — LHV)

fuel consumption of DDGT option (kW fuel/’kW power
— LHV)
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hv DEA
HYR
LMTDCOnd

MaxExp
MaxImp
MaxM
MaxQFEF
MaxST
Mexh
MLoss
MMai

MntPPop
MntTop

NCASOC
NCS

NB MAX
NGTDMAX
NPPMAX
PCAS
PCO2
PMar

PSTDEM _

PSTUEN

QPPEM —

SimMnt

SLoss
Tai
Tbfw
Texh
TexhV0
Tsat
TSEMAX
Tstkmin

Tsup
UCond
Qac
Qoac
STai
WCS
WEDo
WHMGo
‘WMo
‘WPPOP
WRCoc
WTOP
YBN+ 1
YPPNH
YSTGN*!

Continuous,

AlTrain
AIComp
AIC
AIDDGT
AIMM
AIST
AIT
CAC
CAvail

CB

CbfwP =

CCap
CCO2
CCond
CDea
CDDGT
CDist
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enthalpy of vapor water from deareator (kJ/kg)
annual operating time (h)

Logarithmic mean temperature difference
condensers (°C)

maximum electricity export (kW)

maximum electricity import (kW)

maximum electric motor driver power (kW)
maximum end flash fuel available. (kW — LHV)
maximum steam turbine driver power (kW)

exhaust gas flowrate (kg/s)

mechanical loss fraction

inherent availability of variable speed electric motor
driver

scheduled maintenance time of power plant option
(model) (days/year)

scheduled maintenance time of DDGT option (model)
(days/year)

reference number of compressor casings

number of stages for a compressor

maximum number of boilers

maximum number of gas turbine drivers

maximum number of power plants

penalty per extra compressor casing

penalty for CO, emissions (k$/kg CO,)

profit margin (k$/metric ton)

process steam demand for heating (kg/s)

process steam generation (kg/s)

total process heat demand (kW)

plant scheduled maintenance excluding DDGTs and
power plants (days/year)

steam losses (fraction of steam produced)

inherent availability of gas turbine driver option (model)
boiler feed water temperature (°C)

temperature of exhaust gas (°C)

average temperature of exhaust gas (°C)

saturated steam temperature (°C)

maximum temperature with supplementary firing (°C)
minimum stack temperature (°C)

superheated steam temperature (°C)

heat transfer coefficient in steam condensers (kW/m>C)
aftercooler heat duty (kW)

reference aftercooler heat duty (kW)

inherent availability of steam turbine driver

compressor stage mechanical power demand (kW)
reference electricity distribution (kW)

reference helper motor or generator size (kW)

reference electric motor driver size (kW)

power output of power plant option (model) (kW)
reference compressor mechanical power demand (kW)
power output of DDGT option (model) (kW)

activation of sparing philosophy for boilers

activation of sparing philosophy for power plants
activation of sparing philosophy for steam turbine
generators

in steam

non-negative variables

inherent availability of compression train
inherent availability of all compressors

inherent availability of a compressor

inherent availability of all gas turbine drivers
inherent availability of all electric motor drivers
inherent availability of all steam turbine drivers
inherent availability of a gas turbine driver

cost of aftercoolers (k$)
present value of losses
unscheduled shutdowns (k$)
cost of boilers (k$)

cost of boiler feed water pump (k$)

total capital costs (k$)

present value of penalties for CO, emissions (k$)
cost of steam condenser (k$)

cost of deareator (k$)

cost of direct drive gas turbines (k$)

cost of equipment for electricity distribution (k$)

due to scheduled and
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CElec =
CFuel =
CHelp =
CHRSG =
CMM =
CO2Em =
COpWt =
CPP =
CspareB =
CSparePP =
CSpareSTG =
CSTD =
CSTG =
CTFH =
CRC =
CWT =
DSPW =
Exp =

IN

FOUT

Imp =
LetD =
LPDea =
MB =
Mbfw =
Mexh =
MMkUp =
MntT =
MntPP =

MST =
MSTMAX _
MSTNOSF _

MSTSF =

MStSpareB =
NCAS =
NCSM =

NCST =
NCSST =

NMS =
NSTS =
NTS =
QB =
QFEF =
QFF =
QFTot =
QSF =
QTFH =
SchDT =
STCond =
TCost =
Texh =
Tpexh =
Tstk =
UnsDT =
UnsPart =
UnsTot =
Vent =
WbfwP =
WCond =
WHG =
WHGEx =

WHM =
WHMEXx =

WM =
WMSD =
WPP =
WSpareSTG =

AIChE Journal

present value of exported or imported electricity (k$)
present value of fuel consumption (k$)

cost of DDGT starter/helper motors and generators (k$)
cost of HRSGs (k$)

cost of variable speed electric motor drivers (k$)

CO, emissions (kg/h)

present value of water treatment operating costs (k$)
cost of power plants (k$)

cost of spare boiler (k$)

cost of spare power plant (k$)

cost of spare steam turbine generator (k$)

cost of steam turbine drivers (k$)

cost of steam turbine generators (k$)

cost of thermal fluid heater (k$)

cost of refrigerant compressors (k$)

cost of water treatment facilities (k$)

desuperheating water flowrate (kg/s)

electricity export (kW)

steam flowrate to steam turbine (kg/s)

steam flowrate from steam turbine (kg/s)

electricity import (kW)

steam letdown flowrate (kg/s)

low pressure steam flowrate to deareator (kg/s)

boiler steam flowrate (kg/s)

boiler feed water flowrate (kg/s)

exhaust gas flowrate (kg/s)

make-up water flowrate (kg/s)

scheduled maintenance time for a DDGT (days/year)
scheduled maintenance time for a power plant (days/
year)

steam produced in HRSG (kg/s)

maximum possible steam flowrate from HRSG (kg/s)
steam produced in HRSG without supplementary firing
(kg/s)

steam produced in HRSG with supplementary firing (kg/
s)

capacity of auxiliary boiler (kg/s)

number of casings for a compressor

number of stages of a compressor attached to an electric
motor

number of stages of a compressor attached to a DDGT
number of stages of a compressor attached to a steam
turbine driver

number of electric motors running a compressor
number of steam turbine drivers running a compressor
number of DDGTs shafts running a compressor

boiler fuel consumption (kW)

end flash fuel consumption (kW — LHV)

fresh fuel consumption (kW — LHV)

total fuel consumption (kW — LHV)

supplementary firing heat (kW)

heat duty of thermal fluid heating system (kW)
scheduled maintenance time (days/year)

total condensate from steam turbines (kg/s)

total cost (k$)

exhaust gas temperature (°C)

exhaust gas pinch temperature in HRSG (°C)

exhaust gas stack temperature (°C)

unscheduled downtime (days/year)

unscheduled downtime — partial shutdown (days/year)
unscheduled downtime — total shutdown (days/year)
steam vent flowrate (kg/s)

power of boiler feed water pump (kW)

power demand of steam condensers (kW)

helper generator size (kW)
helper generator excess
requirements (kW)

helper motor size (kW)
helper motor excess power above starting requirements
kW)

electric motor driver power (kW)

power delivered to compressor stage by motor (kW)
power plant output (kW)

power of spare steam turbine generator (kW)

power above  starting
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WStage = power of steam turbine stage (kW)
WSM = power required for starter motor (kW)
WST = steam turbine driver power (kW)
WSTSD = power delivered to compressor stage by steam turbine
driver (kW)
WGTD = power of gas turbine driver (kW)
WTSD = power delivered to compressor stage by a gas turbine
driver (kW)

Binary variables

YB = activation of boiler and steam level selection
YExp = activation of electricity export
YHM = activation of helper motor on gas turbine drivers
YHR = activation of HRSG place
YMC = indicates whether an electric motor is running at least
one stage of a compressor
YMCS = indicates whether a motor driver is attached to a
compressor stage
YMM = activation of motor driver
YPPop = selection of power plant option (model)
YSF = activation of supplementary firing in HRSG
YSpare = selection of spare power plant option (model)
YLvST = inlet steam level selection for steam turbine
YST = activation of steam turbine driver
YSTC = indicates whether a steam turbine driver is running at
least one stage of a compressor
YSTCS = indicates whether a steam turbine driver is attached to a
compressor stage
YSteam = presence of steam system
YTC = indicates whether a DDGT is running at least one stage
of a compressor
YTCS = indicates whether a DDGT is attached to a compressor
stage
YTop = selection of gas turbine driver option (model)

Literature Cited

L.

2.

Published on behalf of the AIChE

Nishio M, Shiroko S, Umeda T. A thermodynamic approach to
steam-power system design. Ind Eng Chem Res. 1980;19:306-312.
Chou CC, Shih YS. A thermodynamic approach to the design and
synthesis of plant utility systems. Ind Eng Chem Res. 1987;26:1100—
1108.

. Papoulias SA, Grossmann IE. A structural optimization approach in

process synthesis. 1.
1983;7:695-706.

Utility systems. Comput Chem Eng.

. Bruno JC, Fernandez F, Castells F, Grossmann IE. A rigorous

MINLP model for the optimal synthesis and operation of utility
plants. Chem Eng Res Des. 1998;76A:246-258.

. Petroulas T, Reklaitis GV. Computer-aided synthesis and design of

plant utility systems. AIChE J. 1984;30:69-78.

. Colmenares TR, Seider WD. Synthesis of utility systems integrated

with chemical processes. Ind Eng Chem Res. 1989;28:84-93.

. Maia LOA, Vidal de Carvalho LA, Qassim RY. Synthesis of utility

systems by simulated annealing. Comput Chem Eng. 1995;19:481—
488.

. Wilkendorf F, Espufia A, Puigjaner L. Minimization of the annual

cost for complete utility systems. Chem Eng Res Des. 1998;76:239—
245.

. Maréchal F, Kalitventzeff B. Process integration: selection of the

optimal utility system. Comput Chem Eng. 1998;22 ( Suppl):S149—
S156.

. Shang Z. Analysis and optimization of total site utility systems, PhD

thesis. Manchester, UK: Department of Process Integration, UMIST,
2000.

. Varbanov PS. Optimisation and synthesis of process utility systems,

PhD thesis. Manchester, UK: Department of Process Integration,
UMIST, 2004.

. Frangopoulos CA, Dimopoulos GG. Effect of availability considera-

tions on the optimal synthesis, design and operation of a cogenera-
tion system. Energy. 2004;29:309-329.

. Aguilar O. Design and optimisation of flexible utility systems, PhD

thesis. Manchester, UK: The University of Manchester, 2005.

DOI 10.1002/aic 2375



14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

2376

Maia LOA, Qassim RY. Synthesis of utility systems with variable
demands using simulated annealing. Comput Chem Eng.
1997;21:947-950.

Iyer RR, Grossmann IE. Synthesis and operational planning of util-
ity systems for multiperiod operation. Comput Chem Eng.
1998;22:979-993.

Oliveira FAP, Matos HA. Multiperiod synthesis and operational
planning of utility systems with environmental concerns. Comput
Aided Chem Eng. 2003;14:233-238.

Maréchal F, Kalitventzeff B. Targeting the integration of multi-pe-
riod utility systems for site scale process integration. Appl Therm
Eng. 2003;23:1763-1784.

Liu YN, Lucas CE, Bronfenbrenner JC. Optimum design of lique-
faction plants with gas turbine drivers. 11th International Conference
and Exhibition on Liquefied Natural Gas, Birmingham, UK, 1995.
Bellow EJ, Ghazai FP, Silverman AJ, Myers SD. Technology advan-
ces keeping LNG cost-competitive. Qil Gas J. 1997;95:74-78.
Peterson NB, Messersmith D, Woodard W, Anderson K. Higher effi-
ciency and lower emissions for a base-load LNG plant—are you
ready for that? Hydrocarbon Eng. Dec. 2001;26-28.

Avidan A, Messersmith D, Martinez R. LNG liquefaction technologies
move toward greater efficiencies, lower emissions. Oil Gas J.
2002;100:60-68.

Aoki I, Kikkawa Y. Technical efforts focus on cutting LNG plant
costs. Oil Gas J. 1995;93:43-47.

. Brooks FJ. Gas Turbine Performance Characteristics: Technical

Document GER-3567H. Schenectady, New York: GE Power Sys-
tems. 2000.

Coyle DA, Durr CA, Hill DK. Cost optimization—the contractor’s
approach. 12th International Conference and Exhibition on Liquefied
Natural Gas, Perth, Australia, 1998.

Richardson FW, Baudat NP, Schmidt WE, Yates DE. Compressor
and driver enhancements for large LNG plants—look again at com-
bined cycle options. 13th International Conference and Exhibition
on Liquefied Natural Gas, Seoul, Korea. 2001.

Fallaize RA, Phillips RS. Next generation LNG—eDrive, All Day
Technical Meeting on February 21st 2002 “LNG and GTL Today.”
Gas Processors Association Europe, London, U.K. 2002.

Shu S, Christiano F, Harrison M. Analysis points to electric-motor
drivers for Angola LNG. Oil Gas J. 2002;100:60.

Heckel BG, Davis FW. Starter motor sizing for large gas turbine
(single shaft) driven LNG strings. 3rd Doha Conference on Natural
Gas, Doha, Qatar, 1999.

Liu YN, Lucas CE, Bower RW, Bronfenbrenner JC. Reducing LNG
costs by better capital utilization. 13th International Conference and
Exhibition on Liquefied Natural Gas, Seoul, Korea, 2001.

30.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

DiNapoli RN, Yost CC. LNG plant costs: present and future trends.
12th International Conference and Exhibition on Liquefied Natural
Gas, Perth, Australia, 1998.

. Vink KIJ, Nagelvoort RK. Comparison of baseload liquefaction proc-

esses. 12th International Conference and Exhibition on Liquefied
Natural Gas, Perth, Australia, 1998.

. Kleiner F, Rausch S, Knabe J. Increase power and efficiency of

LNG refrigeration compressor drivers.
2003;82:69-67.

Hydrocarbon Process.

. Najjar YSH. Efficient use of energy by utilizing gas turbine com-

bined systems. Appl Therm Eng. 2001;21:407-438.

. Pequot Publishing Inc. Gas Turbine World. Gas Turbine World

2000-2001 Handbook. Southport, US: Pequot Publishing Inc., 2001.

. De La Vega FF, Durr CA, Hill DK, Collins C. Plant availability

analysis in LNG plants. 11th International Conference on Liquefied
Natural Gas, Birmingham, UK, 1995.

Villemeur A. Reliability, Availability, Maintainability and Safety
Assessment.Nol. 1: Methods and Techniques. New York: Wiley, 1992.
Sherwin DJ, Bossche A. The Reliability, Availability and Produc-
tiveness of Systems. London, UK: Chapman and Hall, 1993.

Locks MO. Availability, Maintainability, and Availability Assess-
ment. 2nd ed. Milwaukee: ASQC Quality Press, 1995.

Ekstrom TE. Availability/availability guarantees of gas turbine and
combined cycle generating units. [EEE Trans Ind Appl.
1995;31:691-707.

Goel HD, Grievink J, Herder PM, Weijnen MPC. Integrating avail-
ability optimization into chemical process synthesis. Availability
Eng Syst Saf. 2002;78:247-258.

Henley EJ, Gandhi SL. Process availability analysis. AIChE J.
1975;21:677-686.

Del Nogal FL, Townsend DW, Perry SJ. Synthesis of power systems for
LNG plants, GPA Europe Spring Meeting, Bournemouth, UK, 2003.
Ulrich GD. A Guide to Chemical Engineering Process Design and
Economics. New York: Wiley, 1984.

Foster-Pegg RW. Capital cost of gas-turbine heat-recovery boilers.
Chem Eng. 1986;93:73-78.

Beardsley S, Coker S, Whipple S. The economics of reverse osmosis
and ion exchange. Ultrapure Water. 1995;12:41.

Remer DS, Chai LH. Design cost factors for scaling-up engineering
equipment. Chem Eng Prog. 1990;86:77-82.

Hudson Products Corporation. ACHE 2.0 (Basics of Air-Cooled Heat
Exchangers v2.0), Available at: www.hudsonproducts.com, 1999.
Brooke A, Kendrick D, Meeraus A, Raman R, Rosenthal R. GAMS—A
User’s Guide. Washington: GAMS Development Corporation, 1998.

Manuscript received Mar. 19, 2009, and revision received Oct. 27, 2009.

DOI 10.1002/aic

Published on behalf of the AIChE

September 2010 Vol. 56, No. 9 AIChE Journal



