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Abstract

Polygeneration is a concept where multiple energy products are generated in a sin-
gle plant by tightly integrating multiple processes into one system. Compared to
conventional single-product systems, polygeneration systems have many economic
advantages, such as potentially high profitability and high viability when exposed to
market fluctuations.

The optimal design of an energy polygeneration system that converts coal and
biomass to electricity, liquid fuels (naphtha and diesel) and chemical products (methanol)
with carbon dioxide (CO,) capture under different economic scenarios is investigated.
In this system, syngas is produced by gasification of coal and/or biomass; purified by
a cleaning process to remove particles, mercury, sulfur and CO,; and then split to
different downstream sections such as the gas turbine, FT process and the methanol
process. In this thesis, the optimal design with the highest net present value (NPV)
is determined by optimizing equipment capacities, stream flow rates and stream split
fractions.

The case study results for static polygeneration systems reveal that the optimal
design of polygeneration systems is strongly influenced by economic conditions such
as feedstock prices, product prices, and potential emissions penalties for CO,. Over
the range of economic scenarios considered, it can be optimal to produce a mixture
of electricity, liquid fuels, and methanol; only one each; or mixtures in-between. The
optimal biomass/coal feed ratio significantly increases when the carbon tax increases
or the biomass price decreases. An economic analysis of the optimal static polygen-
eration designs yielded a slightly higher NPV than comparable single-product plants.

The flexible operation is then considered for the energy polygeneration system. In
real applications, product prices can fluctuate significantly seasonally or even daily.
The profitability of the polygeneration system can potentially be increased if some
operational flexibility is introduced, such as adjusting the product mix in response
to changing market prices. The major challenge of this flexible design is the deter-
mination of the optimal trade-off between flexibility and capital cost because higher
flexibility typically implies both higher product revenues and larger equipment sizes.

3



A two-stage optimization formulation for is used for the optimal design and oper-
ation of flexible energy polygeneration systems, which simultaneously optimizes de-
sign decision variables (e.g., equipment sizes) and operational decision variables (e.g.,
production rate schedules) in several different market scenarios to achieve the best
expected economic performance. Case study results for flexible polygeneration sys-
tems show that for most of market scenarios, flexible polygeneration systems achieved
higher expected NPVs than static polygeneration systems. Furthermore, even higher
expected NPVs could be obtained with increases in flexibility.

The flexible polygeneration optimization problem is a potentially large-scale non-
convex mixed-integer nonlinear program (MINLP) and cannot be solved to global
optimality by state-of-the-art global optimization solvers, such as BARON, within a
reasonable time. The nonconvex generalized Benders decomposition (NGBD) method
can exploit the special structure of this mathematical programming problem and en-
able faster solution. In this method, the nonconvex MINLP is relaxed into a convex
lower bounding problem which can be further reformulated into a relaxed master
problem according to the principles of projection, dualization and relaxation. The
relaxed master problem yields an nondecreasing sequence of lower bounds for the orig-
inal problem. And an nonincreasing sequence of upper bounds is obtained by solving
primal problems, which are generated by fixing the integer variables in the original
problem. A global optimal objective is obtained when the lower and upper bounds
coincide. The decomposition algorithm guarantees to find an e-optimal solution in a
finite number of iterations.

In this thesis, several enhanced decomposition methods with improved relaxed
master problems are developed, including enhanced NGBD with primal dual infor-
mation (NGBD-D), piecewise convex relaxation (NGBD-PCR) and lift-and-project
cuts (NGBD-LAP). In NGBD-D, additional dual information is introduced into the
relaxed master problem by solving the relaxed dual of primal problem. The so-
obtained primal dual cuts can significantly improve the convergence rate of the algo-
rithm. In NGBD-PCR, the piecewise McCormick relaxation technique is integrated
into the NGBD algorithm to reduce the gap between the original problem and its
convex relaxation. The domains of variables in bilinear functions can be uniformly
partitioned before solution or dynamically partitioned in the algorithm by using the
intermediate solution information. In NGBD-LAP, lift-and-project cuts are employed
for solving the piecewise lower bounding problem. In all three enhanced decompo-
sition algorithms, there is a trade-off between tighter relaxations and more solution
times for subproblems.

The computational advantages of the enhanced decomposition methods are demon-
strated via case studies on the flexible polygeneration problems. The computational
results show that, while NGBD can solve problems that are intractable for a state-of-
the-art global optimization solver (BARON), the enhanced NGBD algorithms help to
reduce the solution time by up to an order of magnitude compared to NGBD. And en-
hanced NGBD algorithms solved the large-scale nonconvex MINLPs to e-optimality
in practical times (e.g., a problem with 70 binary variables and 44136 continuous
variables was solved within 19 hours).
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Chapter 1

Introduction

1.1 Energy Polygeneration Processes

1.1.1 Clean Coal Conversion Processes

Energy and the environment are two crucial issues for the world’s sustainable devel-
opment. The global energy demand is expected to grow by one-third from 2010 to
2035 due to the increase of population and the economic growth [37]. Fossil fuels,
with advantages of low cost, large scale and high stability, will still contribute over
80% of total energy supply in the next several decades [108].

At present the global economy is heavily dependent on the supply of crude oil,
which is limited and potentially unstable. Proven oil reserves are projected to be
depleted in about 46 years globally and in fewer than 20 years in most countries [2],
based on the current production rates with no additional oil discoveries. In addition,
the geographical concentration of oil reserves is a great disadvantage for the energy
security of oil-importing countries. By contrast, coal is an abundant and relatively
cheap fuel, whose price is typically $1-2 per million Btu, compared to $6-12 per million
Btu for natural gas and oil [20]. Coal resources are also widely distributed around
the world, including some large energy consuming countries such as United States,
China and India [2, 20]. Hence coal will be an alternative to crude oil in the new

century, used for power generation, synthetic liquid fuels and chemicals. The Energy
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Information Administration (EIA) projects that coal will account for about 20% of
primary energy usage in the United States up to the year 2035 [52].

However, a significant problem that may obstruct wide utillization of coal is air
pollution from coal conversion processes. Coal-fired plants generate large amounts of
particulates, sulphur oxides and nitrogen oxides. Coal is also the largest contributor to
global carbon dioxide (COs) emissions for energy use (41%) [20]. More concerns about
global warming, which is partially caused by increasing CO; levels in the atmosphere,
have led to efforts to reduce CO, emissions all over the world. CO,y capture and
sequestration technologies must be applied to coal conversion processes in the future
greenhouse gas constrained world [54]. And, coal conversion processes with higher
efficiency should be utilized to achieve lower CO, emissions for the same amount of
energy produced.

Several coal-based conversion processes with high energy efficiency and low COq
emissions, such as Integrated Gasification Combined Cycle (IGCC) and Coal-to-
Liquids (CTL) processes with carbon capture and sequestration (CCS), are being
developed at present [108, 182, 173, 174, 8], serving as potential supplements for
current oil-based processes.

Figure 1-1 shows the flowsheet of a typical IGCC process with CCS [182]. In
the IGCC process, coal is converted to synthesis gas (or syngas), which primarily
contains carbon monoxide (CO), hydrogen (Hs), COy and water, by gasification.
High-temperature oxygen-blown entrained-flow gasifiers are selected to achieve high
conversion of coal and low methane content in the syngas. Coal can be slurry-fed (with
water) or dry-fed (with nitrogen or CO,) depending on the gasification technology. An
air separation unit (ASU) is installed to produce pure oxygen for gasification. After
gasification, syngas is cooled and passes through the scrubber to remove particulate,
ammonia and chlorine species. Then syngas is sent to a water gas shift (WGS) reactor
converting CO and water to CO, and Hy. The sulfur species (which is primarily
hydrogen sulfide (HyS)) and CO; in the syngas are removed in the absorption unit,
in which chemical solvents (amine) or physical solvents (Selexol, Rectisol, Purisol,

etc.) are used. Physical solvents are currently more economically affordable for large-
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scale CO, capture. In recent years, several advanced separation processes, including
adsorption and membrane technologies, have been developed for highly efficient CO,
removal, which can be possibly incorporated into the IGCC process in the future.
The clean Hy-rich syngas with very low sulfur content and low CO; content is sent
to the power generation unit (the gas turbine or fuel cell) to produce electricity. The
captured H,S is converted to elemental sulfur in the sulfur recovery unit (e.g., the
Claus process), and the captured CO, is compressed and sent to some geological
storage sites. All high-quality heat generated in the process is recovered in steam
cycles and used for additional electricity generation by steam turbines. Note that it
is optional to install the COy capture units (including WGS reactors and the acid
gas absorption unit) in the IGCC process, depending on the economics and policy.

For example, the IGCC plant without CCS is suggested to be built first, and when

carbon capture becomes profitable, COg capture units can be then installed.
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Figure 1-1: The flowsheet of an example IGCC process with CCS. [182]

The IGCC power plant achieves high energy conversion efficiency (up to 45%
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(HHV) for the plant without CCS), which is much higher than most of currently
operated pulverized coal (PC) fired power plants (33-37%, HHV) [108]. The environ-
mental benefit of the IGCC process is also significant. In the IGCC process, most
of the air pollutants, including particulates, mercury, sulfur and nitrogen species,
can be removed before combustion at relatively high concentrations. On the other
hand, these pollutants have to be removed from much more diluted flue gas in PC
plants. Therefore, pollutant control will be a easier task for IGCC plants compared
to conventional PC plants [108]. A similar situation is encountered for the control
of CO, emissions. The implementation of pre-combustion carbon capture in IGCC
plants will correspond to 5-8% of energy efficiency loss, while post-combustion carbon
capture in PC plants will cause about 12% of energy efficiency loss [182].

The CTL process contains some similar unit operations as those in the IGCC
process, including gasification, air separation, WGS reaction, acid gas removal, sulfur
recovery and electricity generation. Figure 1-2 shows the flowsheet of a typical CTL
process [174]. Coal is first converted to raw syngas by gasification, and syngas is
then cleaned and upgraded by scrubber, WGS reactors and acid gas absorption units
(e.g., Selexol or Rectisol units). The clean syngas that is ideal for liquid fuels and
chemicals production should possess a Hy/CO mole ratio equal to 2, be free of sulfur
species, and have low concentrations of all other species, especially CO, and water.
In order to protect the catalyst for liquids production, very low sulfur content in
the syngas is required. The clean syngas can be synthesized to liquid products by
two different pathways: the methanol process and the Fischer-Tropsch (FT) process.
In the methanol process, clean syngas is converted to methanol by the methanol
synthesis reaction, followed by a separation unit removing unreacted syngas, water
and higher alcohols from the methanol product. Unreacted syngas is recycled back to
the reactor or sent to the gas turbine to produce electricity. The methanol product can
be directly sold to the market or further upgraded to other products, such as dimethyl
ether (DME), gasoline (by the MTG process) or olefines (by the MTO process). In the
FT process, clean syngas is converted to hydrocarbons with a wide range of carbon

numbers by the FT synthesis reaction. The composition of the F'T product is highly
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dependent on the catalyst and operating conditions (e.g., temperature and pressure).
A complicated separation system is required to obtain qualified products. Typically,
five different streams are produced from the separation system: light ends (including
unreacted syngas and hydrocarbons with small carbon numbers), naphtha, diesel,
wax and water. Naphtha and diesel can be directly sold or further upgraded. Wax is
usually converted to naphtha and diesel by catalytic cracking or hydrocracking. Light
ends are sent to the gas turbine to produce electricity, or converted back to syngas

by steam reforming or partial oxidization for the FT reaction.
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Figure 1-2: The flowsheet of an example CTL process. [174]

The liquid fuels produced by the CTL process are considered as alternatives to
current petroleum-derived fuels, especially for those oil-importing countries. The FT
products have nearly no sulfur and very low content of aromatics, which can be sold
as high-quality fuels or blended with high-sulfur fuels. The economic performance of
the CTL process has been studied, and it is indicated that the CTL plant will be
profitable if the crude oil price stays above $37 per barrel [173]. The CTL process

with CCS will not generate more CO, emissions than the oil refinery process. It is
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estimated that CTL-derived diesel will result in 5-12% less life cycle CO, emissions
than the average petroleum-derived diesel [167]. At present, several small-scale CTL

demonstration plants are being built worldwide.

1.1.2 Biomass Conversion Processes

Biomass is a promising energy source with its abundant reserves and renewable sup-
plies, low air pollution and very low lifecycle CO, emissions [81]. The EIA predicts
that biomass will lead to the growth of renewable electricity generation and biofuel
will lead to the growth of the liquid fuel supply in the next 25 years [52].

Biomass-derived transportation fuels are produced via several approaches, includ-
ing fermentation, gasification and pyrolysis. At present, fermentation is the only
commercialized biofuel production technology. Compared to the other two ways,
fermentation has advantages of lower capital cost and flexible operation. However,
feedstocks for the fermentation approach are quite limited so far, e.g., only grains
and sugar can be used as feedstock based on the current technology. Development of
grain-based biofuel will eventually threaten global food supply. In contrast to fermen-
tation, the gasification approach is able to utilize a wide range of non-grain biomass
feedstocks, including wood, grass and crop residues. Combined with the FT pro-
cess, the gasification approach produces liquid fuels (naphtha and diesel) that can be
directly used by vehicles and is compatible with the current infrastructure. Biomass-
to-liquids (BTL) processes (via gasification) are therefore of increasing interest to the
energy industry.

The BTL process has a similar structure to the CTL process, and both of them
include the gasifier, scrubber, sulfur removal unit, FT system, gas turbine and steam
turbine. Since biomass is a carbon neutral feedstock, CO, sequestration is not needed
for the BTL process. The air-blown circulating fluidized bed (CFB) gasifier, which
is operated at relatively low temperature and low pressure, is usually selected for
biomass gasification. CFB gasifiers suffer from incomplete conversion of feedstock
and formation of certain amounts of hydrocarbons. Larger hydrocarbons generated

in the CFB gasifier, including BTX (benzene, toluene and xylene) and tars, must be
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removed before the FT process. Several methods are available for tar removal, e.g.,
thermal cracking, catalytic cracking and scrubbing. A typical BTL process flowsheet
with three tar removal alternatives is shown in Figure 1-3 [82]. In order to achieve
higher conversions, oxygen-blown entrained-flow gasifiers are also considered for the
BTL process, with some additional feedstock pre-treatment steps such as drying and

torrefaction before gasification.
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Figure 1-3: The flowsheet of an example BTL process with three tar removal alter-
natives. [82]

1.1.3 Energy Polygeneration Processes

The aforementioned coal and biomass conversion processes have advantages of high
energy efficiency, low toxic pollutants and low CO, emissions. However, several prob-
lems are encountered before these processes become applicable. One major drawback
of IGCC, CTL and BTL is the high capital cost per unit of product. For example,
the capital cost for an IGCC plant with CCS can be as high as $2390/kW based on
an estimation in 2007 [182]. With the increase of construction material prices and
more understanding of technical difficulties, the estimated capital cost for IGCC and

CTL will be even higher in the future. Another drawback of these processes is that
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a fixed production rate must be maintained due to rigorous operational requirements
for the gasifier. These single-product processes cannot easily adapt to the fluctuation
of product market prices, especially liquid fuels prices, and their profitability can-
not be guaranteed under all economic conditions. The availability of feedstocks for
the BTL process might also be a problem. Biomass is usually harvested in certain
seasons, while the gasifier requires continuous operation during the whole year. The
BTL plant will suffer from either shortages of feedstock during some times or high
feedstock storage costs. High capital costs, uncertainties in the product market and
the feedstock supply result in high investment risks for potential application of these
single-product processes.

Energy polygeneration could be a plausible way to address the above issues. Poly-
generation, or cogeneration, is a concept in which multiple products are generated in
a single plant from multiple feedstocks by tightly integrating multiple processes into
one system. Polygeneration is attractive for the above advanced energy conversion
processes. Note that IGCC, CTL and BTL processes share some common unit oper-
ations, including gasification, scrubbing, acid gas removal and power generation. It is
possible to design an energy polygeneration process by integrating IGCC, CTL and
BTL processes together, which uses coal and biomass as feedstocks and co-produces
electricity, liquid fuels, chemicals, hydrogen and heat in one plant.

Compared to single-product energy processes, energy polygeneration processes
have many economical and environmental advantages. With polygeneration, the
capital cost and production cost per unit of product will be possibly reduced since
some equipment included in the IGCC, CTL and BTL can be shared in one pro-
cess [183, 118, 119]. For example, in a polygeneration plant co-producing DME and
electricity, the production cost of DME will be $6-6.5/GJ, which is comparable with
conventional fuel prices [118, 51]. Moreover, in a polygeneration process, economic
risks can be reduced by diversification of product portfolios, and potentially higher
profits can be achieved compared to the single-product plants by optimization of the
portfolios. Higher energy efficiency may also be attained in polygeneration processes

due to the tight heat integration of the system [118], e.g., heat generated in exother-
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mic reactors in the FT or methanol synthesis process can be recovered by steam
generation systems for additional power production. |

Polygeneration is a promising process that facilitates the usage of biomass. In
polygeneration processes, biomass and coal can be co-gasified in high-temperature
entrained-flow gasifiers with high conversions, and the biomass pre-treatment becomes
unnecessary. A stable supply of biomass is not required in polygeneration because
coal can be used as feedstock for gasifiers when biomass is unavailable. Liquid fuels
produced by co-gasification of biomass and coal with CCS will lead to much lower life
cycle COy emissions than petroleum-based fuels. Biomass and coal polygeneration
processes with CCS will even have negative process CO, emissions, which can be sold
as carbon credits or compensate for COgy emissions from other processes.

Design and operation of energy polygeneration processes is a challenging task,
in which knowledge and information in different disciplines such as chemical engi-
neering, mechanical engineering, thermal engineering, biochemical engineering and
electrical engineering are needed. Because of the high system complexity, engineer-
ing experience and experimental methods, which are frequently used for traditional
process design, are not enough for the design of polygeneration processes. Hence,
advanced simulation and optimization technologies need to be developed and applied
to the optimal design and operation of energy polygeneration systems. Mathematical
programming is an cffective method for this purpose. By formulating design and op-
erational problems as typical optimization problems, such as nonlinear programming
(NLP) problems or mixed-integer nonlinear programming (MINLP) problems, the
mass and energy integration of the whole process is systematically studied, and all
design and operational variables are optimized to achieve best economic performance
or lowest pollutant emissions. Global optimization algorithms can be applied in order
to ensure global optimal solutions for these problems.

In this thesis, a polygeneration system co-producing electricity, liquid fuels (naph-
tha and diesel) and chemicals (methanol) from coal and biomass as feedstock is in-
vestigated. The detailed process is described in Chapter 2. The optimal design and

operation of (static) polygeneration systems under different economic and policy sce-
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narios is studied. Optimal product portfolios are obtained under different product
price scenarios. The influence of different carbon tax policies on the optimal produc-
tion strategy, such as the implementation of CCS or biomass usage, is also explored.

The case study results are presented in Chapter 3.

1.1.4 Flexible Energy Polygeneration Processes

Conventional energy and industrial processes attempt to maintain operations at their
maximum capacities during the whole operational period, which are called static
processes. Static processes are relatively easy to operate and control, and most of
equipment are most efficient when operated at their design capacity. However, static
processes may not be economically optimal. In reality, market prices and demands
fluctuate frequently. For example, prices of liquid fuels (i.e., gasoline and diesel) vary
seasonally; power prices fluctuate during the course of the day due to the difficulty of
storage, and both are affected by unpredictable human behavior. Static plants may
suffer from high inventory levels or lack of stock under some unpredictable market
conditions, resulting in significant profit loss. More significant problems are encoun-
tered for static power plants, such as coal-fired power plants, nuclear power plants
and even IGCC power plants (due to the inflexible operation of the gasifier). Power
prices and demands at peak times can be several times higher than those at off-peak
times, and power demands can be extremely high under some bad weather conditions
such as high temperatures. High dependence on static power plants will lead to se-
rious power shortages at some peak times and significant energy wastage in off-peak
times.

The concept of a flexible polygeneration process, which allows variable product
mixes during the project lifetime according to market prices and demands, is therefore
proposed. A flexible polygeneration plant alters the production rates of individual
products in response to changing market conditions by oversizing equipment. In
other words, the flexible plant focuses on power generation during peak times when
the power price and demand is high, and is switched to liquids production during off-

peak times when the power price and demand drop significantly. Liquids can be stored
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for a short time and then sold to the market. The flexible polygeneration process
redirects production from unstorable energy (electricity) to storable energy (liquid
fuels) during off-peak times, and significantly increases the total feedstock utilization.
In order to obtain higher profits and prevent high product inventory, the production
pattern of flexible polygeneration plants also changes monthly or seasonally according
to market conditions. Flexible polygeneration processes try to focus on producing the
most profitable product at different times under the capacity constraints, hence they
can adapt the product mix to market fluctuations and have the potential to achieve
better economic performance than static processes.

However, the overall profitability of flexible polygeneration processes cannot be
easily justified. Greater operational flexibility allows larger production rates for the
most profitable product in the corresponding time period, and increases the total
product revenue. Meanwhile, greater operational flexibility requires larger equipment
sizes and increases the capital investment. Inappropriate oversizing of equipment
may cause significant “capacity wastage” and reduction in returns on capital. The
major challenge in the design of flexible polygeneration systems is determination of
the optimal trade-off between operational flexibility and capital cost. It means that
the long-term design problem and the short-term operational problems must be solved
simultaneously, while they are often considered to be separate problems in most of
current system design studies [50].

The joint design and operational problem can be addressed by advanced mathe-
matical programming technologies. A stochastic/multiperiod optimization formula-
tion, which simultaneously optimizes design decision variables and operational deci-
sion variables to obtain the maximum overall or expected net profit over the whole
project lifetime, is a suitable modeling framework for this problem. It is expected
to be a large-scale optimization problem with high computational complexity, and
cutting-edge modeling methods and global optimization algorithms need to be devel-
oped to solve it efficiently. In this thesis, the optimal product portfolios, equipment
capacity usages and CO, emissions of flexible energy polygeneration systems under

different market conditions are studied. The detailed case study results are discussed
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in Chapter 4.

1.1.5 Literature Review

Much progress has been made on the design and operation of coal/biomass-based poly-
generation systems using simulation technologies. Mantripragada and Rubin [123]
developed a comprehensive techno-economic assessment model of a CTL plant and
a polygeneration plant co-producing liquid fuels and power that is capable of incor-
porating CCS, and investigated its capability of mitigating CO, emissions compared
to conventional coal-fired power plants. Wang et al. [179] simulated a co-production
system including a FT synthesis reactor and a gas turbine in Aspen Plus and GS soft-
ware, in which over 50% energy conversion efficiency and only 6-7 years of payback
time were achieved. Hamelinck et al. [82] analyzed the technical and economic per-
formance of a biomass conversion system that produced liquid fuels and electricity in
Aspen Plus, in which the influence of device parameters on investment costs, FT effi-
ciency, electricity efficiency, and resulting FT diesel costs were evaluated. Starfelt et
al. [162] evaluated the performance of a polygeneration systerh that integrated a lig-
nocellulosic wood-to-ethanol process and an existing combined heat and power (CHP)
plant, and showed that the integrated polygeneration system reached a total efficiency
of 50% and the total biomass consumption was reduced by 13.9% when producing the
same amounts of products as in the single-product systems. Yu et al. [187] investi-
gated the performance of polygeneration processes converting coal to liquid fuels and
electricity with CCS, in which the thermal efficiency and CO; emissions were studied.
Li et al. [109] proposed a polygeneration system utilizing natural gas and biomass as
feedstocks and co-producing methanol and electricity, in which feedstock input was
reduced by at least 9% compared to individual systems with the same output illus-
trated by Aspen Plus simulation results. Lin et al. [116] performed a techno-economic
analysis for coal-based polygeneration systems co-producing methanol and electricity
with and without CO; recovery, and showed that the polygeneration technology could
effectively reduce the cost penalty for CO, recovery. Adams and Barton [9, 10] stud-

ied polygeneration systems converting coal and natural gas to electricity, methanol,
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gasoline and diesel, and compared different natural gas reforming strategies for the
best energy efficiency and profitability. Ng and Sadhukhan [140, 141] analyzed energy
efficiency and production costs for bio-oil integrated gasification and methanol syn-
thesis (BOIG-MeOH) systems and bio-oil integrated gasification and Fischer-Tropsch
(BOIG-FT) systems. Gassner et al. [64, 63, 62] built a thermo-economic model for
the polygeneration process that co-produces synthetic natural gas (SNG), electricity
and heat from waste biomass, and studied the most profitable system configurations
under different energy price scenarios and scales. Li et al. [115] performed an ex-
ergoeconomic analysis for a dual-gas (syngas from coal gasification and coke oven
gas) sourced polygeneration process co-producing methanol, DME and dimethyl car-
bonate (DMC), and studied the exergy loss and the production cost in the process.
Some other studies for coal- and/or biomass-based polygeneration systems can be
found in Refs [149, 99, 186, 86, 61, 185, 142]. These studies provide potential feasible
polygeneration system designs for real applications and demonstrate that polygener-
ation processes exhibit better economic performance and lower CO, emissions than
conventional energy production processes. However, no systematic optimization for
process design and operation variables was done in these studies.

Optimal design and operation of coal/biomass-based polygeneration systems based
on mathematical programming has been investigated in several papers. Liu et al. [118]
constructed a mixed-integer linear programming (MILP) model in GAMS for a coal
polygeneration system co-producing methanol and power, in which the net present
value (NPV) was maximized by optimizing different combinations of feedstocks and
technologies. This demonstrated that polygeneration processes with fixed electric-
ity and methanol yields have advantages over methanol synthesis processes in a vast
range of methanol/power price ratios. Following this work, Liu et al. [119, 121, 120]
developed a series of MINLP models in GAMS for coal-based polygeneration systems
co-producing methanol and power, in which combinations of technologies together
with design and operational variables were optimized to obtain the best annual profit
or NPV. Compared to the original work [118], more process details were added into

the model in [119], a multi-objective optimization approach was applied in [121] and
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process uncertainties were considered in [120]. Baliban et al. [27, 28, 29, 30] studied
a hybrid coal, biomass and natural gas to liquids (CBGTL) process that produced
transportation fuels (gasoline, diesel and kerosene). A MINLP model was formulated
for the optimal process synthesis with simultaneous heat, power and water integration.
Optimal designs under different feedstocks, plant capacities and process superstruc-
tures were investigated. The case study results showed that the break-even oil prices
for liquidAfuels production were $61.36/bbl for the small capacity, $60.45/bbl for the
medium capacity, and $55.43/bbl for the large capacity. So far, systematic studies of
optimal design and operation of polygeneration systems under different market and
policy scenarios have not been made.

The concept of flexible designs has been studied for some power generation sys-
tems. For example, Yunt et al. [189] developed a two-stage optimization formulation
for the optimal design of a fuel cell system for varying power demands. This formu-
lation incorporates a design stage and an operational stage, optimizing the design
decision variables (such as equipment sizes) and the operational decision variables
(such as temperdtures and flow rates) for all potential power demands simultaneously.
The authors pointed out that an optimal design based on a nominal power demand
would perform poorly or even become infeasible for some peak power demands, and
they also demonstrated that a flexible design determined by the two-stage formulation
achieved higher fuel energy densities than other designs.

Flexible polygeneration systems have been studied in several papers. Meerman et
al. [132, 130, 131] investigated technical possibilities and performances of a flexible
polygeneration system, called integrated gasification polygeneration (IG-PG), by As-
pen Plus simulations. This polygeneration system uses oil residues, coal and biomass
as feedstocks, and co-produces Hs, electricity, FT-liquids, methanol and urea. The
flexible system produced electricity during peak hours, while was switched to chemical
productions during off-peak hours. The authors studied the influence of feedstock on
the performance of the system, including CO, emissions and energy efficiency. The
possible ranges for equipment load under flexible operations were also studied, e.g.,

the operation of the FT section was restricted to 60-100% load to prevent that the
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gas turbine load is below 40%. No optimization on the system design and operation
was done in these works. Liu et al. [121] studied the optimal design of a coal polygen-
eration system co-producing power and methanol with multiple operation periods. In
this study, the feedstock and product prices were assumed to increase from period to
period due to inflation. The optimal design and operation schedule in three periods
(with several years in one period) were determined by a two-stage formulation. How-
ever, seasonal variations of market prices and daily fluctuations of power prices, which
are critical in flexible polygeneration systems, were not considered in this study.
Design and operational optimization work has also been done in some other en-
ergy conversion systems. Liszka and Ziebik [117] developed a design optimization
model for a metal production system consisting of a Corex unit (one of technolo-
gies for cokeless hot metal production), a combined cycle power plant and an ASU,
and optimized the NPVs for different price scenarios in the coal, iron and electricity
markets. Karuppiah et al. [98] minimized the energy requirement of a corn-based
bioethanol plant through the use of heat integration and mathematical programming
techniques, and the results showed that the steam consumption required could be
reduced by more than 40% compared to the initial basic design. Martin and Gross-
mann [127, 128, 129] investigated the optimal design of several biofuel production
processes, including a FT-diesel production process using switchgrass via gasification
[127], a bioethanol production process using switchgrass via hydrolysis [128] and a
biodiesel production process using waste cooking oil and algae oil via catalytic re-
actions [129]. In these studies, the optimal technology alternatives and operational
conditions were obtained by solving MINLP models. The results indicated that low
production costs and low energy and water consumptions could be achieved in these
processes. Much work has also been done on optimal design and operation of CHP
systems, co-producing electricity, heat and chilled water, to achieve minimum annual

costs, energy costs or CO, emissions [21, 15, 44, 42, 155, 144, 83, 180, 146, 50].
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1.2 Stochastic/Multiperiod Optimization Problems

1.2.1 Problem Formulation & Applications

Stochastic/multiperiod optimization problems are often formulated using the follow-

ing two-stage framework [35, 93]:

max fYy) + Z Occuy My (y, Pary,)

h=1
s.t. g(l)(y) <0
\
M,,(y,Par,) = max F®(y,xn, Pary) (1.1)
s.t. g (y,xp, Pary) <0
gy X Pan) <0 Ly, oy,
h(Q)(yv Xhs Parh) =0
X, € Xy, )
yey

where y are design decision variables, x), are operational decision variables in scenario
h; Y are bounds on the design decision variables, X, are bounds on the operational
decision variables in scenario h; gV and h(Y) are design inequality and equality con-
straints, respectively, such as equipment cost calculations; g'® and h(? are operational
inequality and equality constraints, respectively, such as mass and energy balances,
reactor feedstock specifications and emission regulations; f() is the part of the ob-
jective function that is only dependent on design decision variables, e.g, a function
of capital costs; f® is the part of the objective function that is dependent on both
design and operational variables, e.g., a function related to product revenues, feed-
stock costs and operational costs; Occuy, is the probability or fraction of occurrence
of scenario h over the plant lifetime; Par, are the economic parameters in scenario
h; N, = {1,...,s} is the set of scenarios over the plant lifetime. M} is the optimal

solution of the ht" second-stage (or operational-stage) program. The size of the whole
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problem depends on the number of scenarios s. When s is large, the problem can be
a large-scale MINLP problem even if the second-stage problem M), is small.
The program (1.1) can be simplified to an equivalent single-level program, as

shown in Eq (1.2):

max_ fM(y)+ > Occunf®(y, xs, Pary)

Y X1, Xs b1

(1.2)

h®(y x,, Par,) =0 pVh €N,
Xy € Xh

yeyY.

Program (1.2) is much easier to solve than program (1.1) in practice, and thus
is widely used for stochastic/multiperiod problems. However, the solution sets of
(1.1) and (1.2) are only guaranteed to be identical for their global optimal solutions
[189]. Hence, a global optimization solver must be applied to problem (1.2) in order
to obtain the global solution of the two-stage program (1.1).

- Stochastic and multiperiod programming problems have the same two-stage struc-
ture. However, there are several subtle differences between the two problems. In
multiperiod programs, all scenarios will occur during the plant lifetime with a known
frequency of occurrence and the overall profit during the plant lifetime is optimized.
In stochastic programs, the scenarios are random events and only one with estimated
probability of occurrence will occur during the plant lifetime. The stochastic program
is intended to optimize the expected value of the profit whose actual value is unknown
before the plant begins to operate.

Stochastic/multiperiod pooling problems are a class of optimization problems,
in which the only nonlinear functions are bilinear functions. They are widely used

for optimization of chemical systems when blending and separation processes are
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involved and stream compositions need to be tracked in the whole system. Stochas-
tic/multiperiod pooling problems are potentially large-scale nonconvex MINLP prob-
lems, where the nonconvexity originates from the bilinear functions.

Besides flexible energy polygeneration optimization problems, two-stage stochas-
tic/multiperiod programming formulations are also applied to a wide range of other
engineering design and optimization problems. For example, the two-stage multi-
period formulation is used for the design and planing of power generation systems
(189, 122], petroleum production and supply systems [138, 175, 139], utility systems
(87, 88, 6, 159], water supply systems [165], supply chain networks [38, 46, 184, 94],
batch manufacturing facilities [125, 177, 26, 137, 176], production and distribution
of multiproduct systems [89] and oil spill response [192]; and the two-stage stochas-
tic formulation is extensively applied to optimization problems with the presence
of uncertainty, such as oil & gas production [161, 110, 72, 91, 103, 166], refinery
planning [148, 104, 105, 18, 107], power generation [73, 172, 90, 143, 43, 40], heat in-
tegration [147, 65], water management (85, 22, 17, 71, 96], coal polygeneration [120],
reactor design [126], real-time optimization (RTO) [191] and supply chain networks
(156, 80, 75, 78, 92, 79, 16, 45].

1.2.2 Global Optimization Algorithms & Literature Review

Global optimization algorithms guarantee the global optimal solutions for nonconvex
MINLP problems. For simplicity, the following discussion is only based on the min-
imization problems, and it could be easily modified for the maximization problems.
In global optimization algorithms, a sequence of lower and upper bounds on the op-
timal objective value is generated. At each iteration, the lower bound is obtained
by solving a relaxation of the original problem, and the upper bound is obtained
by solving a restriction of the original problem. The lower and upper bounds will
converge to the global optimal solution (within the specified tolerance) after a finite
number of iterations. Several global optimization algorithms have been developed
so far, including branch-and-bound, outer approximation (OA), generalized Benders

decomposition (GBD) and Lagrangian decomposition [113, 76].
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In branch-and-bound algorithms, the domain of the problem is partitioned at each
iteration. The lower bounds are generated by solving relaxations (typically convex
relaxations) of the problem on each of the subdomains, and the upper bounds are
generated by solving restrictions or obtaining local optima or feasible solutions of the
problem on each of the subdomains. A large number of subdomains may be fathomed
by comparing the upper and lower bounds. For example, when the local optima
or feasible solutions of the problem are used for upper bounds, subdomains whose
lower bounds are higher than or equal to the lowest upper bound can be fathomed.
The branch-and-reduce algorithm is a typical branch-and-bound algorithm, which
applies range reduction techniques [152, 154, 169, 168, 170]. The oBB algorithm is
another type of branch-and-bound algorithm for general twice-differentiable functions
(19, 14, 12, 13]. The computational times of branch-and-bound algorithms might
increase exponentially with the problem size in the worst case. Therefore it will
be quite challenging for branch-and-bound algorithms to handle large-scale MINLP
problems; including stochastic/multiperiod optimization problems.

In OA algorithms, the original problem is reformulated to a master problem by
projection and outer linearization, which potentially contains a large number of con-
straints. The relaxed master problem is then generated by selecting a finite subset of
the constraints in the master problem, and its solution provides a lower bound on the
optimal objective. A restriction of the original problem, called the primal problem,
is solved to give an upper bound on the optimal objective. By iteratively solving
primal problems and relaxed master problems, a sequence of nonincreasing upper
bounds and nondecreasing lower bounds are generated. The global optimal solution
is obtained when the upper bound and lower bound coincide. Note that although
the primal problem may possibly be decomposed into subproblems with smaller sizes,
the relaxed master problem still needs to solved in the space of all variables. The
development for OA algorithms can be found in Ref [57, 178, 59, 176]. The origi-
nal OA is designed for problems with only convex nonlinear functions. Kesavan et
al. [100, 101] developed a new OA algorithm that extends the application of OA to

problems with nonconvex functions. OA cannot fully exploit the special structure of
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two-stage stochastic/multiperiod problems (e.g., the size of the relaxed master prob-
lem depends on the number of scenarios) and it is usually not practical for problems
with a large number of scenarios.

GBD is the extension of Benders decomposition (BD) [32] (which is also called the
L-shaped method for stochastic linear programs [160, 34, 36]) to nonlinear problems,
which was originally developed by Geoffrion [68]. In GBD algorithms, a master prob-
lem is generated by projection and dualization of the original problem, and it contains
an infinite number of constraints. GBD algorithms have almost the same procedure
as OA algorithms. Primal problems and relaxed master problems are solved for upper
and lower bounds. The relaxed master problem in GBD only contains a subset of
the variables, which are typically complicating variables (or first-stage variables in
two-stage problems), and its size could be much smaller than that in OA. GBD is
quite suitable for the two-stage stochastic/multiperiod programming problems since
GBD can fully exploit the special mathematical structure of those problems. When
applied to two-stage programs, primal problems in GBD are constructed by fixing the
first-stage variables, which then naturally decomposed into a series of subproblems
that only contain the variables of one scenario. The relaxed master problems only
include first-stage variables, and their sizes are independent of the number of sce-
narios. Therefore, the computational time for GBD is expected to increase linearly
with the number of scenarios. The original version of GBD can only solve prob-
lems with convex nonlinear functions. Recently, Li et al. [113, 114] developed a new
version of the GBD algorithm, called nonconvex generalized Benders decomposition
(NGBD), for problems with nonconvex functions. NGBD has been successtully ap-
plied to several large-scale stochastic programming problems, including the Haverly
pooling problem, pump network configuration and natural gas production network
design [110, 112, 113, 114].

Lagrangian decomposition is another important algorithm for MINLP problems
[77, 134], which is also widely used for two-stage stochastic programs [151]. In La-
grangian decomposition algorithms, the original problem is reformulated by duplicat-

ing the first-stage variables and adding additional equality constraints (or linking con-
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straints) to link these variables. The dual of this reformulated problem, or Lagrangian
relaxation of the original problem, is generated by dualizing the linking constraints
into the objective function. The Lagrangian relaxation can be naturally decomposed
into a series of much smaller subproblems for each scenario. The Lagrangian decom-
position is usually used in a branch-and-bound framework to guarantee convergence
to a global optimal solution when applied to nonconvex MINLP problems [97, 102].
Note that within the branch-and-bound framework for the Lagrangian decomposi-
tion, branching needs to be performed in the full variable space whose size depends
on the number of scenarios. Hence, Lagrangian decomposition may not practically
solve problems with a large number of scenarios.

Compared to other global optimization algorithms, NGBD is the most suitable
one for the flexible polygeneration optimization problems. In this thesis, NGBD is
further developed to enhance its performance and applied to case studies of flexible
polygeneration design and operation. Discussions will be found in Chapter 5, 6 and

7.
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Chapter 2

Process Description of Energy

Polygeneration Systems

2.1 Overview

In this thesis, a polygeneration system co-producing power, liquid fuels (naphtha and
diesel) and chemicals (methanol) from coal and biomass as feedstock is investigated
(48, 47]. A simplified process flowsheet of the polygeneration system is shown in Figure
2-1. Coal and biomass are first converted to synthesis gas (syngas) in the gasifier.
Then, the sulfur species, CO,, and other pollutants in the syngas are removed in
the syngas cleaning and upgrading process. Finally, the syngas is split to different
downstream energy product processes such as the Fischer-Tropsch synthesis process,
the methanol synthesis process and the gas turbine. All usable heat generated in
the process is recovered in the heat recovery steam generator (HRSG) for additional
power generation using steam turbines.

The whole system comprises six subsystems: air separation unit (ASU) and gasi-
fier, syngas cleaning and upgrading process, Fischer-Tropsch (FT) synthesis process,
methanol (MeOH) synthesis process, gas turbine (GT), and heat recovery steam gen-
erator (HRSG) and steam turbine. The detailed process flowsheet is shown in Figure
2-2, where each subsystem is placed in the same position as in Figure 2-1. IGCC and

CTL process designs in NETL reports [182, 173, 174] are selected as references for
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the polygeneration system design.
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Figure 2-1: Simplified process flowsheet of the polygeneration system.

2.2 ASU and Gasifier

In the air separation unit, O, with over 95 mol % purity and a Ny stream are produced
by a cryogenic distillation process. Most of the O, is compressed and fed into the
gasifier, and the rest is sent to the Claus plant in the syngas cleaning process and the
auto-thermal reforming reactor in the Fischer-Tropsch synthesis process. Part of the

N, is used as diluent in the gas turbine combustor to prevent excessive temperatures

in the gas turbine generator and to reduce nitrogen oxide emissions.

A slurry-feed, oxygen-blown, entrained-flow gasifier is selected, where the coal
(and biomass) and water are fed. High temperature, high pressure syngas is produced.
Based on the current designs of entrained-flow gasifiers, biomass cannot totally replace

coal as the carbon source and the biomass/coal mass ratio cannot exceed an upper
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limit. The raw syngas produced consists mostly of Hy and CO with smaller amounts of
water vapor and CO, and small amounts of H,S, COS and other impurities. Coal ash
is melted and flows out of the gasifier as slag, which can be used to produce building
materials. Hot syngas from the gasifier passes a radiant cooler and a convective cooler
to recover high temperature heat and middle temperature heat, and then is sent to

the syngas cleaning process.

2.3 Syngas Cleaning and Upgrading Process

The syngas cleaning process removes impurities in the raw syngas (including partic-
ulates, chlorides, sulfides, mercury and CO,) and adjusts the Hy to CO mole ratio in
the clean syngas to appropriate levels for downstream processes.

Raw syngas first passes a scrubber to remove particulates and chlorides, and then
enters a COS hydrolysis reactor, where almost all COS is converted to COy and HyS

by the following reaction:

The syngas exiting the COS hydrolysis reactor is cooled and passes through a
carbon bed to remove over 95% of mercury. Then, cool syngas enters a Selexol unit,
where almost all H,S is removed. The H,S rich stream is sent to the Claus plant,
where H,S is converted to elemental sulfur, a product of the polygeneration process,

via the following reaction:

1

The syngas exiting the Selexol unit is almost free of HyS and other pollutants. The
clean syngas is reheated and split into three branches: the left branch for production
of syngas with Hy/CO mole ratio of 2 for Fischer-Tropsch synthesis and methanol
synthesis processes, the middle branch for generation of Hy rich gas for the gas tur-
bine, and the right branch for electricity production with the gas turbine. In the

polygeneration system design, the split fractions of syngas to these three branches
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can be adjusted to change the production rates of power and liquids (naphtha, diesel
and methanol) and decide whether carbon capture and sequestration (CCS) is imple-
mented in the power generation section.

The left and middle branches have similar structure. Clean syngas first passes
through three-stage water gas shift (WGS) reactors in series, which include two high-
temperature reactors and one low-temperature reactor, to convert part of the CO by

the following exothermic reaction:

The heat generated can be recovered for power generation. The Hy/CO mole ratios
in the syngas after the WGS reactors are different in the two branches. In the left
branch, the Hy/CO mole ratio is strictly equal to 2; while in the middle branch, the
H,/CO mole ratio has flexible values much higher than 2. Syngas is then cooled and
enters another Selexol unit to remove most of the CO,. Part of the COy from the
Selexol unit is compressed and sequestered, and rest is emitted. In the left branch,
syngas after the Selexol unit passes through a Zinc oxide (ZnO) bed to remove trace
amount of remaining H,S, and a small portion of the CO, lean syngas is sent to a
pressure-swing adsorption (PSA) unit to separate Hy for the Fischer-Tropsch process.

Syngas is then reheated and sent to different downstream processes.

2.4 Fischer-Tropsch Synthesis Process

Sulfur-free syngas with a Hy:CO molar ratio of 2:1 from the left branch of the syngas
cleaning and upgrading process passes through a turbine (or expander) to decrease
the pressure and is fed to the Fischer-Tropsch (FT) synthesis reactor, where a cobalt-
based catalyst is used and syngas is converted into linear paraffinic hydrocarbons

with carbon numbers from 1 to 70 by the following reaction:

nCO -+ (ZTL -+ 1)H2 = CnH2n+2 =+ TLHQO (24)
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The FT reaction is highly exothermic; hence a large amount of steam can be pro-
duced for power generation. The products of FT synthesis are separated into several
streams in the hydrocarbon separation unit: light ends (including unreacted syngas,
C;-C4 hydrocarbons), naphtha (Cs5-Cyo hydrocarbons), diesel (C11-Cqg hydrocarbons),
wax (above Cgy hydrocarbons), and water. Naphtha and diesel are products of this
polygeneration system, and can be further upgraded in existing refinery processes.
Wax is sent to a hydrocracking reactor, converted to light hydrocarbons, naphtha
and diesel, and recycled back to the hydrocarbon separation unit. Light ends gas is
compressed after the separation unit. Part of the light ends are sent to the gas turbine,
and the rest is sent to an autothermal reforming reactor, where light hydrocarbons

are converted back to syngas by the following reactions:

1
HQ + 502 - HQO (26)
3n+1
CnH2n+g + 5 Oy — nCOy + (TL + 1)H20 (27)
CnH2n+2 +nH,O = nCO + (271 + 1)H2 (28)

Part of the syngas produced by the reforming reactor is recycled to the FT syn-
thesis reactor, and the rest is sent back to the syngas cleaning process to remove

COa.

2.5 Methanol Synthesis Process

Sulfur free syngas with a Hy:CO molar ratio of 2:1 from the left branch of the syngas
cleaning and upgrading process is fed to the methanol (MeOH) synthesis reactor,
where a copper-based catalyst is used and syngas is converted into methanol by the

following reaction:
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The MeOH reaction is highly exothermic; hence a large amount of steam can
be produced for power generation. The products of the McOH synthesis reactor
are separated into several streams in the methanol separation unit: unreacted syn-
gas, methanol with purity of 99.8% and higher alcohols that are byproducts of the
methanol synthesis reaction. High purity methanol is one of the products of the
polygeneration system. Part of the unreacted syngas and higher alcohols are sent to
the gas turbine as fuel. The rest of the syngas is recycled to the methanol synthesis

reactor.

2.6 Gas Turbine

Clean syngas from the middle and right branches of the syngas cleaning and upgrading
process passes through several expanders to reduce the pressure to the maximum
operating pressure of the gas turbine, generating some additional power. This is mixed
with the tail gas of the PSA unit, light ends from FT synthesis, unreacted syngas
and higher alcohols from MeOH synthesis, compressed air, nitrogen from the ASU,
and steam to form the feedstock of the gas turbine combustor. High temperature
and high pressure flue gas produced from the combustor drives the gas turbine to
generate a large amount of power. The exhaust gas exiting the gas turbine with high
temperature passes through the HRSG where additional heat is recovered for power

generation. The flue gas exiting the HRSG is discharged through the plant stack.

2.7 HRSG and Steam Turbine

Heat generated in units such as the gasificr, WGS reactors, FT reactor, MeOH reactor,
Claus plant and gas turbine is recovered in the heat recovery steam generator (HRSG).
Part of the heat recovered is supplied to heat-consuming units such as the hydrocarbon
separation unit and the methanol separation unit. The rest of the heat is used in the

steam turbines to produce additional power.
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Chapter 3

Optimal Design and Operation of
Static Energy Polygeneration
Systems

3.1 Mathematical Model

3.1.1 Overview

This work focuses on the influence of different economic and policy conditions on
the optimal design and operation of polygeneration systems [48]. The objective is
to maximize the economic performance of the whole plant while satisfying all design
and operational constraints. Material and energy balances describe the entire sys-
tem. To both keep the problem tractable for current global optimization solvers and
maintain the accuracy of the model, reduced models are used to represent all unit
operations using parameters estimated from detailed Aspen Plus simulation models,
the literature, or industrial experience.

The key decision variables are shown in Figure 2-2 and explained in Table 3.1.
My ry» Which is limited by the gasifier capacity, determines both the feedstock con-

sumption rates and production rates of the whole plant. R, /¢ determines the biomass

usage level. Siq, Sele and Sy determine the flows of syngas to the different down-
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stream processes and hence the production distribution. Ryga and Rygs determine

the optimal CO conversions in the WGS reactors. High CO conversions in the WGS

reactors (or deep shifts) achieve low CO, emissions, but result in high steam con-

sumption which reduces the energy efficiency of the whole system. Hence the CO

conversions need to be optimized based on the product prices and carbon emission

tax. Sseq determines the COq sequestration ratio, which represents a tradeoff: high

CO, sequestration ratios imply low CO, emissions but high power consumptions.

S..; and Sie determine the recycle ratios in the FT process, and Spes determines the

recycle ratio in the MeOH process.

Table 3.1: Key decision variables in the model

Decision Variables

Description

gas
MMy, dry

Ryt
Sliq

Sele

ngsl
ng32
S, seq
S me
S atr
S fts

S mes

Mass flow rate of the dry feedstock fed into the gasifier

Dry mass fraction of biomass in the gasifier feedstock

Split fraction of the clean syngas to the liquid fuel produc-
tion (or the left) branch in the syngas cleaning and upgrading
process

Split fraction of the clean syngas to the power generation with
CCS (or the middle) branch in the syngas cleaning and up-
dating process

Conversion of CO in Water Gas Shift Reactor 1

Conversion of CO in Water Gas Shift Reactor 2

Split fraction of the CO; stream to sequestration

Split fraction of the clean syngas with Hy/CO mole ratio of 2
to the methanol synthesis process

Split fraction of the light ends exiting the hydrocarbon sepa-
ration unit to the autothermal reforming reactor

Split fraction of the syngas exiting the autothermal reforming
reactor to the Fischer-Tropsch synthesis reactor

‘Split fraction of the unreacted syngas exiting the methanol

separation unit to the methanol synthesis reactor

Most parameters in the reduced models of unit operations are estimated from

an Aspen Plus simulation model of the polygeneration process [9]. In the Aspen

Plus model, RStoic models (reactor models with specified conversions) and RPlug
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models (rigorous plug flow reactor models with detailed kinetics) models are selected
for reactors, RadFrac models (rigorous 2 or 3-phase distillation models) are used for
distillation columns, and compressor/turbine models with isentropic efficiencies are
employed for compressors and turbines.

The mathematical models in this study include the following sub-models: mass
balances in each unit operation, energy balances, enthalpy calculations, capital cost
calculations, production rates, CO, emission rates, and economic analyses. Detailed
equations are listed in Appendix A. Assumptions and some key equations in each

sub-model will be discussed here.

3.1.2 Mass Balance
Air Separation Unit

In the air separation unit, air is separated into O, and Ny rich streams. Only three
major species, Ny, Oy and Ar, are included in mass balance calculations. The split

fraction of Oy in air to the Oy rich stream is 0.94 [182, 9].

Gasifier

Gasification is the most important unit operation in the polygeneration process. Com-
plex chemical kinetics models, transport models and thermodynamics models are re-
quired to represent the entire gasification process accurately. For the highest amount
of accuracy, solving these models needs extremely high computational effort and hence
they cannot be incorporated into the optimal design model.

In this model, the operating temperature and pressure are fixed as parameters.
Six elements (C, H, O, N, S and Cl) in the feedstock are converted to eleven species
(CO, Hy, COq, Hy0O, CHy, Ny, Ar, H,S, COS, NH; and HCI) in the raw syngas.
Conversions of all elements are assumed constant under such operating conditions,
e.g., the conversion of C is 0.98 and conversions of all other elements are assumed to
be 1 {182, 9].

In this study, Illinois #6 coal is used and straw is selected as the biomass. The
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mass fractions of water in Illinois #6 coal and straw are 0.1112 and 0.082, repectively

[182, 171]. Their dry mass compositions are listed in Table 3.2 [182, 171].

Table 3.2: Dry mass compositions of feedstocks

Mass Fractions of Elements Illinois #6 Coal Straw

C 0.7172 0.476
H 0.0506 0.058
O 0.0775 0.4012
N 0.0141 0.005
S 0.0282 0.0008
Cl 0.0033 0.001

The mole composition of raw syngas from the gasifier is assumed to be unchanged
under a given feedstock portfolio. Hence the molar flow rates of all species in the raw
syngas can be easily related to the molar flow rates of some key species. Due to the
design limitations of current gasifiers, the mass fraction of biomass in the feedstock
Ry/¢ cannot exceed an upper limit Ry/max (typically 30%) [167]. In this model, the
molar compositions of raw syngas from pure coal and the coal/biomass mixture with
the biomass mass fraction of 30% are obtained from the Aspen simulation results
[9, 136]). The gasification of coal and biomass is assumed to take place independently,
hence the molar composition of the raw syngas from the feedstock with any biomass
mass fraction between 0 and 30% is a linear combination of the above two given molar

compositions.

Scrubber

Species with high solubility in water (HC1 and NHj) are assumed to be totally re-

moved in the scrubber, while the absorption of other species is neglected.

COS Hydrolysis Reactor

In industry, high COS conversion (typically over 99.5% [182]) can be achieved in the

hydrolysis reactors. The COS is thus assumed to be totally converted in this model.
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Selexol Units

In this model, the operating temperature and pressure are fixed as parameters for
all Selexol units, though feedstock compositions may change in different designs. For
simplicity, the HyoS or CO, split fraction is assumed to be constant in all cases. This
is an adequate approximation when the feedstock compositions do not vary in a wide
range, which is true for this study.

The Selexol unit for HyS removal is assumed to only separate HyS and CO from
the syngas, and absorption of Ny and Ar are neglected. The split fraction of HyS to
the clean syngas is 6 x 107° [9]. The H,S rich stream from the Selexol unit is assumed
to have a fixed composition under a wide range of operating conditions. The mole
fraction of HyS in the H,S rich stream is 0.48, and the remaining species is COy [9].

Similarly, the Selexol unit for CO, removal is assumed to only separate COq from
the syngas, and absorption of Ny and Ar are neglected. There is only trace amount
of HsS in the feedstock; hence the absorption of H,S is also not considered. The split
fraction of COj; to the clean syngas is 0.031 [9]. CO; stream produced is assumed to
be pure CO,.

Claus Plant

The conversion of HyS in the Claus reaction is assumed to remain unchanged in all

cases, which is 0.975 [182, 9], and Oy is totally consumed.

Water Gas Shift Reactors

The product molar flow rates of the WGS reaction is constrained by the following

nonlinear correlation:
wgs wgs wgs ,Wes wgs _
FoamFodco, T A Foicofpano =0 (3.1)

where Ffeo, Foinor Fpaoo, and Fopgy, are molar flow rates of CO, H,O, CO2 and
H, in the product stream of the three-stage WGS reactor respectively; A% is equal

to 42.77, which is a factor regressed from simulation results of the detailed WGS
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reactor model [7]. The CO conversions (overall conversions of the three-stage WGS
reactors) predicted by this model and the detailed model differ less than 5%.
The Hy/CO mole ratio in the product of WGS Reactor 1 is required to be 2, and

there is no product requirement for WGS Reactor 2.

Pressure-swing Adsorption Unit

In the PSA, only H; is adsorbed by assumption, thus pure Hy stream is produced.
The Hy recovery is constant in this model because the operating conditions of PSA

are specified for all cases. The split fraction of Hy to the Hy stream is 0.9 [163].

Fischer-Tropsch Synthesis Reactor

In the FT reactor, over 100 species of hydrocarbons with carbon numbers from 1 to 70
are synthesized. It is too complicated to model the F'T reaction by representing each

hydrocarbon species individually. Instead, the following lumped model is employed:

CO + Hj; = light products + naphtha + dieselwax + oxygenates + HyO (3.2)

Light products, which are hydrocarbons with carbon numbers between 1 and 4, are
modeled as individual species including CH4, CyHy, CoHg, C3Hg, C3Hg, C4Hg and
C4Hy9. Naphtha, diesel and wax are lumped species. Each lumped species is simply
represented by the middle species in that lump, e.g., C¢Hy4 and CgHig represent
naphtha, CigHss represents diesel, and Cs3Hgg represents wax. COs is assumed to be
the only oxygenate product.

Due to the lack of detailed FT reactor kinetics, a fixed conversion and product
distribution are estimated from the advice and industrial experience of BP engineers.
The conversion of CO is 0.65, and the carbon selectivity of CgH14, CgHis and CigHay
are 0.08, 0.11 and 0.22, respectively. The detailed parameters are available in Ap-
pendix A.

There is a feedstock specification for the F'T synthesis reactor: the COy mole

fraction in the feedstock cannot exceed an upper limit, typically 0.05, based on the
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industrial experience of BP engineers.

Hydrocarbon Separation Unit

All species except CgH14 are assumed to be sharply split in the hydrocarbon separation
unit: all light ends including C;-C4 hydrocarbons, CO, Hy, Ng, Ar and CO, enter the
light ends stream, all CgH;g enters the naphtha stream, all CigH34 enters the diesel
stream, all C33Hgg enters the wax stream, and all HyO enters the water stream. Most
of the CgHy4 enters the naphtha stream while the remaining portion enters the light
ends stream. A fixed split fraction of CgHy4 to the naphtha stream, which is 0.986,

is assumed [9)].

Hydrocracking Reactor

In real applications, thousands of species and millions of reactions are involved in
the hydrocracking reaction, which is impossible to be accurately modeled based on
current technology. In this model, the hydrocracking reaction is simply represented
by:

wax + Hy — naphtha + diesel (3.3)

Or
CssHes + 2Hy — yCgHig + 2C16H34 (3.4)

The conversion of wax is 0.3333. The values of y and z are 0.4344 and 1.8453,

respectively. They are estimated based on industrial experience of BP engineers.

Auto-thermal Reforming Reactor

In the autothermal reforming (ATR) reactor, part of the CO, Hy and hydrocarbons
need to be oxidized to provide the heat for the endothermic steam reforming reactions.
For simplicity, the ATR is modeled as two separate treactions in series: the combustion
reactions (2.5) (2.7) happen first, then the steam reforming reactions (2.8) take place.
The conversion of species in the combustion reaction, which is assumed to be equal for

all species, is a decision variable. The conversions of species in the steam reforming
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reactions are fixed, e.g., the conversion of CHy is 0.96 [190]. The detailed parameters

are available in Appendix A.

Methanol Synthesis Reactor

In the methanol synthesis (MeOH) reactor, methanol (CH3OH) and a small portion
of higher alcohols are produced from syngas. The water gas shift reaction is neglected
here due to the very low water content in the feedstock. Higher alcohols in this model
are represented by ethanol (CoH;OH). Hence, two reactions take place in the MeOH

reactor. The main reaction is:

The side reaction is:

1 1

Due to the lack of detailed MeOH reactor models, the total conversion of CO in
the two reactions is assumed to be fixed at 0.33 for simplicity [106]. The selectivity
of CO to the main reaction is fixed to be 0.99, which is estimated from the industrial
experience of BP engineers, because the operating temperature and pressure are fixed
in this model.

The CO; mole fraction in the feedstock of MeOH reactor is constrained by an

upper limit, which is typically 0.1, based on the industrial experience of BP engineers.

Methanol Separation Unit

All species except CH3OH are assumed to be sharply split in the methanol separation
unit: all light ends including CO, Hy, N3, Ar, CO5 and CH, enter the unreacted syngas
stream, and all HyO and CyH5OH enters the higher alcohols stream. Most of the
CH3OH enters the methanol stream while the remaining portion enters the unreacted
syngas stream and the higher alcohols stream. Fixed split ratios of CH3OH among
above three streams are assumed: the split fractions of CH;OH to the unreacted

syngas stream and the methanol stream are 0.031 and 0.959 respectively [9].
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Gas Turbine

In the gas turbine combustor, all combustible species are assumed to be totally con-
sumed. FExcess oxygen must be fed into the gas turbine combustor to ensure full
combustion of the fuel. The excess ratio of O, is specified as 0.647, which is the
typical value in real applications [182, 9.

The sulfur emission regulation is applied here. The ratio of the sulfur mass flow
rate in the flue gas to the sulfur mass flow rate in the feedstock of the entire process

cannot exceed 0.001 [182].

Gas Coolers and Heaters

In the gas coolers without water output and gas heaters, which are single input and
single output unit operations, the mass balance is trivial.

In the gas coolers with water output, the mole fraction of water in the output
stream is assumed to be fixed as 0.032 because the operating temperature and pressure

are specified [9].

Other Unit Operations

The mass balances for compressors, turbines, mixers and splitters are available in

Appendix A.

3.1.3 Energy Balance

All streams are assumed to be ideal mixtures; hence their enthalpy can be calculated
as the weighted sum of the enthalpies of pure species.

Only heat generated above 220°C, which can be utilized in the steam turbine,
is included in the energy balance calculation for the HRSG. Gas coolers with water
output have exit temperatures much lower than 220°C, hence their heat is only used
to preheat the streams before gas heaters and is not considered for power generation.

All reactors except the gas turbine combustor are operated under isothermal con-

ditions. The gas turbine combustor is assumed to be an adiabatic reactor, and its
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product temperature cannot exceed 1200°C [182, 9].

The heat and power consumptions of the separation units are assumed to be
proportional to the total molar flow rate of the feedstock stream or the product
stream. Their heat or power consumption coefficients are estimated from the Aspen
Plus model [9], and are available in Appendix A.

Similarly, the power consumption rates in compressors and power generation rates
in turbines except the gas turbine and steam turbines are assumed to be proportional
to the total molar flow rate of their input streams. The total molar flow rates of their
input streams in the base case and their power consumption or generation rates in the
correspond base case are estimated from the Aspen Plus model [9], and are available
in Appendix A.

In the gas turbine reduced model, the isentropic efficiency and the mechanical
efficiency are assumed to be 0.899 and 0.985, respectively [182]. The power generated
in the steam turbines is divided into two parts: power generated from high quality
heat and low quality heat, whose energy conversion efficiencies are different. High
quality heat only includes the heat generated at relatively high temperatures, such
as the heat from the gasifier radiant cooler, the gasifier convective cooler and the
gas turbine flue gas cooler. Low quality heat comprises all other heat generated in
the process with temperatures above 220°C, such as the heat from water gas shift
reactors, the Fischer-Tropsch synthesis reactor and the methanol synthesis reactor.
Power conversion efficiencies from the high quality heat and low quality heat in the
steam turbine are 0.4407 and 0.1542, respectively, based on rigorous steam cycle

simulations within Aspen Plus [9, 39].

3.1.4 Enthalpy Calculation

The molar enthalpy of each species is expressed as the polynomial function of tem-

perature, which is available in Appendix A.
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3.1.5 Production Rates and Feedstock Consumption Rates

The feedstock requirement and production rate in this polygeneration plant are as-
sumed to be much smaller than the market supply and demand, respectively. Hence,
feedstock consumption rates and production rates are not constrained here, and the
market prices will not be influenced by this plant. The detailed feedstock consumption

rates and production rates are provided in Appendix A.

3.1.6 Capital Costs

Capital costs of equipment are calculated by the following power law scaling up rela-

Fl sft
Ct =} (—) (3.7)
b Fll)

tionship:

where C! is the capital cost of equipment I, F is the total mass (or molar) flow rate
of the input streams of equipment . F} is the total mass (or molar) flow rate of the
input streams of equipment [ in the base case, C} is the capital cost of equipment !
in the corresponding base case, and sf’ is the sizing factor of equipment [, which are
all specified parameters estimated from [182, 173, 174, 106, 31, 163, 158, 9] and are
available in Appendix A.

The upper bound on the total dry mass flow rate of the gasifier feedstock is set
to be 1042 tonne/hr or 7.815 Mt/yr (Mt = million tonnes) [9].

3.1.7 Economic Analysis

The total annual cost is:

Cost = Costeq + Costiay, + Costoos + Costope (3.8)

tax ccs

where Cost is the total annual cost, Costgq is the cost of purchasing the feedstock,
Costg2 is the carbon emissions tax, CostS® is the cost of carbon sequestration and

tax ccs

Costope is the operational cost.
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The carbon tax is given by:

Coste®™ = P Emispe (3.9)

tax tax

where Emis,; is the annual net CO, emissions; P2 is the carbon tax per tonne of

CO, emitted, which is a specified parameter. CO, emissions are calculated by:

Emisgro = MWeo, [Fico, + (1 = Sseq) Fane ] top (3.10)

car

MWCO2

Emispe, = Emisgr, — MW

(1 = Whio, H,0) Whio,c Mies top (3.11)

where Emis,,, is the annual gross CO;, emissions. If the carbon tax policy also taxes
the carbon in the liquid fuels (since they will ultimately be burned in their final use),

the annual net CO, emissions are given by:

MW
Emisnet =Emisgro - ____C& (1 - wbiO,HQO) Whio,C mlg)?s top
MWe (3.12)
+ MWeo, (6F%, cony + 8Fmss ot + 16F52) top

where Fg%, is the molar flow rate of CO, in the gas turbine flue gas, F3e2 is the

car

molar flow rate of CO, stream exiting Selexol Unit 2, FI5 .y, and Fis) oy, are the
molar flow rates of C¢Hy4 and CgHig in the naphtha stream exiting the hydrocarbon
separation unit respectively, FE is the molar flow rate of diesel stream exiting the
hydrocarbon separation unit, mps. is the mass flow rate of biomass fed into the gasifier,
and Seq is the split fraction of CO, stream to sequestration. wuyion,0 18 the mass
fraction of water in the wet biomass, and wyi, ¢ is the mass fraction of C in the dry
biomass, which are available in Table 3.2. t,, is the annual operation time, which is
7500 hr/yr in this study [173, 174].

The detailed economic analyses are available in Appendix A. The market prices
and carbon tax will be discussed later. The cost of carbon sequestration is $10/tonne

CO, based on the industrial experience of BP engineers.

The net present value (NPV), which is the objective function of this model, is
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given by:

1 1 Rtax Cap 1 1
= — _ — - I .1
NPV = —Cap + Prog, — (1 i +r)“f> - (1 a +7~)tap> (3.13)

where Cap is the capital investment of the plant, Pro,e is the annual net profit. Ria
is the tax rate (including both federal and state taxes), r is the annual discount rate,
tir is the life time of the project, and ¢4, is the depreciation time of the project, which
are specified parameters. In this study, R = 40% [173, 174], r = 0.12 [173, 174],
tir = 30 yr [173, 174], and 4, = 10 yr [158].

3.1.8 Model Summary

The objective is to maximize the NPV subject to design and operational constraints
including mass and energy balances, production and feedstock consumption rates,
capital costs relationships, and the economic analyses. The decision variables include
the molar (or mass) flow rates éf streams, split fractions, heat (and power) consump-
tion (and generation) rates, equipment capital costs, etc. The model is formulated
in GAMS 22.8 [41]. It is a nonconvex NLP model, including 659 variables and 652
constraints. Of the constraints, there are 6 inequality constraints and 646 equality
constraints, of which 119 are nonlinear. The nonconvexity in the model mainly origi-
nates from bilinear terms in mass balances and power law capital costs relationships.
The model is solved to global optimality by BARON 8.1 [153, 154] with SNOPT [70]
as the local NLP solver and CPLEX [1] as the LP solver. A cluster with 32 Intel
2.8 GHz processes was used to study many cases in parallel. The CPU times of case

studies varied between 180 s to 10800 s.

3.2 Case Study Results

In this part, the optimal design of a coal/biomass polygeneration system co-producing
electricity, naphtha, diesel and methanol will be discussed and compared using dif-

ferent product prices and carbon taxes. In each case study, two economic parameters
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will be varied, and all other parameters will remain the same. All market prices and
NPVs are expressed in 2007 dollars. All projects are assumed to operate between the
years of 2015 and 2045; hence the market prices are the projected prices for 2030,

which is assumed to be the average price during the above operating period.

3.2.1 Detailed Results of Two Sample Case Studies

In this section, the detailed optimization results of two sample case studies are pre-
sented. Case 1 only includes power generation, while Case 2 focuses on the liquid
fuels (naphtha and diesel) and methanol production. The economic parameters used

in the two case studies are listed in Table 3.3.

Table 3.3: Economic parameters in Case 1 and Case 2

Parameters Case 1 Case 2 Unit
Coal Price 40 40 $/tonne

Biomass Price 60 60 $/tonne
Water Price 0.75 0.75 $/tonne
Power Price 135 60 $/MWh

Naphtha Price 600 1350 $/tonne

Diesel Price 630 1417.5 $/tonne
Methanol Price 270 607.5 $/tonne

Sulfur Price 100 100 $/tonne
CCS Cost 10 10 $/tonne COq
Carbon Tax 20 20 $/tonne CO,

The feedstock consumption rates and production rates in two cases are shown in
Table 3.4.

The optimal results of key decision variables in two cases are listed in Table 3.5.

From Table 3.5, it can be seen that all syngas enters the right (power generation
without CCS) branch in the syngas cleaning and updating process in Caée 1, while all
syngas enters the left (liquid production) branch in the syngas cleaning and updating
process and most of the clean syngas with Hy/CO mole ratio of 2 enters the methanol

synthesis process in Case 2. Since power generation with CCS is not implemented,
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Table 3.4: Feedstock consumption rates and production rates in Case 1 and Case 2

Case 1 Case 2
tonne/hr ~ Mt/yr  tonne/hr Mt/yr
Feedstock
Coal 1172.367 8.793 1172.367  8.793
Biomass 0 0 0 0
Water 360.466 2.703 196.54 1.474
Product
Power 3944.218* 29.582**  90.26*  0.677**
Naphtha 0 0 14.833 0.111
Diesel 0 0 39.049 0.293
Methanol 0 0 712.421 5.343
Sulfur 29.384 0.22 29.384 0.22
CO, sequestrated 0 0 1427.717 10.708

* ¢ the unit is MW (MW = mega watt).
** . the unit is TWh (TWh = tera watt hour).

CO conversion in WGS Reactor 2 is not used in both cases.
The optimal product distributions of the two cases are shown in Table 3.6. The
product distribution is expressed as the output fraction of each product, which is

calculated by the following equation:

Energy content in product ¢ (3.14)

Fraction of product i =
Total energy content

where energy contents in the liquid fuels and methanol are represented by their lower
heating values (LHVs), and energy content in the powér is the net power exported to

the grid rather than the gross power. The total energy content can be expressed as:

Total energy content = Net power generation + Naphtha LHV + Diesel LHV

+ Methanol LHV
(3.15)

and the fraction of liquid fuels is the sum of the fractions of naphtha and diesel.
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Table 3.5: Optimal results of key decision variables in Case 1 and Case 2 *

Decision Variables Case 1 Case 2 Unit

M dry 1042 1042  tonne/hr
Ry 0 0
Siiq 0 1
Sele 0 0

Riyger nfa 0394

Rogso n/a n/a
Sseq n/a 1
Shne n/a 0.78
Satr n/a 1
Shis n/a 0
Srnes n/a 0.975

* . some results are not applicable (n/a) because the corresponding
unit operations are absent in the optimal design.

Table 3.6: Optimal product distributions in Case 1 and Case 2

Product Distribution (%) Case 1 Case 2

Power 100 1.71
Naphtha 0 3.73
Diesel 0 9.67
Liquid Fuels 0 13.40
Methanol 0 84.89

The net present values in Case 1 and Case 2 are $10.561 billion and $10.878 billion,

respectively, and the annual CO, emissions in Case 1 and Case 2 are 20.128 Mt /yr

and 0.828 Mt /yr, respectively.

3.2.2 Power Price vs. Naphtha Price

In this section, the trade-off between power generation and liquids (naphtha, diesel
and methanol) production will be discussed. For simplicity, diesel and methanol

prices are assumed to be proportional to the naphtha price. The power price is varied
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from $30/MWh to $165/MWh, and the naphtha price is varied from $300/tonne to
$1650/tonne. They are assumed to be independent of each other. The economic

parameters are listed in Table 3.7.

Table 3.7: Economic parameters in case studies under different power prices and
naphtha prices

Parameter Value Unit
Coal Price 40 $/tonne
Biomass Price 60 $/tonne
Water Price 0.75 $/tonne
Power Price Varied $/MWh
Naphtha Price Varied $/tonne

Diesel Price  1.05 x Naphtha Price $/tonne
Methanol Price 0.45 x Naphtha Price $/tonne

Sulfur Price 100 $/tonne
CCS Cost 10 $/tonne CO;
Carbon Tax 20 $/tonne CO;

The optimal product distributions under different power and naphtha prices are
shown in Figure 3-1. The product distributions in Case 1 and Case 2 are also marked
in Figure 3-1.

From Figure 3-1, it is obvious that power generation is favored at higher power
price and lower naphtha price and liquids production is favored at higher naphtha
price and lower power price. There is a net output of electricity in every case even
when the liquid production dominates the polygeneration process because the com-
bustion of the FT and MeOH off gases plus the heat recovered from the HRSG
produces more power than needed in the plant for compressing and pumping. The
optimal product portfolio changes in a non-smooth way, which implies that the op-
timal design will always be either a pure power plant or a liquid plant with small
amount of net power output in our case studies. Co-production of power and liquid
in comparable fractions is only optimal under some high power prices and high naph-
tha prices. The major reason is that it will lead to a much higher capital investment

to co-build the power generation and liquid production facilities on comparable scales,
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and it always reduces the net profit when the product prices are not high enough.
The boundary line between power generation and liquid production regions is near
the line of the following price relationship: naphtha price ($/ fonne) = 10 x power
price ($/MWh). Hence, the decision of producing power or liquid strongly depends
on the ratio of naphtha price to power price. If this ratio is above 10, liquids, which
can be liquid fuels, methanol or their mix, are preferred products for the higher NPV,
and power is generated mostly for internal use with small amounts of output. If this
ratio is below 10, power is the preferred product, and the polygeneration plant is
reduced to an IGCC plant without any liquids production. Co-production between
liquid fuels (naphtha and diesel) and methanol will be discussed later.

The net present values under different power and naphtha prices (shown in Figure
3-2) also clearly shows the non-smooth transition between different optimal product
portfolios. In the power generation region (left part), the NPVs are not influenced
by the naphtha prices because no liquids are produced there. The opposite holds in
the liquid production region.

The annual CO, emissions are shown in Figure 3-3 (based on the dry feedstock
consumption rate of 7.815 Mt/yr). High CO, emissions in the power generation region
imply that carbon capture and sequestration (CCS) is not profitable to implement
in IGCC under the given market prices and carbon emission policy. In the liquid
production region, CO, is captured in all price scenarios to produce the syngas sat-
isfying the feedstock specifications of the Fischer-Tropsch or methanol reactor, but
CO, is only sequestered for power prices lower than $100/MWh. At higher power
prices, it becomes economical to pay the carbon tax and forgo CCS to reduce the

power consumption in the COy compressor, increasing the output power to the grid.

3.2.3 Naphtha Price vs. Methanol Price

In this section, the trade-off between liquid fuels (naphtha and diesel) production and
methanol production will be discussed. The diesel price is assumed to be proportional
to the naphtha price, which is assumed to be independent of the methanol price. The

naphtha price is varied from $300/tonne to $1650/tonne, and the methanol price is
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varied from $160/tonne to $700/tonne. The power price is set to be low at $40/MWh,
which is a typical off-peak price, to minimize the influence of power generation. The

economic parameters are listed in Table 3.8.

Table 3.8: Economic parameters in case studies under different naphtha prices and
methanol prices

Parameter Value Unit
Coal Price 40 $/tonne
Biomass Price 60 $/tonne
Water Price 0.75 $/tonne
Power Price 40 $/MWh
Naphtha Price Varied $/tonne
Diesel Price  1.05 x Naphtha Price $/tonne
Methanol Price Varied $/tonne
Sulfur Price 100 $/tonne
CCS Cost 10 $/tonne COy
Carbon Tax 20 $/tonne CO;

The optimal product distributions under different naphtha prices and methanol
prices are shown in Figure 3-4. In all price scenarios, power is generated by combus-
tion of off- gas from liquid fuels or methanol production and most of it is consumed in
the process. It is clear that the liquid fuels (naphtha + diesel) are favorable products
under the high naphtha prices and low methanol prices, and methanol production is
favored under high methanol prices and low naphtha prices. The transition between
different optimal product portfolios here is also non-smooth: the optimal polygener-
ation design is either a liquid fuel plant or a methanol plant in most price scenarios.
The boundary line between the region favoring liquid fuels and the region favoring
methanol is close to the straight line with the following relationship: naphtha price
(8/tonne) = 2.6 x methanol price ($/tonne). Hence, the production choice between
liquid fuels and methanol is strongly dependent on the ratio of naphtha price to
methanol price. Liquid fuel production is more favorable than the methanol produc-
tion if this ratio is well above than 2.6, and it becomes less favorable than methanol

production if this ratio drops much lower than 2.6. It is only profitable to co-build
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the Fischer-Tropsch synthesis system and the methanol synthesis system in one plant
and co-produce liquid fuels and methanol in comparable fractions in several cases
when the naphtha price and methanol price are both high and near the boundary
line. High capital investment is the major factor that prohibits the co-production
of liquid fuels and methanol under low liquid fuel and methanol prices. However,
this obstacle is overcome under high product prices. Co-production of different liquid
products is not only a way to increase the total profit but also a strategy to reduce
significantly the risk caused by fluctuations in liquid product market prices.

The optimal net present values are shown in Figure 3-5, which also implies the
non-smooth transition between the liquid fuels production region and the methanol
production region. In each region, the optimal NPVs are not influenced by the price
of the other product.

The CO, emissions under different price scenarios are shown in Figure 3-6 (based
on the dry feedstock consumption rate of 7.815 Mt/yr). CCS is economic under the
moderate carbon tax and low power price; hence CO, emissions are quite low in all
cases. Almost all of the COy emitted comes from the gas turbine flue gas, which is
the combustion product of the light ends in the Fischer-Tropsch process or unreacted

syngas in the methanol synthesis process.

3.2.4 Biomass Price vs. Carbon Tax

In this section, carbon taxes and biomass prices that promote biomass usage and
reduce CO, emissions in the power generation are investigated. A high power price
(a typical peak-time price) and relatively low liquid fuels and methanol prices are
selected to create a scenario in which pure power generation is optimal. Biomass
prices are varied from $10/tonne to $100/tonne, and carbon taxes are varied from
$0/tonne CO, to $135/tonne CO;. The economic parameters are listed in Table 3.9.

The optimal results show that electricity corresponds to 100% of total energy
output in all scenarios.

The gross CO, emission and net COq emission are shown in Figure 3-7 and 3-8.

The gross CO, emission is the total amount of COy emitted by the polygeneration
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Table 3.9: Economic parameters in case studies under different biomass prices and
carbon taxes

Parameter  Value Unit
Coal Price 40 $/tonne
Biomass Price  Varied $/tonne
Water Price 0.75 $/tonne
Power Price 120 $/MWh
Naphtha Price 600 $/tonne
Diesel Price 630 $/tonne
Methanol Price 270 $/tonne
Sulfur Price 100 $/tonne
CCS Cost 10 $/tonne CO,

Carbon Tax  Varied $/tonne COq

process. The net CO, emission is the amount of COy emitted only generated by
coal, which equals gross CO5 emission minus the CO, originating from biomass. This
assumes that biomass will be credited as a “net-zero emissions” fuel, as recent policy
debates have supported. The optimal CO, emissions, which reflect the optimal CO,
reduction strategies, are highly dependent on the carbon tax rate. At low carbon taxes
($30/tonne CO4 or lower), carbon capture and sequestration (CCS) equipment is not
installed and all de-sulfured syngas is directly sent to the gas turbine, which results
in high CO; emissions. When carbon taxes are higher than $30/tonne COy, CO4
emissions significantly drop because all de-sulfured syngas enters the power generation
from the CCS branch. CO, emissions are reduced by increasing the CO conversion
of the water gas shift reactor at the expense of losing more high-temperature steam
used for steam turbines. Gross CO, emissions cannot drop to zero due to the limit of
the CO, removal efficiency in the Selexol unit. Further reduction of CO, emissions
can be achieved by blending some biomass into the feedstock. This is confirmed by
the optimal results. At extremely high carbon tax, net CO, emissions become zero
due to the biomass usage although the corresponding gross CO, emissions are still
non-zero.

The optimal biomass/feedstock ratios under different biomass prices and carbon
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taxes are shown in Figure 3-9. Biomass will only be used in the power generation
under very high carbon taxes, such as carbon taxes higher than $75/tonne COs,.
Biomass usage is also strongly dependent on the biomass price. At the same carbon
tax, more biomass is preferred under lower biomass prices. Since biomass produces
less syngas than coal for the same mass input rate, biomass is not profitable without
high carbon taxes even when the biomass price is quite low. However, using biomass
in the feedstock (Ry,¢ > 0) is a cheap way to realize deep reduction of CO4 emissions,
which is even cheaper than deep shifts in WGS Reactor 2 (high values for Ryg2) for
the purpose of generating CO, for pre-combustion capture. When the CO conversion
in WGS Reactor 2 reached 90%, it was more profitable to use biomass than to try a
higher CO conversion in WGS Reactor 2. In this study, credits from negative CO2
emissions are not considered and the objective of biomass usage is just to bring the
CO, emissions to zero. More biomass may be incentivized if the carbon policy were
to allow the sale of surplus carbon credits.

Comparing Figures 3-8 and 3-9, one concludes that the carbon tax is the most im-
portant driving force to decrease the CO, emissions and increase the biomass content
in the feedstock. With the increase of carbon tax, CCS will first be implemented to
achieve substantial reduction of CO, emissions. When CO, emissions are low, CCS
plus biomass is an effective way to further reduce net CO, emissions to zero.

The optimal net present values are shown in Figure 3-10. The cost of reducing
CO, emissions significantly decreases the NPV. A given project will generally lose
nearly half its NPV if the carbon tax increases from $0/tonne CO2 to $75/tonne
CO,. However, when the carbon tax is high enough, the NPV only slightly drops
with further increases of carbon tax because CCS is already implemented and CO,
emissions are very low. In this study, the power price is set high enough to ensure
positive NPV under all price scenarios. In real cases, allowances may be needed for
CCS and biomass usage when the power price is low.

The influence of biomass prices and carbon taxes on CO, emissions and biomass
usage is similar in liquid fuels and methanol production. Compared to power genera-

tion, CCS will be implemented under lower carbon taxes ($20/tonne CO;) in liquids
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production, and less biomass will be used in the feedstock since the CO4 emissions

from liquids production are much lower than from power production.

3.2.5 Carbon Tax without Fuel vs. Carbon Tax with Fuel

The CO, emissions charged for carbon taxes in the previous sections only include
the CO, emitted by the process. However, the liquid fuels (naphtha and diesel)
produced will lead to additional CO, emissions in downstream processes such as
transportation and heating, which may also be subject to carbon taxes under different
policies. In this section, two different carbon tax cases are compared: carbon tax
only for process CO, emissions and carbon tax for total CO, emissions (process COq
emissions plus downstream CO; emissions from liquid fuels). Methanol produced in
the polygeneration plant will be used as a chemical which will not emit additional
CO, in downstream processes; hence it will not be subject to carbon taxes in either
case. Carbon taxes are set to be varied from $0/tonne CO, to $50/tonne CO,. The

economic parameters are listed in Table 3.10.

Table 3.10: Economic parameters in case studies under different carbon tax policies

Parameter  Value Unit
Coal Price 40 $/tonne
Biomass Price 60 $/tonne
Water Price 0.75 $/tonne
Power Price 70 $/MWh

Naphtha Price 1000 $/tonne
Diesel Price 1050 $/tonne

Methanol Price 400 $/tonne
Sulfur Price 100 $/tonne
CCS Cost 10 $/tonne COy

Carbon Tax  Varied $/tonne COq

The optimal production distributions under two different carbon tax cases are
shown in Figures 3-11 and 3-12. The production strategies are highly dependent on

the carbon tax case. For these market conditions, liquid fuels are favored under all
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of the carbon taxes when only process CO; emission is charged for carbon taxes. If
downstream CO, emissions are also included in the carbon tax, the favorable products
will switch from liquid fuels to methanol with increasing carbon tax. The transition
point is between $20/tonne CO, and $30/‘§onne CO,. Hence, the optimal product
portfolio can be very different under middle or high carbon tax if a different carbon
tax policy is implemented, even when all the market prices are the same.

The optimal net present values are shown in Figure 3-13. Varying the carbon
tax policy from charging process CO, emissions to total CO, emissions causes a
considerable loss of net present value. However, the new product portfolio has greatly
mitigated such profit loss.

The process CO, emissions and total CO, emissions are shown in Figures 3-14
and 3-15. Although process CO; emissions from the two product portfolios are nearly
the same, their total CO, emissions differ much under middle and high carbon taxes.
The polygeneration strategy under the new carbon tax policy achieves much lower
total COq emission by replacing liquid fuels production with methanol production.
However, this does not imply that other technologies (such as refining) would produce

less liquid fuels.

3.2.6 Polygeneration System vs. Single-product System

In this section, the profitability of a polygeneration plant and different single-product
plants (power plant with CCS, power plant w/o CCS, liquid fuels plant and methanol
plant) are compared. Product distributions can be varied in the polygeneration plant
and must be fixed in single-product plants. In power plants, liquid fuels and methanol
production rates are both zero. In liquid fuels plants or methanol plants, only the
minimum amount of electricity is exported to the grid. In this study, the power price
is fixed to be $75/MWh. The naphtha price is varied here, and diesel and methanol
prices are assumed to be proportional to the naphtha price. The economic parameters
are listed in Table 3.11.

Under different price scenarios, different optimal designs are obtained for polygen-

eration systems, but the designs for each single-product system are almost the same.

76



Table 3.11: Economic parameters in case studies comparing the polygeneration and
single-product systems

Parameter Value Unit
Coal Price 40 $/tonne
Biomass Price 60 $/tonne
Water Price 0.75 $/tonne
Power Price 75 $/MWh
Naphtha Price Varied $/tonne

Diesel Price  1.05 x Naphtha Price $/tonne
Methanol Price 0.45 x Naphtha Price $/tonne

Sulfur Price 100 $/tonne
CCS Cost, 10 $/tonne CO,
Carbon Tax 20 $/tonne COq

The optimal product distributions for the polygeneration system are shown in Figure
3-16.

The net present values of the polygeneration plant with the optimal design and
all single-product plants are shown in Figure 3-17. The polygeneration plant never
has lower NPVs than a single-product plant in all price scenarios. Under some price
scenarios, the NPVs of the polygeneration plant can be much higher than some kinds
of single-product plants. This fact demonstrates the advantage of polygeneration sys-
tem in the economic performance. The NPVs of the polygeneration plant, liquid fuels
plant and methanol plant are more clearly shown in Figure 3-18, in which the differ-
ences between NPVs of each plant and NPVs of the liquid fuels plant are presented.
However, it is also indicated that the optimal design of a static polygeneration system
is always close to or equal to a single-product system, hence the economical benefit

of static polygeneration is not significant.
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Figure 3-1: Product distributions in case studies under different power prices and
naphtha prices. (The axes are rotated to provide a favorable view.) [Grey circle :
Case 1, White circle : Case 2.]
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Net Present Value ($billion)

Figure 3-2: Net present values in case studies under different power prices and naphtha
prices.

CO, Emission (Mt/yr)

Figure 3-3: Annual CO, emission in case studies under different power prices and
naphtha prices.
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Figure 3-4: Product distributions in case studies under different naphtha prices and
methanol prices. (The axes are rotated to provide a favorable view.)
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Net Present Value ($billion)

Figure 3-5: Net present values in case studies under different naphtha prices and
methanol prices.

CO, Emission (Mt/yr)

Figure 3-6: Annual CO, emission in case studies under different naphtha prices and
methanol prices.
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Gross CO, Emission (Mt/yr)

Figure 3-7: Annual gross CO, emission in case studies under different biomass prices
and carbon taxes.

Net CO, Emission (Mt/yr)

Figure 3-8: Annual net CO, emission in case studies under different biomass prices
and carbon taxes.

Biomass/Feedstock Ratio (%)

Figure 3-9: Biomass usage in case studies under different biomass prices and carbon
taxes.
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Net Present Value ($billion)

Figure 3-10: Net present values in case studies under different biomass prices and
carbon taxes.

100
= SO mgyeO=-O=O =0 ===
X

< g0

c

0

© 60

o

L.

£ 40

-

o]

g 20

L G O aane 2 aaate S o S
0 10 20 30 40 50
Carbon Tax ($/tonne CO,)

Figure 3-11: Product distributions in case studies under carbon taxes for process CO,
emissions. [ —[J—: electricity, --- O--- : liquid fuels, = x- : methanol ]
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Figure 3-12: Product distributions in case studies under carbon taxes for total CO,
emissions. | —— : electricity, ---(O--- : liquid fuels, =X : methanol |
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Figure 3-13: Net present values in case studies under two carbon tax cases. [ —[—
. carbon tax w/o fuel, --- (O---- : carbon tax w/ fuel ]
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Figure 3-14: Annual process CO, emissions in case studies under two carbon tax

cases. | —[J— : carbon tax w/o fuel, --- (O --- : carbon tax w/ fuel |

25

5

2 e

s 20

c

2 15

(2]

s \

§ 10

3 b;:n—-n—u—cr—o—c:

o 9

o -

[ 0 > 'o"~o--o--<,>

0 10 20 30 40 50
Carbon Tax ($/tonne CO,)

Figure 3-15: Annual total CO, emissions in case studies under two carbon tax cases.
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Chapter 4

Optimal Design and Operation of
Flexible Energy Polygeneration

Systems

4.1 Mathematical Model

4.1.1 Overview

The two-stage formulation (as shown in Eq (1.1) and (1.2)) is applied in this study
[47]. The market prices of all products are assumed to vary daily and seasonally.
A collection of scenarios, which will occur with a certain frequency over the plant
lifetime, are assumed to represent these price fluctuations. Product prices are fixed
within each scenario, but can change between scenarios. The objective of this formu-
lation is to maximize the overall economic performance of the plant while satisfying
all design constraints and operating constraints in all scenarios. The key design deci-
sion variables are equipment capacities, and the key operational decision variables are
listed in Table 4.1 and shown in Figure 2-2, which are similar to those in the static
polygeneration model in Chapter 3. The values of operational decision variables vary
between different scenarios.

For simplicity, the feedstock (including coal and biomass) compositions are as-
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Table 4.1: Key operational decision variables in the model

Operational Variables

Description

gas
My dry

Ryt
Sliq

Sele

ngsl
ngsQ
Sseq
S me

Satr

Mass flow rate of the dry feedstock fed into the gasifier

Dry mass fraction of biomass in the gasifier feedstock

Split fraction of the clean syngas to the liquid fuel produc-
tion (or the left) branch in the syngas cleaning and upgrading
process

Split fraction of the clean syngas to the power generation with
CCS (or the middle) branch in the syngas cleaning and up-
dating process

Conversion of CO in Water Gas Shift Reactor 1

Conversion of CO in Water Gas Shift Reactor 2

Split fraction of the CO, stream to sequestration

Split fraction of the clean syngas with Hy/CO mole ratio of 2
to the methanol synthesis process

Split fraction of the light ends exiting the hydrocarbon sepa-
ration unit to the autothermal reforming reactor

Split fraction of the syngas exiting the autothermal reforming
reactor to the Fischer-Tropsch synthesis reactor

Split fraction of the unreacted syngas exiting the methanol
separation unit to the methanol synthesis reactor

sumed to be fixed in all scenarios. Operations are considered to be at steady state

at all times, and the transition times between different operational conditions are

neglected in this model. A constant conversion or efficiency is assumed for all equip-

ment during the whole project life time, which is considered as the best case analysis.

In real applications, the performance of equipment may drop when operated below

its design capacity. Introducing those equipment performance correlations (which are

typically highly nonlinear equations) into the operational constraints will be a topic

of future work after more advanced optimization algorithms are developed.

The mathematical model here is similar to the static polygeneration model in

Chapter 3, and details are provided in Appendix B. Some key differences will be

discussed here.
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4.1.2 Capital Costs

The capital costs are calculated by the following power law scale-up relationship:

Fl st
o=t (F) (4.1)

where C! is the capital cost of equipment I, and F' is the mass (or molar) capacity
of equipment [, which are the design decision variables in this model. Eq (4.1) is the
only constraint on design decision variables. F! is the mass (or molar) capacity of
equipment [ in the base case (which is equal to I} in Chapter 3), C! is the capital
cost of equipment [ in the corresponding base case, and sf' is the sizing factor of
equipment [, which are the same specified parameters as in Chapter 3, based on other
studies [182, 173, 174, 106, 31, 163, 158, 9]. They are available in Appendix B.

The mass (or molar) capacity of equipment 1 is calculated by
F/<F', YheN, (4.2)

and

F} > Camn F*', Yh € N, (4.3)

where F} is the total mass (or molar) flow rate of the input stream of equipment [ in
scenario h. Cay, is the lower limit of the flow-rate/capacity ratio, which is a specified
parameter representing the operational flexibility. Eq (4.2) represents the constraint
that the input flow rates in all scenarios cannot exceed the equipment capacity, while
Eq (4.3) represents the constraint that the input flow rates also cannot drop below a
minimum fraction of the equipment capacity in order to maintain stable, continuous
operation. The flow rate F} is forced to be 0 when equipment [ is not built (£ = 0).

The upper bound of the dry mass capacity of the gasifier is set to be 1042 tonne/hr
or 7.815 Mt/yr on the basis of industrial experience of BP engineers [9].
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4.1.3 Economic Analysis

The total annual variable cost is

Cost = Costieq + Costiay, + Costoog + Costope (4.4)

tax ccs

where Cost is the total annual variable cost, Costgq is the purchase cost of the feed-
stock, Cost2 is the carbon emissions tax, Costles is the cost of carbon sequestration,

and Costope is the operational cost, including the cost of labor and utilities.

The feedstock cost is given by
Costiea = . Occuy (Z P! m;h> top, Vg€ Feed, Vh € N, (4.5)
h q

where mfl , is the consumption rate of feedstock ¢ in scenario h. qu is the average

market price of feedstock ¢, and ¢, is the annual operating time, which are specified
parameters. Feed is the set of feedstocks. ¢, is equal to 7500 hr/yr in this study
[173, 174].

The carbon tax is given by

Cost{ = P2 Emispet (4.6)

tax tax

where Emis,¢; is the annual net COy emissions; PSY is the carbon tax per tonne of

CO, emitted, which is a specified parameter. CO, emissions are calculated by

car,h

Emisgro = MWao, 3 Oceun [Fy¥o, pn + (1= Seeqn) Fon] top , VR E N, (4.7)
h

MWco,
MWo

gas

(1 — Whio,H,0) Whio,C § Occuy, myo p top s Vh € Ny,
h

Emispe, = Emisg, —
(4.8)

where Emisg;, is the annual gross CO, emissions, %, , is the molar flow rate of
COg exiting the gas turbine flue gas in scenario h, F, ngf , 1s the molar flow rate of the

CO, stream exiting Selexol Unit 2 in scenario h, mgg , is the mass flow rate of biomass
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fed into the gasifier in scenario h, and Sgeq,n is the split fraction of CO, stream to
sequestration in scenario h (see Figure 2-2); wyio n,0 is the mass fraction of water in
the wet biomass, and wyi, ¢ is the mass fraction of C in the dry biomass, which are
available in Chapter 3. Note that with this carbon policy, CO, emissions are reduced
by the amount of carbon in the biomass, since it is a carbon neutral energy source.
In this work, we also consider cases in which the carbon emissions policy taxes the
carbon in the liquid fuels in addition to the CO, emissions from the plant itself. In

this case, the annual net CO, emissions are given by

1\/[\]\/(302
MW¢

gas
(1 = Whio 11,0) Whioc Y, Ocety, mEs , top

h

+MWco, > Occuy (6F), ogryan + 8F s cativen + 16F i s) top VA € Ny
h

Emispe; =Emisg, —

(4.9)

where FS ooy, and FPe oy are the molar flow rates of CgHyy and CgHyg in the
naphtha stream exiting the hydrocarbon separation unit in scenario h, respectively,

and I 5‘5

s, 1s the molar flow rate of the diesel stream exiting the hydrocarbon separation
unit in scenario h.

The revenue is given by
Reve = ) ~ Occuy, (Z P?, mf]’,h> tep, Vg€ Prod, Vh € N, (4.10)
h q

where mf;’ ,, 1s the production rate of product ¢ in scenario A. Pqu ,, 1s the market price
of product ¢ in scenario h, which are specified parameters. Prod is the set of products.

The detailed economic analyses are available in the Appendix B. The tax rate
(including both federal and state taxes) is 40% [173, 174], and the cost of carbon
sequestration is $10/tonne CO; based on the Encyclopedia of Energy [84] and the
advice and industrial experience of BP engineers.

The net present value (NPV), which is the objective function of this model, is
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denoted by

1 1 Rtaxcap 1 1
_ i (1o — 11
NPV = —Cap + Proge: - <1 (1+r)t‘f> M ( <1+r>tdp> 41

where Cap is the capital investment of the plant (which is the fixed cost), Proye is the
annual net profit. Ry is the tax rate (including both federal and state taxes), r is
the annual discount rate, t; is the life time of the project, and ¢4, is the depreciation
time of the project, which are specified parameters. In this study, r = 0.12 [173, 174],
tiy = 30 yr [173, 174], and tq, = 10 yr [158].

In order to be better fit to the two-stage framework in Eq (1.1), the objective

function is rewritten as

Rtaxl 1 1 1 _—
_ e By 2 p “{1-
NPV Cap{ 1+ - (1 (1+7~)tdpﬂ + Eh Oceuy, Progeen— ( (1+T)t,f>
(4.12)

where Proye 5 is the net profit in scenario h.

4.1.4 Model Summary

The objective is to maximize the NPV subject to design and operational constraints
including mass and energy balances in all scenarios, enthalpy calculations, production
and feedstock consumption rates, capital cost relationships, and economic analyses.
The decision variables include the operational decision variables such as molar (or
mass) flow rates of streams, split fractions, heat/power consumption (or generation)
rates in all scenarios, and design decision variables such as equipment capacities.
The model is formulated in GAMS 22.8 [41]. It is a large-scale nonconvex NLP
model, including 4988 variables and 5237 constraints. Of the variables, there are 55
design decision variables and 4933 operational decision variables. Of the constraints,
there are 376 inequality constraints and 4861 equality constraints, of which 742 are
nonlinear. The nonconvexity in the model mainly originates from bilinear terms in
mass balances and power law capital cost relationships. The model was solved using

BARON 8.1 [169] with SNOPT ([70] as the NLP solver and CPLEX [1] as the LP
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solver. A cluster with 32 Intel 2.8 GHz processors was used to study many cases in
parallel, where each case was solved on a single CPU. The CPU times for solving

individual case studies varied between 24 hr to 96 hr.

4.2 Case Study Results

4.2.1 Case Study Problems

In this part, the optimal product portfolios and net present values of both flexible
and static plants are studied for different economic cases, including different oil prices
and carbon taxes. The average prices of all products during the plant lifetime are
assumed to correlate to the oil price (in different degrees). The CO, emissions are
also investigated for all economic cases, especially for different carbon taxes.

In this study, eight scenarios are considered, which are the peak time and off-peak
time in four secasons, respectively. The peak time is defined to be 7 am — 11 pm on
working days, and the off-peak time is the rest of the time in the year, including 11
pm — 7 am on weekdays, and the whole day on weekends and holidays. The fractions

of occurrence of all scenarios over the life time of the plant are shown in Table 4.2.

Table 4.2: Fractions of occurrence of all scenarios

Scenaria Occurrence
Spring Peak 12.01 %
Spring Off-peak 13.21 %
Summer Peak 11.82 %
Summer Off-peak 13.39 %
Fall Peak 11.32 %
Fall Off-peak 13.61 %
Winter Peak 11.19 %

Winter Off-peak 13.46 %

All product prices vary seasonally, and the power price also differs greatly between
peak and off-peak. In this study, the degree of fluctuation of all product prices in

different scenarios are represented by scale factors for prices in these scenarios. The
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scale factors for product prices are defined as

p

P
ScFyh = PL;? , YheN, (4.13)
q

where ScFy ) is the scale factor for the price of product ¢ in scenario h, P(i , is the
price of product g in scenario h, and P} is the average price of product g during the
whole plant life time. The scale factors for the power price, the naphtha price, the
diesel price and the methanol price are estimated from historical market data (3, 5, 4],
and their values are shown in Figure 4-1. In each case study, the product prices in all

scenarios are obtained by multiplying the price scale factors by the average product

price selected for that market case study.

2

1.8 m electricity
16 = naphtha
m diesel
1.4 ® methanol

1.2

1
0.8
0.6
0.4
0.2

0
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spring  spring summer summer fall peak fall off- winter  winter
peak off-peak peak off-peak peak peak off-peak

Figure 4-1: Scale factors for product prices in different scenarios.

The plant is assumed to operate for 30 years beginning in 2016. The average
feedstock prices and product prices during the plant lifetime are assumed to be equal
to those predicted for the year 2030. The average prices (except those of water and
sulfur) are assumed to correlate to the oil price, and their values for the high, middle
and low oil price are listed in Table 4.3. These average prices are estimated by
multiplying estimated average 2007 wholesale prices from historical data [3, 5, 4] by

growth factors (i.e., the ratios of projected product prices in 2030 to those in 2007)
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predicted by EIA Energy Outlook [53]. The values of carbon taxes for the high,

middle and low carbon tax are listed in Table 4 .4.

Table 4.3: The average prices for different oil prices

Price Low Oil Price Middle Oil Price High Oil Price

Coal 36.6 39.5 41.4 $/tonne
Biomass 54.9 59.2 62.1 $/tonne
Water 0.8 0.8 0.8 $/tonne
Power 67.3 98.9 125.8 $/MWh
Naphtha 530.7 1012.8 1427.1 $/tonne
Diesel 562.2 1035.5 1485.1 $/tonne
Methanol 263.1 449.8 586.3 $/tonne
Sulfur 100.0 100.0 100.0 $/tonne

Table 4.4: The values of different carbon taxes ($/tonne of CO,)

Price Low Carbon Tax Middle Carbon Tax High Carbon Tax
Carbon Tax 10 20 50

For each oil price and carbon tax case study, three different designs for polygen-
eration systems are compared: the static design with fixed operation at all times or
0% operational flexibility (Capy, = 100%), the “realistic” flexible design with 50%
operational flexibility (in which equipment capacity usage varies between 50% and
100%, or Camin = 50%) and the ideal flexible design with 100% operational flexibility
(in which equipment capacity usage varies between 0 and 100%, or Cam, = 0%). In
total, 27 combinations are considered (all possible combinations of oil prices, carbon

taxes and operational flexibility).

4.2.2 Optimization Results of a Sample Case Study

The detailed results of the polygeneration system design with 0%, 50% and 100%

operational flexibility for the middle oil price and the middle carbon tax case are
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presented in this section. The optimal values of key decision variables (as shown in
Table 4.1) in all scenarios are listed in Table 4.5.

The feedstock consumption rates and production rates of the three different de-
signs for all scenarios are listed in Table 4.6 and 4.7. For simplicity, only the operation
in the year 2030 (with multiple scenarios), which is the average year in the lifetime
of the plant, is studied. The optimal operation is assumed to be repeated in all
years during the plant lifetime. Hence, the annual feedstock consumption rates and
production rates remain the same from year to year.

Tables 4.5 and 4.6 show that production rates in the flexible polygeneration sys-
tems are adjusted in different scenarios by varying values of key decision variables
(including split fractions and WGS conversions), and their variations are limited by
the operational flexibility.

The product distribution is expressed as the output fraction of each product,

which is calculated by the following equation:

Energy content in product ¢

Fraction of product i = (4.14)

Total energy content

where energy contents in the liquid fuels and methanol are represented by their lower
heating values (LHVs), and energy content in the power is the net power exported to
the grid rather than the gross power. The fraction of liquid fuels is the sum of the

fractions of naphtha and diesel. The total energy content can be expressed as

Total energy content = Net power generation + Naphtha LHV + Diesel LHV

+ Methanol LHV
(4.15)

The optimal product distributions will be discussed in the following sections. The
annual optimal product distributions, the annual CO; emissions and the annual net

profit remain the same from year to year.
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4.2.3 Operations in Flexible Polygeneration Systems

Optimal product distributions for all 50% and 100% operational flexibility cases are
shown in Figures 4-2 and 4-3, respectively. In general, product distributions are influ-
enced the most by the product market prices. The difference of product distributions
between peak and off-peak in each season is significant in most cases. In our stud-
ies, the power price is assumed to fluctuate drastically between peak and off-peak,
while the liquids (naphtha, diesel and methanol) prices are assumed to vary consid-
erably less by comparison from season to season. At peak times, power prices are
usually higher than liquids prices; hence power generation dominates the polygen-
eration process. At off-peak times, power prices drop below the liquids prices, and
liquids become the favorable products. On the contrary, the differences in product
distributions between different seasons are small in most cases, implying that the
seasonal fluctuations of all product prices are not significant enough to influence the
production plans.

The oil price, to which the average product prices are correlated, and the car-
bon tax are important influences on the product distributions. In our studies, the
methanol price is higher than liquid fuels (naphtha and diesel) prices for the low
oil price, and lower than the liquid fuels prices for the high oil price. Hence, it is
favorable to co-produce power and methanol for the low oil price, while power and
liquid fuels for the high oil price. The production plan for the middle oil price, where
the methanol price and the liquid fuels prices are very close to each other, is more
complex and depends on the operational flexibility, as shown in Figure 4-2 (B) (E)
(H) and Figure 4-3 (B) (E) (H). The influence of the carbon tax on the production
is not as significant as the oil price. However, for the high carbon tax, power is not
a favorable product because either the carbon tax must be paid, or, carbon capture
and sequestration (CCS) must be implemented. Both are costly and the result is less
profitable than liquids production. Note that this carbon policy does not tax the
carbon in the liquid fuels.

The product distributions here are quite different from those for the static poly-
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generation systems (as shown in Chapter 3), where co-production of power and liquids
(naphtha, diesel and/or methanol) in comparable amounts is rarely optimal due to
the high capital cost of the co-installation of power generation and liquids production
equipment. In the flexible polygeneration systems, however, this high capital cost
can be justified by the extra profit obtained from the optimal production plans in
different scenarios. For example, the ektra profit of power generation at peak times,
when power prices are much higher than their average prices, is higher than the ad-
ditional capital cost of the co-installed gas turbine and steam turbines in most cases.
Similarly, the extra profit of liquids productions at off-peak times not only recovers
the capital cost of the Fischer-Tropsch (FT) system or methanol (MeOH) system
but also improves the net present value (NPV) of the whole plant. Co-production
of liquid fuels and methanol is still rarely optimal in flexible polygeneration designs
because the liquid prices in all scenarios are not far from their average prices and not
enough extra profit can be gained from such co-production to recover the extremely
high capital cost of the co-installation of a FT system and a MeOH system.

Like the product distributions, the equipment load also varies in different scenar-

ios. It is represented by the equipment capacity usage, which is defined as

1 Fllnh
Ut —22 % 100% , YhE N, (4.16)

ap,h T T
where U(l:ap,h is the percentage usage of the capacity of equipment [ in scenario h, an A
is the total molar (or mass) flow rate of the input stream of equipment [ in scenario
h, and F* is the molar (or mass) capacity of equipment [.

The equipment capacity usages for the middle carbon tax and 50% operational
flexibility case and the middle carbon tax and 100% operational flexibility case are
shown in Figures 4-4 and 4-5, respectively. From Figures 4-2 and 4-4, all equipment
(except compressors and equipment that are not built) are operated between the
half and full capacity in all scenarios for 50% operational flexibility, resulting in a
limited variation in product distributions. From Figures 4-3 and 4-5, some equipment

are allowed to be fully operated in some scenarios and totally shut down in other
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scenarios for 100% operational flexibility, leading to totally different production plans
in different scenarios. For example, for the low oil price, the polygeneration plant with
100% operational flexibility operates optimally as a pure power plant during the peak
times and a methanol plant with a small amount of power output during the off-peak
times (as shown in Figure 4-5 (A)). In real applications, the gas turbine can start up
or shut down quickly without much difficulty, while the equipment in the chermical
processes usually needs to be operated above a minimum capacity (typically 50% of
the full capacity) at all times since its start-up is difficult and lengthy. Hence, the
polygeneration plant with 50% operational flexibility can be potentially realized in
industry, while the plant with 100% operational flexibility is currently only an ideal
construct. However, the results for 100% operational flexibility provide the maximum
potential economic benefit from all flexible designs and operations considered. The
operational flexibility can potentially be increased by the development of advanced
control and operational technologies in the future. From Figures 4-4 and 4-5, it can
be seen that the fluctuation of the capacity usage of the steam turbine (and its steam
generation system) is much smaller than other equipment because the amount of
steam generated by the power generation process is not very different from that by
the liquid production process. This result mitigates the operational difficulties in the
potential real application of flexible polygeneration plants.

COs emissions for the middle oil price and 50% operational flexibility case and the
middle oil price and 100% operational flexibility case are shown in Figures 4-6 and
4-7, respectively (based on the dry feedstock consumption rate of 1042 tonne/hr). In
most cases, the process CO; emissions at peak times are higher than those at off-
peak times. There are two reasons: first, power generation (without CCS) is usually
favored at peak times, emitting essentially all carbon from the feedstock into the
atmosphere, while at off-peak times a large portion of the carbon enters the liquid
fuels or methanol; second, the CCS for the CO, produced in the liquids production
process is turned off at peak times (with high power prices) to produce more power
to export to the grid and it is turned on at off-peak times (with low power prices) to

pay less carbon tax. However, total CO, emissions, which are equal to process COq
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emissions plus the downstream CO, emissions from the liquid fuels may be the same
between peak times and off-peak times in some cases (such as for the low carbon
tax, the middle oil price and 50% operational flexibility case, as shown in Figure 4-6
(A)). With an increase in the carbon tax, CO, emissions are significantly decreased
because it becomes more economical to implement CCS instead of paying the carbon

tax or to switch from power generation without CCS to liquids production.

4.2.4 Comparison of Static Designs and Flexible Designs

The annual product distributions for all 0%, 50% and 100% operational flexibility
cases are shown in Figure 4-8. In static polygeneration designs, the fraction of one
product is much higher than other products in most cases, as discussed in Chapter
3. In flexible polygeneration designs, the product distributions become much more
uniform, implying that one product cannot dominate the portfolio in all scenarios
in most cases. The influence of the oil price and the carbon tax on the product
distributions is similar for all three designs.

The annual COy emissions for all 0%, 50% and 100% operational flexibility cases
are shown in Figure 4-9 (based on the dry feedstock consumption rate of 7.815
Mt/yr). Flexible polygeneration systems produce higher or lower CO; emissions than
static ones, depending on the product distributions. If the fraction of liquid fuels or
methanol increases in the product portfolio, CO, emissions will be reduced; if the
fraction of power increases and no CCS is implemented, CO, emissions will increase.
CO, emissions in all three designs are significantly reduced with an increase in the
carbon tax.

The economic performance of polygeneration systems for all 0%, 50% and 100%
operational flexibility cases are compared in Figures 4-10 — 4-13. The total capital
investments for the three kinds of polygeneration systems in all cases are shown in
Figure 4-10, their annual net profits are shown in Figure 4-11, and their net present
values are shown in Figure 4-12. Higher capital investments are needed for flexible
plants than the corresponding static plants because all equipment must be oversized

to realize operational flexibility. However, flexible systems also achieve higher annual
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net profits than static systems through their more flexible production strategies. Con-
sidering these two factors, flexible systems obtain better overall economic benefits,
such as higher net present values (NPV) as shown in Figure 4-12. A higher NPV can
be achieved if more operational flexibility is realized. The percentage increases of the
NPV in flexible polygeneration systems compared to those in static ones are shown
in Figure 4-13. For the low oil price and the middle carbon tax case, the flexible
plant with 100% operational flexibility can yield as high as 63% more NPV than the
static plant. Hence, the more expensive, high flexibility plants provide greater re-
turns. However, at these very large scales, the initial capital investment required may
be prohibitive, such that a less-flexible (and less profitable) design may be desirable.

Higher NPVs are realized for polygeneration plants with different operational
flexibilities for higher oil prices or lower carbon taxes. For higher oil prices and
higher carbon taxes, the gains in the NPV achieved by increasing the flexibility is
less significant, since the NPVs of all polygeneration plants are very high for the high
oil price cases (as shown in Figure 4-12 (C)). For the high carbon tax case, liquids
production is preferred to power production for all operational flexibilities, resulting

in smaller variations of production plans among different scenarios (as shown in Figure

48 (C)).
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Table 4.5: Optimal values of key decision variables in the sample case study *

Operational Flexibility
0% 50% 100%

Decision Variables

M ary ©

All Seasons, Peak & Off-peak 1042 1042 1042
Ry

All Seasons, Peak & Off-peak 0 0 0
Sliq

Spring, Summer & Fall, Peak 1 0.481 0

Winter Peak 1 0.483 0

All Seasons, Off-peak 1 0.991 1
Sele

All Seasons, Peak & Off-peak 0 0 0
ngsl

Spring, Summer & Fall, Peak 0.398 0.381 n/a **

Winter Peak 0.398 0.387 n/a

All Seasons, Off-peak 0.398 0.415 0.415
ngs2

All Seasons, Peak & Off-peak  n/a n/a n/a
Sseq

Spring & Fall, Peak 1 1 n/a

Summer & Winter, Peak 1 0 n/a

All Seasons, Off-peak 1 1 1
Stne

All Seasons, Peak 0822 0 n/a

All Seasons, Off-Peak 0.822 0 1
Satr

Spring, Summer & Fall, Peak 1 0.358 n/a

Winter Peak 1 0.348 n/a

All Seasons, Off-peak 1 0.257 n/a
Sfts

Spring, Summer & Fall, Peak 0 0 n/a

Winter Peak 0 0.170 n/a

All Seasons, Off-peak 0 1 n/a
Smes

All Seasons, Peak 0.957 n/a n/a

All Seasons, Off-Peak 0.957 n/a 0.971

* . All decision variables are unitless except mgy+,.,, which is tonne/hr.
** . Some results are not applicable (n/a) because the corresponding
equipment are absent in the optimal design.
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Table 4.6: Feedstock consumption rates and production rates for the sample case
study in all scenarios *

Operational Flexibility
0% 50% 100%

Feedstock
Coal
All Seasons, Peak & Off-peak 1172 1172 1172
Biomass
All Seasons, Peak & Off-peak 0 0 0
Water
Spring, Summer & Fall, Peak 350 617 197
Winter Peak 350 619 197
All Seasons, Off-peak 350 517 412
Product
Power *
Spring & Fall, Peak 208 2676 3944
Summer & Winter, Peak 208 2728 3944
All Scasons, Off-peak 208 1312 71
Naphtha
All Seasons, Peak 12 34 0**
All Seasons, Off-Peak 12 68 0
Diesel
All Seasons, Peak 31 90 0 *
All Seasons, Off-Peak 31 178 0**
Methanol
All Seasons, Peak 713 0* 0
All, Seasons, Off-Peak 713 0 831
Sulfur
All Season, Peak & Off-peak 29 29 29
CO, Sequestered
Spring & Fall, Peak 1424 695 0
Summer & Winter, Peak 1424 0 0
All Seasons, Off-peak 1424 1390 1403

*: The unit of all quantities is tonne/hr, except power, which is MW.
** . Some production rates are zero because the corresponding equipment
are absent in the optimal design.
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Table 4.7: Annual feedstock consumption rates and production rates for the sample
case study *

0% Flexibility 50% Flexibility 100% Flexibility

Feedstock

Coal 8.79 8.79 8.79
Biomass 0 0 0
Water 2.62 4.23 2.34
Product

Power * 1.56 14.67 13.99
Naphtha 0.09 0.39 0 **
Diesel 0.23 1.03 0 **
Methanol 5.35 0 * 3.35
Sulfur 0.22 0.22 0.22
CO, sequestered 10.68 6.81 5.64

* . The unit of all quantities is Mt/yr, except power which is TWh/yr.
*% . Some production rates are zero because the corresponding equipment
are absent in the optimal design.

106



Low carbon tax, Low oil price Low carbon tax, Middle oil price Low carbon tax, High oil price

100 100 100

80 80 80

60 60 60

40 40 40

20 20 20

0 0 0
P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP
Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter

(A) (B) (©)

Middle carbon tax, Low oil price Middle carbon tax, Middle oil price Middle carbon tax, High oil price

100 100 100
80 80 80
60 60 60
40 40 40
20 20 20
0 0 0
P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP
Spring Summer Fall ~ Winter Spring Summer Fall  Winter Spring Summer Fall  Winter
(D) (E) (F)
High carbon tax, Low oil price High carbon tax, Middle oil price High carbon tax, High oil price
100 100 100
80 80 80
60 60 60
40 40 40
20 20 20
0 0 0
P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP P OP
Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter
(G) (H) M
[ ® Electricity # Liquid Fuels = Methanol |

Figure 4-2: Product distributions for the 50% operational flexibility case (%). [P =
peak, OP = off-peak.]
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Figure 4-3: Product distributions for the 100% operational flexibility case (%). [P

peak, OP = off-peak.]
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Figure 4-4: Equipment capacity usages for the middle carbon tax and 50% operational
flexibility case (%). [P = peak, OP = off-peak.]
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Figure 4-5: Equipment capacity usages for the middle carbon tax and 100% opera-
tional flexibility case (%). [P = peak, OP = off-peak.]
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Figure 4-6: CO; emission rates for the middle oil price and 50% operational flexibility
case (tonne/hr). [P = peak, OP = off-peak; Process Only = carbon taxes only apply
to CO, emissions in the process, Plus Liquid Fuels = carbon taxes apply to both the
CO4 emissions from the process, and to the carbon in the fuels which will eventually

be combusted.]
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Figure 4-7: CO; emission rates for the middle oil price and 100% operational flexibility
case (tonne/hr). [P = peak, OP = off-peak; Process Only = carbon taxes only apply
to COy emissions in the process, Plus Liquid Fuels = carbon taxes apply to both the
COy emissions from the process, and to the carbon in the fuels which will eventually

be combusted.]

110



Low oil price

Middle oil price High oil price

100 100 100
80 80 80
60 60 60
40 40 40
20 20 20
o 0 0
Flexibility (%) 100 50 0 100 50 0 100 50 O 100 50 0 100 50 O 100 50 © 100 50 0 100 50 0 100 50 O
Carbon Tax low middle high low middle high low middle high
(A) (B) (&)
| = Electricity ® Liquid Fuels = Methanol ]

Figure 4-8: Annual product distributions for three different operational flexibilities

(%).

Low oil price

Middle oil price High oil price

25 25 25

20 20

15 15

10 10

S5 5

0 0
Flexibility (%) 100 50 0 100 50 ©0 100 60 O 100 50 O 100 50 0 100 50 O 100 50 0 100 50 0 100 50 O
Carbon Tax low middle high low middle high low middle high

(A) (B) (©)
I m Process Only ® Plus Liquid Fuels ]

Figure 4-9: Annual CO, emissions for three different operational flexibilities (Mt/yr).
[Process Only = carbon taxes only apply to CO; emissions in the process, Plus Liquid
Fuels = carbon taxes apply to both the CO; emissions from the process, and to the
carbon in the fuels which will eventually be combusted.]
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Figure 4-10: Capital investments in all cases (Sbillion).
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Figure 4-11: Annual net profits in all cases ($billion/yr).
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Figure 4-12: Net present values in all cases ($billion).
Low oil price Middle oil price High oil price
70 30
60 25
50 56
40
15
30
10
20
10 5
0 0
Carbon Tax low middle high low middle high low middle high
(A) (B) (©)
1 =100 % Flexible u 50 % Flexible |

Figure 4-13: Increase of NPV in flexible polygeneration systems compared to the
corresponding static polygeneration systems (%).
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Chapter 5

Nonconvex Generalized Benders

Decomposition Algorithm

5.1 Motivation

The optimal design and operation of flexible polygeneration systems, which is formu-
lated as a multi-period optimization problem (as shown in Chapter 4), is a potentially
large-scale nonconvex mixed-integer nonlinear programming (MINLP) problem with
high computational burden. In Chapter 4, the state-of-the-art global optimization
solver, BARON, was employed to obtain the global optimum for the polygeneration
optimization problem. However, BARON required a considerable amount of CPU
time to solve the problem, and the solution time increases exponentially with the
number of scenarios. Therefore, more efficient algorithms need to be developed to
solve this multi-period optimization problem for larger numbers of scenarios.

A decomposition algorithm recently developed for the stochastic pooling problem
[110, 112, 113, 114] is attractive for this large-scale multi-period optimization problem
because it can fully exploit the decomposable structure of the problem. By apply-
ing the decomposition algorithm, the solution time of the multi-period optimization
problem is expected to increase linearly with the number of scenarios, and the global
optimization of large-scale flexible polygeneration design problems can be achieved in

reasonable times.
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5.2 Overview

The decomposition method is an extension of Benders decomposition [32] and is de-
veloped based on the framework of concepts presented by Geoffrion for the design of
large-scale mathematical programming techniques [68, 66, 67]. This framework in-
cludes two groups of concepts: problem manipulations and solution strategies. Prob-
lem manipulations, including convexification, projection, and dualization, are devices
for restating a given problem in an alternative form more amenable to solution. The
result is often what is referred to as a master problem. Solution strategies, including
relaxation and restriction, reduce the master problem to a related sequence of simpler
subproblems.

In this thesis, the stochastic/multiperiod pooling problem with the following form

is studied:
yzrlmnxs ciy + Z (c;hzh + C;F)hqh + czhuh)
q15--G4s,UL,.. - Us h=1
s.t. Upit = ThiGht, \V/(l, t) €, Vh € {1, ce ,8}, (P)
Ay + Ao pxn + Az pqn + Agpun < by, Yhe{l,... s},
(Th, gy up) € My, YR e {1,...,s}, y€Y,
where

I, = {(zh, gn, un) € R™ x R™ x R™ : AQ,hIh + AB,th + A4,huh < Bh,

zy <an<ay, g <an < g b
Y ={ye{0,1}™ : By <a}.

The index h € {1,..., s} indicates the different scenarios for uncertainty realizations
or time periods; y represents complicating variables, which are binary variables in
this study; xn, qn and u, are non-complicating variables in scenario h, which are
continuous. The set II, is a nonempty, compact and convex polyhedron. Note that

the classical pooling problem formulations, including p-, g- and pg-formulations [168],
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can all be written in the form of Problem (P).

Remark 1. Problem (P) has finite optimal objective values or is infeasible because

the set II, is compact.

In the decomposition method, Problem (P) is reformulated into a lower bounding
problem by convexification and underestimation of the bilinear functions. The lower
bounding problem is potentially a large-scale MILP, which can be transformed into
an equivalent master problem by the principle of projection and dualization [68].

The master problem contains an infinite number of constraints and is usually
difficult to solve directly. Instead it is solved through solving a sequence of Primal
Bounding Problems (PBP), Feasibility Problems (FP), and Relaxed Master
Problems (RMP), which are much easier to solve.

The Primal Bounding Problem is constructed by restricting the integer vari-
ables to specific values in the lower bounding problem, whose solution yields a valid
upper bound on the optimal objective value of the lower bounding problem (and
hence the master problem). When the primal bounding problem is infeasible for
an integer realization, a corresponding Feasibility Problem is solved, which yields
valid information for the algorithm to proceed. Both the primal bounding problems
and the feasibility problems are potentially large-scale LPs, but they can be further
decomposed into LP subproblems for each scenario with much smaller sizes.

The Relaxed Master Problem is constructed by relaxing the master problem
with a finite subset of the constraints (or cuts). Canonical integer cuts are also added
into the problem so that no integer realizations will be visited twice by the algorithm.
The solution of the relaxed master problem yields a valid lower bound on the optimal
objective value of the master problem augmented with the integer cuts. The relaxed
master problem is a MILP whose size is independent of the number of scenarios.

On the other hand, a restriction of Problem (P), which is called the Primal
Problem (PP), is constructed by restricting the integer variables to specific values
in Problem (P), whose optimal objective value yields an upper bound of that of
Problem (P). The primal problem is potentially a large-scale nonconvex NLP, but

it can be further decomposed into NLP subproblems for each scenario with much
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smaller sizes.

The details of the aforementioned subproblems are given in the next section.

5.3 Subproblems in the Decomposition Method

5.3.1 Primal Bounding Problem

The primal bounding problem (PBP) is generated by fixing the integer variables in the
lower bounding problem to y®) which is the integer realization at the k™ iteration.

Problem (PBP) can be naturally decomposed into subproblems (PBP}) for the s

scenarios:
objpgp, (y(k)) = xhn(}ifhh C;r,hxh + C%r,th + C},huh
st ALpy™ + Agpan + Aspgn + Agpun < ba, (PBPy)
(xha 4h, uh) € ﬁha
where

ﬁh = {(xh,Qh,Uh) €l upye 2 'T%L,lq}l,t + Ih,le,t - ‘/Ek,lq}l;,t’
Uh it = fﬁ}il%,t + J?h,zqg,t - x}f’lq}it,
Up i < x}z{lQh,t + :Eh,lQII;,t - xg,zq;f,m
Up e < mk,zqh,t + xh,lqg,t - wﬁ’qulf,t,

V(l,t) € Q}.

objpgp, (y™) is the optimal objective value of Problem (PBP,) for y = y®, h =
1,...,s. The objectives of Problem (PBP) and (PBP}) satisfy the following relation-
ship:

objpgp () = ciy®™ + ZObjPBPh (v™). (5.1)
h=1

where objpgp (y*)) is the optimal objective value of Problem (PBP) for y = yk),
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5.3.2 Feasibility Problem

If Problem (PBP) is infeasible, the corresponding feasibility problem (FP) is solved.
Problem (FP) can be naturally decomposed into subproblems (FP},) for the s scenar-

108:

Th,qh,Uh,Zh

m
min Z Zhi
i=1
s.t. Al,hy(k) + Ao pzr + Aspqn + Agpun — by, < zp,

(@h, qn,un) € ﬁh, zn = (2h1y -2 20m) € Z,

where Z = {z € R™ : z > 0}, and each nonnegative variable z,; measures the

violation of the corresponding constraint, h = 1,...,s.

5.3.3 Relaxed Master Problem

After solving the primal bounding subproblems or feasibility subproblems for k integer

realizations, a relaxed master problem (RMPk) is solved to generate a new integer

realization:
min 7
yYn

st. n>aly4+pY  vjeTk,

~y+ 69 <0, Vie Sk (RAMP)
Z Y- Z u<|{l:y" =1} -1, VteTruUS*,

tefiy{V=1} le{tiy =0}

yeyY, neR,
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where
. s T
o) =cT + Z ( Aﬁj)) Avn,

h=1

g :Z [Cg,hx;f) + C?T,hQI(z]) + C:f,h“;(f)] +
-1

] T A A ‘
3 [(Agﬁ) (Aol + Asngl) + Aup) bhﬂ ,
h=1
—~ (T
7(1) :Z (th ) A,
h=1
s T . 4 ‘
9(1) Z |i(/1’§:)) (AQ,hxﬁf) + A3’hq](;) -+ A4,hu§Z) - bh):l ,

and the index sets are

T* = {j € {1,...,k} : Problem PBP (y¥) is feasible},
Sk ={ie{l,...,k} : Problem PBP (y") is infeasible}.

)\g) denotes the Lagrange multipliers of Problem (PBP;) when y = yU) (V5 € TF),
and 1\ denotes the Lagrange multipliers of Problem (FPj) when y = Y (Vi € SF).
(:v?,q,&”,u?) is a minimum of Problem (PBP.) (Vh € {1,...,s}) when y = y),
and (w;i), qf(:), uﬁf)) is a minimum of Problem (FP,) (Vh € {1,...,s}) when y = y(®.
The last group of constraints represent a set of canonical integer cuts that prevent
the previously examined integer realizations from becoming a solution [25]. In this
work, these integer cuts are called “Balas cuts”.

When no feasible integer realization for Problem (PBP) has been found (i.e. T* =

), an alternative problem (RMFP*), which yields a feasible solution for Problem
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(RMP¥), is solved to allow the algorithm to proceed:

ny

min E Ul
Y =1

st. YOy +609 <0, Vie Sk

(RMPF*)
Yoow— Y w<ly=1}-1, viesk
le{l: ym—l} le{l:ylm:o}
yeYy.

5.3.4 Primal Problem

The primal problem (PP) is generated by fixing the integer variables in the original
Problem (P) to y*), which is the integer realization at the k™ iteration. Problem

(PP) can be naturally decomposed into subproblems (PP,) for the s scenarios:

objpp, (y(k)) = xhrf;i%h C;rhxh + 03 ndn + C4 hUR

2t upp=2xa , Y(l,t) € Q,
S hl.t h,1Gh,t ( ) (PPh)
Arpy® + Agpxy + Agngn + Agpun < by,

(zh, qn, up) € I,

where objpp, (y(k)) is the optimal objective value of Problem (PP},) for y = y*) h =
1,...,s. The objectives of Problem (PP) and (PP}) satisfy the following relationship:

objpp (y*™) = cfy® + Z objpp, (y*) (5.2)

where objpp (y™*) is the optimal objective value of Problem (PP) for y = y(®.

Remark 2. According to Ref [113], the solution of Problem (PP) can be accelerated

with the inclusion of additional cuts.
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5.4 Decomposition Algorithm

The decomposition algorithm is described as below [113]:

Initialize:
1. Iteration counters k =0, [ = 1, and the index sets T =0, S° =0, U° = 0.

2. Upper bound on the problem UBD = +o00, upper bound on the lower bound-
ing problem UBDPB = +o0, lower bound on the lower bounding problem
LBD = —cc.

3. Set tolerances €, and € such that Y, _ e, <e.

4. Integer realization y!) is given.

repeat
if £k = 0 or (Problem (RMP*) is feasible and LBD < UBDPB and LBD <
UBD — ¢) then
repeat
Set k=Fk+1
1. Solve the decomposed primal bounding problem (PBP,(y™*))) for each
scenario h = 1,..., s sequentially. If Problem (PBP,(y*))) is feasible
for all the scenarios with Lagrange multipliers )\gc), add optimality
cuts to the relaxed master problem (RMP*) according to )\gk), s /\gk),
set TF = T* 1 U {k}. If objpgp(y*)) < UBDPB, update UBDPB =
objpep(y™), y* =y®, k* = k.

2. If Problem (PBP,(y™®)) is infeasible for one scenario, stop solving it
for the remaining scenarios and set S¥ = S¥~1 U {k}. Then, solve the
decomposed feasibility problem (FP,(y*))) for h = 1, ..., s and obtain
the corresponding Lagrange multipliers uﬁlk). Add feasibility cuts to

Problem (RMP*) according to these multipliers.

3. If T* = 0, solve the feasibility problem (RMFP*); otherwise, solve

)

Problem (RMP¥). In the latter case, if Problem (RMP*) is feasible,
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set LBD to its optimal objective value. In both cases, set y**1 to the
y value at the solution of either problem.
until LBD > UBDPB or (Problem (RMP*) or (RMFP¥) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal problem (PP.(y*)) to e,-optimality .for
each scenario h = 1,..., s sequentially. Set U' = U'~* U {k*}. If Prob-
lem (PP (y*)) is feasible with optimum (zj, ¢;, u;) for all the scenarios
and objpp(y*) < UBD, update UBD = objpp(y*) and set y; = y~,

(x;‘h,q;,h,u;yh) = (z},q,ur) for h=1,...,s.
2. IfT* \ Ul =, set UBDPB = +oco0.

3. HT*\U' # 0, pick i € T*\U" such that objpgp (y?) = min;cze ;1 {objpgp(y?)}.
Update UBDPB = objpgp(y™?), y* =4y, k* = 4. Set [ =1 + 1.
end if
until UBDPB > UBD - ¢ and ((Problem (RMP*) or (RMFP*) is infeasible) or

LBD > UBD — ).
An e-global optimum of the original problem (P) is given by

(Yps T 1y ooy Ty G 1 oves Gy sy U 1 U )
or (P) is infeasible.
The algorithm flowchart is shown in Figure 5-1 [110]. Note that the nested loops

are designed to minimize the number of primal problems solved [100, 113].

The proof of the finite convergence of the decomposition algorithm can be found

in Ref [113].

5.5 Conclusions

The decomposition algorithm is expected to be an efficiency algorithm for stochastic/multi-

period optimization problems, and can potentially reduce significant amounts of com-
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Tmitializati UBD, UBDPB, Global solution or
nitialization infeasibility indication
Yes
UBDPB >
UBD?,
No
Primal Bounding Primal
Subproblems (LP) Subproblems
(Nonconvex NLP
PBP Feasible?
Update UBD,
No UBDPB
Update LBD Feasibility Update
Subprobiems (LP) UBDPS
Feasibility Cut Optimality
Relaxed Master Cut
Problem
New Integer (MILP)
Realization

Figure 5-1: Flowchart for the decomposition algorithm.

putational times for large-scale problems compared to state-of-the-art global opti-
mization solvers (as shown in case study results in Chapter 7). However, this method
can suffer from a slow convergence rate for highly nonconvex problems, such as the
polygeneration optimization problem, due to a large relaxation gap. In Chapter 6, the

decomposition algorithm will be enhanced by several methods for faster convergence.
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Chapter 6

Enhanced Nonconvex Generalized
Benders Decomposition

Algorithms

6.1 Overview of Enhancement Technologies

In NGBD, the lower bounding problem serves as a surrogate for Problem (P) for
the purpose of valid decomposition, and the tightness of the convex relaxation (i.e.,
the closeness of the lower bounding problem to Problem (P)) determines the quality
of the information generated through the decomposition. Therefore, the tighter the
relaxation is, the faster the NGBD may converge. However, NGBD does not reduce
the relaxation gap during the solution procedure because it does not branch on the
variables in the full search space, so it may have to visit most or even all of the binary
variable realizations when the relaxation gap is large. Therefore, NGBD may suffer
from a slow convergence rate for highly nonconvex problems, including the polygen-
eration optimization problem. Several enhancement technologies can be incorporated
into NGBD for tighter relaxation and faster convergence.

One enhancement technology is the incorporation of dual information of the primal

problem into the relaxed master problem [49]. It has been demonstrated that the
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Lagrangian relaxations of some nonconvex functions could be tighter than their convex
relaxations [97, 102]. The enhanced NGBD with primal dual information will be
discussed in Section 6.2.

Another enhancement technology is using piecewise McCormick relaxation in the
lower bounding problem (and also Problem (PBP)) [111]. Recently, it has been rec-
ognized in the process systems engineering literature that piecewise linear relaxation
enables much tighter relaxations of bilinear programs and can expedite global opti-
mization significantly in the branch-and-bound framework [95, 133, 181, 74] (while
the notion of piecewise linear relaxation dates back to the 1980s [150]). The enhanced
NGBD with piecewise relaxation will be discussed in Section 6.3, and the enhanced
NGBD with both primal dual information and piecewise relaxation will be discussed
in Section 6.4.

The third enhancement technology is applying lift-and-project cuts to the lower
bounding problem (and Problem (PBP)), instead of directly using piecewise relax-
ations. The lift-and-project cutting plain method has been successfully developed
for the fast solution of MILPs [24, 164]. By using lift-and-project cuts, piecewise
relaxation problems with a large number of pieces may be solved efficiently, and the
relaxation gap between the original problem and the lower bounding problem can be
potentially eliminated when the number of pieces is sufficiently large. The enhanced
NGBD with lift-and-project cuts will be discussed in Section 6.5.

Some new subproblems will be added into the NGBD algorithm after applying
enhancement technologies, and they will be introduced in each of the following sec-

tions.
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6.2 Enhanced Decomposition Algorithm with Pri-

mal Dual Cuts

6.2.1 New Subproblems
Relaxed Dual of Primal Problem

Primal dual information can be obtained by solving the dual of Problem (PP), which
is a quite difficult problem since it is a bilevel program. Instead, a restriction of
the dual of Problem (PP) (called Problem (DPP)), which is generated by fixing the
multipliers in the dual of Problem (PP) to some specified values, is solved here. The
optimal value of Problem (DPP) is a lower bound of that of the dual of Problem
(PP). Problem (DPP) can be naturally decomposed into subproblems (DPP},) for the
$ scenarios:

- T T T
min ¢y pTh + €3 5qn + CypUn +
Thyqh,Uh

(’igk)> (Avny™ + Appzn, + Agngn + Agptun — by) (DPPy)
h

s.t. Up it = Thiqh.t, \V/(l, t) € Q,

(h, qn, un) € I,

where K,Elk) can be either /\,(Ik), which denotes Karush-Kuhn-Tucker (KKT) multipli-
ers of Problem (PBP,) when y = y*), or /V\;Lk), which denotes KKT multipliers of
Problem (PPj) when y = y*). Problem (DPP,) is solved for both values of the
KKT multipliers in this work to obtain additional dual information from the primal

problem.

Remark 3. Problem (DPP,,) is always feasible and its optimal objective value is finite
because the set Il is compact. By weak duality [33], it provides a lower bound on
Problem (PP,,).

Remark 4. Problem (DPP}) is nonconvex, hence global optimization solvers, such
as BARON;, need to be used here to obtain e-optimal solutions. As discussed later,

solving Problem (DPP}) is the most time-consuming step in the whole algorithm.
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To reduce the overall solution time, Problem (DPP},) is only solved for those integer
realizations for which Problem (PP) is feasible and updates the current upper bound

(UBD).

Enhanced Relaxed Master Problem with Primal Dual Cuts

The optimal solutions of Problem (DPPj) together with the KKT multipliers of
Problem (PBP,) and (PP}) provide additional cuts for the relaxed master problem
(RMP*) to obtain tighter lower bounds for Problem (P). The updated relaxed master
problem, which is called the enhanced relaxed master problem with primal dual cuts

(DERMP*), is as follows:

min 7
yn
st. n>aDy+ 50, vrevk
n > d(r)y + B(r), vr € vka
n>aVy+ a9, vje TAVF, (DERMP*)

Oy + 09 <0, Vie Sk

o w— Y, wsH{iy=1-1, vt € TF U S*,

le{l:yl(t)zl} lE{l:yf”:O}

yeY, nekR,
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where

s T
& =cf + Z (Aﬁzr)> At p,
h=1

S

B = Z [02 hxﬁ) +¢, h(J;(;) +cy ha}(hr) +
h=1

i [(Aﬁj’)T (A3 + Agpd” + Asnt]) — bhﬂ ,

h=1
Z {()‘g)> (AQ hIh )+ AShu( Rt Ay hU(T) — bh)} ,
h—1

V# = {r e {1,...,k} : Problem PP (y) is feasible and updates UBD} C T*.

( ) g u,(f)) is a minimum of Problem (DPP,) with the KKT multipliers of Prob-
lem (PBP,) (Vh € {1,...,s}) when y = y(™ and (xh ,cj,(lr),uz)) is a minimum of
Problem (DPP},) with the KKT multipliers of Problem (PP) (Vh € {1,...,s}) when
y = y("). The first two sets of constraints are called primal dual cuts since they are

constructed according to the dual information of the primal problem.

Enhanced Relaxed Master Problem with Primal Dual Multicuts

The relaxed master problem (DERMP*) can be further enhanced by replacing each
single primal dual cut with s cuts for the s scenarios, following the multicut strategy
in Ref [36]. The new primal dual cuts are called primal dual multicuts in this work.
The enhanced relaxed master problem with primal dual multicuts (MDERMP¥) is

constructed as follows (in which the optimality and feasibility cuts are also replaced

129



by multicuts):

min
My ls

s.t.

where

Ui

n>cly+Y

h=1
m > &y + 80 Vhe{l,..., s}, VreVh,
nh>a y+ﬂ,(:), Vhe{l,...,s}, Vre V¥,

m > oy + 89, Vhe{l,..., s}, Vje TNV,
A9y 469 <0, Vhe{l,..s}, VieS,
Sow - Y w<{tyW=1}-1, vteTtush
le{ly{V=1} le{ly" =0}
yeY, neR,
(MDERMP*)

+Csth)+C4hU§1) +

(Az,hiihr + AB,hd;(:) + A4,hﬁ§:) - bh) ,

/;;(:) = C;F,hfir) +¢3, hQ;(L) + czhﬂﬁf) +

5\5;)>T (Az hﬂih) + Az hqh ) + A, huh — bh)
)

()

=T, (J)+c3hqh ()

+C4huh -+

<
D
Il
N
=
~ =
N——
N
N
N

>

=
XD
+
R
)

>
K
>

+
b
=

>

<

I
(=
>
N—
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Remark 5. After incorporation of multicuts, the number of continuous variables in

Problem (MDERMP*) depends on the number of scenarios linearly while the number

of binary variables, which dominates the solution time of MILPs, remains the same;

on the other hand, the number of iterations (and hence the number of Problems (PP})

and (DPP},) to be solved) may be significantly reduced, as will be shown by the case

study results.

6.2.2 Theoretical Properties

Remark 6. According to the separability in the integer and continuous variables,

Problem (DERMPX) is equivalent to the following problem:

min 7
ym

(r) (r) k
st. n>Fp(y, A\, ..., AY)), VreVF

772 Fp(yixgr))"'35\gr))7 vrevk)
n>Fy, A\, ... ), VjeTH\vk

G(y,ugi), LLuy <o, Ve St

>ow- Y ws<HiiyW=1}-1, vieT us",
le{ly{V=1} le{ly=0}
yeyY, neR,
(DERMP1%)
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where

Fo(y A0, A0) = inf - cy+ Z (3 hh + €340 + Cipun
(Zh,%,uh)enh» h=1
Yhe({l,...,s}

+()\§Lr))T (Al,hy + A2,h33h + A3,th + A4,huh — bh)) ,

S

)

Fp(y, )\(1T)a e a:\gr)) = inf  cly+ (C;F,hxh + Cg,th + C4T,huh

+(S‘§:)>T (Al,hy + AZ,hIh + A3,hqh + A47huh — bh)) ,

8
F(U’ A(lj)a B )‘sj)) = inf . Crlry + Z (c;hxh + C’BT,hq}l + C:f,huh
ey

+(/\§1j))T (A1 py + Ao ph + Asngn + Agnun — bh)) ,

S

Gy, ¥, p®) = inf Z(uﬁf))T (ALny + Ao pzn + Az pgn + Agptn = ba),
(Th,qn,un)€lln,
vhe{l,...,s}
and the set

0, = {(xn, g, un) € Ma : unye = Tnagne, V(1) € Q1

Proposition 1. Any y that is feasible for Problem (P) augmented with the Balas
cuts is also feasible for Problem (DERMP*), and the optimal objective of Problem
(DERMP*) is a lower bound of that of Problem (P) augmented with the Balas cuts.

Proof. According to the equivalency of Problems (DERMP*) and (DERMP1¥), the
following property is proved: any y that is feasible for Problem (P) augmented with
the Balas cuts is also feasible for Problem (DERMP1*), and the optimal objective of
Problem (DERMP1¥) is a lower bound of that of Problem (P) augmented with the

Balas cuts.

132



Define

8§
objpp(y) = min ¢y + Z (Conh + C34Gn + 4 pun)
(@h,qn,un)Ellp, he1
vhe({l,...,s}
s.t. Al,hy + Ag’hl’h + A3thh + A4,huh <b, Vhe {1, . ,8}.

From weak duality,

Fo(y, A7 MDY < objpp(y), VreVk, Wyev, (6.1)
Fo(y, A7, X0 < objpp(y), VreVk, Vyev. (6.2)

For all 3 that is feasible for Problem (P) augmented with the Balas cuts, pick
7l = objpp(§), then

i > Fo(g, A7, .. A0, (6.3)
and
i > Fo(g, A, AD). (6.4)
Define
k]
objpgp(y) = min ¢y + Z (Crzr,hxh + C;F,h% + C4T,huh)
(Ihthvuh)enh,; h=1

Vhe{l,...,s}

s.t. ALy + Ao pxn + Az pgn + Agpun < by, Ve {1,...,s}.
Duc to their definitions, set II, is a convex relaxation of the set I1),, hence
I, c ,, Vhe{l,...,s} (6.5)

then
objpp(y) > objpgp(y), VyeY. (6.6)

From strong duality for linear programs [33],
Fly, AP, AP) =objpgp(y), Vi € TMVE, vy €Y. (6.7)
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So
7> Fg,\,.. A (6.8)

L

holds from Equations (6.6) and (6.7).

According to the definition of Problem (RMP*), for all § that is feasible for Prob-
lem (P) augmented with the Balas cuts is also feasible for Problem (RMP¥) [113].
So

G (g, u’ @y <0 6.9
(yvul""nu's> ()

holds.
Equations (6.3), (6.4), (6.8) and (6.9) imply that (g, 7) is feasible for Problem
(DERMP1*), and
objperumpit < 1 = 0bjpp(9), VI € @, (6.10)

where objpprypr+ 1S the optimal objective value of Problem (DERMP1%), and the set

d={yeY: A+ Aonth + Asngn + Agpun < by, for some (x4, qn, un) € f[h}

Hence,
objpgrump1t < %16%1 objpp () = objp, (6.11)
where objp is the optimal objective of Problem (P). O

Proposition 2. Problem (DERMP*) is a tighter (or equal) underestimate of Problem
(P) augmented with the Balas cuts compared to Problem (RMP*).

Proof. Problem (RMP*) can be equivalently reformulated into the following problem
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[113]:

min
Y

st. n>Fy A9 AU vjeTk

ST Y w<Hiiy¥=1-1, VieTtusk,
ey =1} ety =0}
yeyY, nekR,

According to the equivalency of Problems (RMP*) and (RMP1*) and the equiv-
alency of Problems (DERMP*) and (DERMP1*), the following property is proved:
problem (DERMP1*) is a tighter (or equal) underestimate of Problem (P) augmented
with the Balas cuts compared to Problem (RMP1¥).

For all (¢,7) feasible for Problem (DERMP1*),

N> F@ A, A0, v e TRV, (6.12)
G, . py <o, Vie Sk (6.13)

and
7> Fo@, A7 A, e e VE (6.14)

Based on Equation (6.5), the following relationship holds:
Foy, X7 A > Py, A7 00, wrevh vy ey, (6.15)

So# > F(3 M7, AY) (vr € VF). Hence (g,7) is also feasible for problem
(RMP1#).

Therefore, Problem (DERMP1*) is a tighter (or equal) underestimate of Problem
(P) augmented with the Balas cuts compared to Problem (RMP1¥). O

Remark 7. According to the separability in the integer and continuous variables,
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Problem (MDERMP¥) is equivalent to the following problem:

Iryl}hn /r]
MNiye-es Ns
st >cly+ Y m

h=1

> Fenly, A7), Vhe{l,... s}, vreVvk
m > Foa(y, \7), Vhe{l,... s}, ¥re Vk,
me > Fu(y A7), Vhe{l,...,s}, Vj € TR\VF,
Gr(y, iy <0, Vhe{l,...,s}, Vie Sk,
Sowm— Y w<{iy=1-1, vteTtus

lefliy =1} te{tiy}” =0}
yeY, nekR,
(MDERMP1*)
where
Fp’h(y’ /\5:)) N (a:;,,,qhi,rlli)eﬁh C;F’hxh i Cg’hq}z * cz’huh
+ (AS))T (ALpy + Ao pzn + Az ngn + Agpun — br),
Fp,h(y, :\Ef)) - (Ihﬂjﬁi)Eﬁh cg’hxh + cg’hqh * CI’hUh
+ (XSJ’)T (A1 py + Ao ph + Aspgn + Agptn — br)
Fi(y, /\;j)) = o q;,i,,r;i)eﬁh Cg‘,hxh + Cg,th + Cz,huh
+ (/\g,j))T (A1 py + Ao nzn + Az ngn + Agpun — br),
Ghr(y, ,ugf)) = inf (,ugf))T (A1py + Agpzh + Az pgn + Aapun — ) -

(@h,qn,un)€lly

Proposition 3. Any y that is feasible for Problem (P) augmented with the Balas
cuts is also feasible for Problem (MDERMP*), and the optimal objective of Problem
(MDERMP*) is a lower bound of that of the original problem (P) augmented with the

Balas cuts.
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Proof. According to the idea in Ref [68], Problem (P) can be equivalently transformed
into the following form by projection from the space of both continuous and integer

variables to the space of only the integer variables:

myin cly + Z vn(y)
h=1

: T T T
st un(y) = SN CopTh T CapGh T Cypln

s.t. ALy + Agpxn + Asngn + Agpun < by, vhe{l,...,s}
(@h, gn, un) € T,

y € .
(P1)

According to the equivalency of Problems (P) and (P1) and the equivalency of
Problems (MDERMP*) and (MDERMP1*), the following property is proved: any ¥
that is feasible for Problem (P1) augmented with the Balas cuts is also feasible for
Problem (MDERMP1¥), and the optimal objective of Problem (MDERMP1¥) is a
lower bound of that of Problem (P1) augmented with the Balas cuts.

Based on weak duality,

Fonly, MY <un(y), Vhe{l,... s}, VreVk wed, (6.16)
Fonly, \) < on(y), VYhe{l,... s} VreVk wyed. (6.17)

For all g feasible for Problem (P1) augmented with the Balas cuts, pick 7, = vy, (7))
and 77 =] §+ Y ;_, 7n, then

i > Fon@, X7, Vhe{l,... s} (6.18)
N2> Fpu (9, :\’(:))’ Vhe{l1,...,s}, (6.19)
and
N> clg+ Y i (6.20)
h=1
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Define

: T T T
v, (y) = min Gy pTh +C3pqn t CqpUn
(zh,qn,un )€l

s.t. Ay + Ao pn + Az g + Agpun < bp,

Based on Equation (6.5),
w(y) > vp(y), Yy €. (6.21)

According to strong duality for linear programs,

Fuly, X)) =oR(y), Vhe{l,... s}, VieT\VF vyeY. (6.22)
Hence
i > Fu(9, A7), Vhe{l,... s} (6.23)

from Equations (6.21) and (6.22).
In addition, § € ® implies 3(z4, gn, un) € 1, c 11, (Equation (6.5)) such that

ALnd + Agnzn + Az pgn + Agpun — b, <0, Vhe{l,... s} (6.24)

As Lagrange multipliers

>0, Vhell,... s}, VieSk (6.25)
So
Gn(i, i <0, vhe{l,...,s}. (6.26)

Equations (6.18), (6.19), (6.23) and (6.26) imply (7,7, 71,...,1s) is feasible for
Problem (MDERMP1*), and

objvperMP1r < 1 = C;r@ + N = ClT?) + u(9), Vg e, (6.27)
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where objypprypi+ 18 the optimal objective value of Problem (MDERMP1¥). Hence,

objuperRMPIF < rmn 19+ Z Ur(9) = objpy, (6.28)
h=1
where objp, is the optimal objective value of Problem (P1). O

Proposition 4. Problem (MDERMP*) is a tighter (or equal) underestimate of Prob-
lem (P) augmented with the Balas cuts compared to Problem (DERMP*).

Proof. For all (§,7,71,...,7,) feasible for Problem (MDERMP¥),

7> csz)JrZﬁh, (6.29)
nh>~<ry+5 , Yhe{l,... s} VreVk (6.30)
> &G+ 87, Yhe{l,..., s}, Vre Vv, ~(6.31)
i > o g+ 89 Vhe{1,... s}, Vje TV, (6.32)
WG +6 <0, Vhe{l,... s} Vie S~ (6.33)

Sum Equation (6.30) over all the scenarios, then
7> a"g+ 50 vre vk (6.34)

Similarly, Equations (6.31), (6.32) and (6.33) imply

7> aMg+ 50 vr e vE (6.35)
7> a4+ 9 vje TRV, (6.36)
D5 499 <0, Vie S (6.37)

Hence (7, 7) is also feasible for Problem (DERMP¥).
Therefore, Problem (MDERMP*) is a tightcr (or equal) underestimate of Problem
(P) augmented with the Balas cuts compared to Problem (DERMP¥). O
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6.2.3 Enhanced Decomposition Algorithm with Primal Dual
Cuts

Either the enhanced relaxed master problem with primal dual cuts (DERMP*) or with
primal dual multicuts (MDERMP*) can be employed in the enhanced decomposition
algorithm. The following algorithm is stated with Problem (DERMP*) [49):

Initialize:

1. Iteration counters k = 0, ! = 1, and the index sets 70 =0 , S° =0, U° =0,
Vo =0.

2. Upper bound on the problem UBD = 400, upper bound on the lower bound-
ing problem UBDPB = +o00, lower bound on the lower bounding problem
LBD = —o0.

3. Set tolerances €, and € such that >, _ e, <e.
4. Integer realization y) is given.

repeat
if k = 0 or (Problem (DERMP*) is feasible and LBD < UBDPB and LBD <
UBD — ¢€) then
repeat
Set k=Fk+1
1. Solve the decomposed primal bounding problem (PBP;(y™*))) for each
scenario h = 1, ..., s sequentially. If Problem (PBP,(y®)) is feasible
for all the scenarios with Lagrange multipliers )\Elk), add optimality
cuts to the enhanced relaxed master problem (DERMP*) according to
AR AP set TF = TH1 U {k}. If objpgp(y™) < UBDPB, update
UBDPB = objpgp(y®), y* = y*), k* = k.

2. If Problem (PBP,(y®)) is infeasible for one scenario, stop solving it
for the remaining scenarios and set S¥ = S*=1 U {k}. Then, solve the

decomposed feasibility problem (FPj(y*))) for h = 1, ..., s and obtain
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the corresponding Lagrange multipliers uff). Add feasibility cuts to
Problem (DERMP*) according to these multipliers.

3. If T* = (), solve the feasibility problem (RMFP*); otherwise, solve
Problem (DERMP*). In the latter case, if Problem (DERMP*) is
feasible, set LBD to its optimal objective value. In both cases, set
y*+1) to the y value at the solution of either problem.

until LBD > UBDPB or (Problem (DERMP*) or (RMFP*) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal problem (PPp(y*)) to ep-optimality for
each scenario h = 1, ..., s sequentially. Set U' = U""* U {k*}. If Problem

(PP (y*)) is feasible with optimum (z}, g}, u;) for all the scenarios and

objpp(y*) < UBD, obtain the corresponding KKT multipliers 5\,(1’6*), up-

date UBD = objpp(y*) and set y; = y*, (2}, Gy, Unp) = (T4, @, up) for

h=1,...,s set V¥ =Vk1y {k*}.

2. If k* € V¥, solve the decomposed relaxed dual of primal problem
(DPP(y*)) to ep-optimality for each scenario h = 1, ..., s sequentially
with KKT multipliers /\flk*) and S\Ef) Add primal dual cuts to Problem
(DERMP*) according to these multipliers and the optimal solutions of
Problem (DPP,(y*)).

3. If T\ U' = 0, set UBDPB = +o0.

4. IfTR\U' # 0, pick i € T*\U" such that objpgp(y™) = min cpm i {objpgp (¥*)}.
Update UBDPB = objpgp(y?), y* =y, k* = 4. Set | =1 + 1.
end if
until UBDPB > UBD — ¢ and ((Problem (DERMP*) or (RMFP*¥) is infeasible) or
LBD > UBD — ).
An e-global optimum of the original problem (P) is given by

* * * * * * *
(yp’ Tp1s s Tpsrp1s s lpsr Up1s o up,s)
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or (P) is infeasible.

If the multicut enhanced relaxed master problem (MDERMP?*) is applied, replace
Problem (DERMP*) in the aforementioned algorithm by Problem (MDERMP*).

The algorithm flowchart is shown in Figure 6-1 [49], in which differences between
the enhanced decomposition algorithm and the original decomposition algorithm are
highlighted in grey. Compared to the flowchart of the original decomposition algo-
rithm, two new steps, “Solve DPP?” and “Relaxed Dual of Primal Problem”, are
added in this flowchart, and the step “Relaxed Master Problem” is replaced by “En-
hanced Relaxed Master Problem”.

UBD, UBDPB,
LBD

Global solution or
infeasibility indication

Initialization

LBD = Yes UBDPB >
UBDPB? UBD?
No No
Primal Bounding Primal
Subproblems (LP) Subproblems
Nonconvex NLP
PBP Feasible?
Update UBD,
No UBDPB
Update LBD Feasibility Update
Subproblems (LP) UBDPB
Feasibility Cut Optimality
S ] Cut
Steps same to ones in

New Integer [+ MaSIEEH the original

Realization . decomposition method
Primal Dual Cut
for ERMP - Steps different from
or MERMP | ones in the original

decomposition method

Figure 6-1: Flowchart for the enhanced decomposition algorithm with primal dual
cuts.

Theorem 1. If all the subproblems can be solved to e-optimality in a finite number of
steps, then the enhanced NGBD algorithm terminates in a finite number of steps with

an e-optimal solution of Problem (P) or an indication that Problem (P) is infeasible.

Proof. The solution procedure in the enhanced NGBD is the same as that in NGBD

except that the enhanced NGBD solves a finite number of additional subproblems
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and it solves a different relaxed master problem. Since all these subproblems can be
solved finitely, and the new relaxed master problem still prevents visiting the same
integer realization twice, the convergence property holds for the enhanced NGBD as

well according to the proof of NGBD convergence in Li et al [113, 114]. O

6.3 Enhanced Decomposition Algorithm with Piece-

wise Convex Relaxation

6.3.1 Piecewise Relaxation for Bilinear Functions

For the bilinear function z = zy, with known upper and lower bounds on z and y,

say, %, Y, y", yY, the McCormick relaxation can be written as:

T

2 > zVy +ay¥ — 2%y’
7 >ty + xyt — 2y,

zr S fL‘Uy'f‘ xyL _ nyL,

(6.38)

r

z < :cLy + :cyU — xLyU,

<z <z,

yt <y <y’
where z" denotes the value of the relaxed bilinear function. Define the relaxation gap
of a function over [IL, xU} X [yL, yU] to be the maximum difference of the function

and its relaxation over this domain, then the relaxation gap of the bilinear function

diminishes to zero as either |2V — z"| or |yY — y"| approaches zero, because according
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to Eq (6.38) (and z = zy):

zr—ZZ:I:Uy—i—:EyU—nyU—xy:(:EU—I) (y—yU) 2 (JUU—zL) (yL—yU),
Zr_ZZxLy+$yL_nyL_$y=($L_m) (y_yL)Z (xL_xU) (yU_yL)’
-z <aVy+ayt -2yt —ay = (2 - x) (y —y") < (¥ = 2) (v - oY),

F—z<aty+ay’ —aly —ay = (F - a) (y-oY) < (F =) (v - v),

SO

sup 25— 2| < |z¥ — 2| iyU -y (6.40)
el <z<zY, yl<y<yY

Therefore, the relaxation gap can be decreased by partitioning the z domain,
[z%, zY] into M subdomains, i.e., picking M + 1 points ! < z? < - < 2M*1 such
that z! = zU, z™*!? = 2V and performing McCormick relaxation on each individual
subdomain. Furthermore, each subdomain is assigned a binary variable J,, to deter-
mine if the McCormick relaxation on this subdomain is used or not, and fozl Om =1

is enforced. Thus the McCormick relaxation of the bilinear function can be upgraded

into:
M M M
r § : r 2 : §
z = Zmy T = Ty Y = Ym,
m=1 m=1 m=1

25> 2™y + 2nyY — 2™V,

2 2 T Y + Ty — Y O,

2 < g™y + 2yt — 2™yl

25 < 2™ 4 Ty’ — 2™y 0m, (6.41)
OmZ™ < Ty < Gpa™

O™ < Ym < Smy”,

M
Z Sm = 1,
m=1

m=1,...,M
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Proposition 5. If z* is feasible for the constraints in Eq (6.41), then it is feasible
for the constraints in Eq (6.38) as well.

Proof. For any Z, that is feasible for the constraints in Eq (6.41), say, corresponding
to the McCormick relaxation on the i*" subdomain, there exist d;, #; and 7; such that

o =1, % =22 <a' < <zt <2V yl <, <yY and
5 =2

Z xi—i—l@j + jjiyU _ xi—i—lyU
, (6.42)
=2 (9 —yY) + &y

>z% (g —yY) + 4y"  (noticing 27 < 2V, g, < yY)

Therefore, 2., Z; and ¢; satisfy the first constraint of relaxation Eq (6.38). Sim-
ilarly, 2;, Z; and g; also satisfy the second to the fourth constraint of relaxation Eq

(6.38). Therefore, 2, is also feasible for the constraints in Eq (6.38). O

The piecewise McCormick relaxation Eq (6.41) characterizes a disjunctive poly-
hedral set that contains the value of the bilinear function over its domain, and its
continuous relaxation leads to the convex hull of the disjunctive set [23]. So this for-
mulation is favorable for mixed-integer programming. Let ng be the total number of
bilinear functions and npg denotes the total number of variables whose domains need
to be partitioned for the bilinear functions, then upgrading relaxation Eq (6.38) into
Eq (6.41) incurs Mnpp additional binary variables, 3(M — 1)ng continuous variables,
and (8K — 1)ng linear constraints provided all the partitioned domains are divided
into M pieces. Note that only the domain of one variable in each bilinear function

needs to be partitioned, according to Eq (6.40).

6.3.2 New Subproblems
Piecewise Primal Bounding Problem (PBP-PCR)

The piecewise primal bounding problem (PBP-PCR) is generated by fixing the integer

variables in the piecewise lower bounding problem to y(*), which is the integer real-
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ization at the k' iteration. In Problem (PBP-PCR), the domain of g is selected to
be partitioned into M (uniform) subdomains. Problem (PBP-PCR) can be naturally

decomposed into subproblems (PBP-PCRy,) for the s scenarios:

: ")\ _ : T T T
objpgp_pcr, (¥'¥) =  min ¢y, Tk + €300 + Coplin
xh,_vqh_vuh_vbha
Th,qh Uh

st Appy®™ + Agpzn + Asngn + Agpun < bn,

(Zh, Qhs U, Ony Thy Gny Un) € T,

(PBP-PCR,,)
where
ﬁh Z{(.’Bh, qh,uh) € Hh, (sh & {0, 1}an, (Q_Sh,(jh,ﬂh) € RMnx X Ran X RMn“ :

M
Z 5h,m = 1)
m=1

M
Un it = Z Tnpem, V(1) €8,
m=1
M
wh,l = Z jh,l,m; \V/l € {1, e ,nz},
m=1

M
Ght = Z q_h,t,mn vVt e {17 fee >nq}>

m=1
= > b5 = m L m 5
Upitm 2 Thy Qhtym T Thtm Qpg — LTh19h,tOh,ms
— U = = m+1 U m+1
Untm > Ty Ggom + Thtm Qi — Thidhg Ohmy
— U = = m U m
Uhp,lt,m < Thpi Ghitm + Thim Qpt — wh,lqh,téh,m,
— L = = m-+1 L m+1
Uhp,l,t,m < Thi Ghitm + Thim Ay — Th9p 6h,ma
V(i) eQ, Yme{l,..., M},
N L = U —~ 1
Oh,mxh S Th.om S 6h,mxh7 5h,mq;1n S Gh,m S 5h,mq;1n+ 3 vm € {1, o aM},

=g <g<.. << =q)}

objpsp_pcr, (¥*') is the optimal objective value of Problem (PBP-PCRy) for y =
y® h =1,...,s. The objectives of Problem (PBP-PCR) and (PBP-PCR,,) satisfy
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the following relationship:

objppp_pcr (y(k)) = C1T3/(k) + Z objppp_pcR, (y(k)) (6.43)
h=1

where objpgp_pcr (y*) is the optimal objective value of Problem (PBP-PCR) for

y =y®.
With the piecewise convex relaxation, Problem (PBP-PCRy,) is a tighter relaxation

of Problem (PP}) compared to Problem (PBP}), so

Objpph (y(k)) > ObjPBPwPCRh (y(k)) > ObjPBPh (y(k)) (6-44)

Summing Eq (6.44) over h =1,..., s yields

objpp (y(k)> > objpgp_pcr (y(k)) > objpgp (y(k)) (645)

Therefore, Problem (PBP-PCRy,) leads to a better estimate of the optimal objective

value of Problem P for y = y*) compared to Problem (PBP},).

Relaxed Dual of PBP-PCR

Problem (PBP-PCR) is a nonconvex problem, and hence its solution cannot be di-
rectly used for optimality cuts in the enhanced relaxed master problem. Instead,
a relaxed dual of Problem (PBP-PCR), called Problem (DPBP-PCR), is solved to
construct optimality cuts. Problem (DPBP-PCR) can be naturally decomposed into
subproblems (DPBP-PCRy,) for the s scenarios:

. ky y(k)\ _ . T T T
ObJDPBP—PCRh (y( ;A ) = min ConTh + C3 pqn + Cy pUn
$h‘,_th_)uh_’5h:
Thyqh,Up

T
+ ()\}(zk)> (ALpy™ + Aoy + Asngn + Aanun — br)

S.t. (xhaqhvuhvdhvi'h76h,ﬂh) € Hh

(DPBP-PCR},)
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where Xglk) denotes the KKT multipliers obtained at the solution of Problem (PBP-
PCR;) when y = y™. objppgp_pcr, <y(k),5\§f)) is the optimal objective value of
Problem (DPBP-PCR;,) fory = y*), h = 1,...,s. The objectives of Problem (DPBP-
PCR) and (DPBP-PCRy,) satisfy the following relationship:

. kY . S (k
objppep-PCR (y(k)> )‘(k)> = ny(k) + Z objppBP-PCRy, (?J(k)a >\§L )> (6.46)
h=1
where objpgp_pcr (¥*), A*)) is the optimal objective value of Problem (DPBP-PCR)
for y = y®, A\®) = (ng), o ;\gk)).

Enhanced Relaxed Master problem with Piecewise Relaxation

The optimal solutions of Problem (DPBP-PCR,,) together with the KK'T multipliers
of Problem (PBP-PCR},) construct enhanced optimality cuts for the relaxed master
problem. The enhanced relaxed master problem with piecewise convex relaxation,
called Problem (PERMP*), is as follows:
N
st. n>aWly+ 59 vjeTk,
n>ally+ 9, vjeTt
Oy 409 <0, Vie Sk (PERMP*)
STow- Y ws<i{tyW=1-1 vteTtush
le{ly{V=1} le{ly=0}

yeyY, nek,
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where

' ——61 +Z( J)> A1,h,

BY = [Cz hx}(zj) +¢3, hq( +¢ hug)} +

=1
s

{(;g)) (42429 + Aspd? + Ass) —bhﬂ,

I

h=1

T" ={j €{1,...,k} : Problem PBP-PCR (y®) is feasible}.

(mé ), uﬁf)> is a minimum of Problem (DPBP-PCR,;) with the KKT multipliers
of Problem (PBP-PCR;) (Vh € {1,...,s}) when y = ). Note that 7% C T* due
to the tighter relaxation. The first set of constraints are called enhanced optimality
cuts with piecewise convex relaxation.

If 7% = @, Problem (PERMP*) is unbounded, so the feasibility relaxed master
Problem (RMFP*) introduced in Chapter 5 is solved instead. In principle, the fea-
sibility subproblem (FP,) can also be upgraded with piecewise convex relaxations
to generate additional valid feasibility cuts for the relaxed master problem, but our
computational experience indicates that these cuts do not significantly accelerate the
convergence, which may be because the Balas cuts in the problem (which prevent
visiting an integer realization twice) are already strong enough. So these feasibility

cuts are not addressed in this study.

6.3.3 Theoretical Properties

Proposition 6. Compared to Problem (RMP*), Problem (PERMP*) is a tighter (or
equal) relazation of Problem (P) when Problem (P) is augmented with the Balas cuts.

Proof. Considering that Problem (PERMP*) differs from Problem (RMP*) only with
the first group of optimality cuts, it is obvious that Problem (PERMP*) is a tighter
relaxation if it is a valid relaxation of Problem (P). It is proved in Ref [113] that
Problem (RMP*) is a relaxation of Problem (P) when Problem (P) is augmented with
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the Balas cuts excluding the previously examined integer realizations, so it remains

to prove

objpp (y) > aWy + 39, Vje Tk wyeWw (6.47)
W = {g € Y : Problem P is feasible for y = ¢}

For all j € T* and h € {1,...,s},

k)

—(j 1¥] T : T T T

aVy+pY = cly + E inf ¢y pTh + C3pqn + CqpUn
el (@h+Gh O,

T LZn,gn,un)€llR

—\T ‘
+ (Aﬁ”) (Al,hym + Ao pTh + Az pgn + Agpun — bh)

S

+3°(0) A=)

h=1
. (6.48)
= crfy + inf c{hxh + ngh(Ih + czhuh
2o | i
Zn,Gh,Tn) €L
L NT
+ ()\El])> (Aypy + Agpzh + Az pgn + Agpun — by)
=ciy+ objppep_pCR, (Z/a /-\Elj)>
= objpppp_pcr (y, /—\(j))
where A0) = (xgﬁ, o xgﬁ).
Eq (6.45) implies
objpp (y) > objpsp_pcr (¥), Yye W (6.49)
Due to weak duality, for all y € W,
objpep—pcr (¥) = supobjpper—pcr (Y, A)
320 (6.50)
> objppap-rcr (¥, A7)
Eqgs (6.48), (6.49) and (6.50) imply Eq (6.47). O
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6.3.4 Enhanced Decomposition Algorithm with Piecewise Re-

laxation

The enhanced decomposition algorithm with piecewise convex relaxation is stated as

below [111]:

Initialize:

1. Iteration counters k = 0, [ = 1, and the indexsets 7 =0 , T =0, S° =0 ,
U° = 0.

2. Upper bound on the problem UBD = -+o00, upper bound on the lower bound-

ing problem UBDPB = 400, lower bound on the lower bounding problem
LBD = —o0.

3. Set tolerances €, and € such that ) ;_ e, <e.
4. Integer realization y!) is given.

repeat
if £k = 0 or (Problem (PERMP*) is feasible and LBD < UBDPB and LBD <
UBD — ¢) then
repeat
Set k=Fk+1
1. Solve the decomposed primal bounding problem (PBP,(y®))) for each
scenario h = 1,..., s sequentially. If Problem (PBP,(y*))) is feasible
for all the scenarios with Lagrange multipliers /\ﬁlk), add optimality
cuts to the enhanced relaxed master problem (PERMP*) according to
AR AP set TR = TR1 U {k).

2. If Problem (PBP,(y®)) is feasible for all the scenarios, solve subprob-
lem (PBP-PCR,(y*))) for each scenario h = 1, ..., s sequentially. If
Problem (PBP-PCR,,(y*))) is feasible with KKT multipliers X\* for all
the scenarios, set 7% = T*~1 U {k}. In this case, if objpgp_pcr (¥*) <
UBDPB, update UBDPB = objpgp_pcr(y¥), v* = y*), k* = k, solve
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subproblem (DPBP-PCR,(y™*))) with 5\;’“) for each scenarioh =1, ..., s
sequentially, add optimality cuts to Problem (PERMP*).

3. If Problem (PBP,(y®))) is infeasible for one scenario, stop solving
it for the remaining scenarios and set S¥ = S*=1 U {k}. Then, solve
the decomposed feasibility subproblem (FPj(y*)) for h =1, ..., s and
obtain the corresponding Lagrange multipliers ;Lﬁf). Add feasibility

cuts to Problem (PERMP*) according to these multipliers.

4. If T* = 0, solve the feasibility problem (RMFP¥); otherwise, solve
Problem (PERMP*). In the latter case, if Problem (PERMP*) is
feasible, set LBD to its optimal objective value. In both cases, set
y**1) to the y value at the solution of either problem.

until LBD > UBDPB or (Problem (PERMP¥) or (RMFP¥) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal subproblem (PP(y*)) to €,-optimality
for each scenario h = 1,...,s sequentially. Set U' = U™ U {k*}. If

Problem (PP,(y*)) is feasible with optimum (z}, g;,u;) for all the sce-

narios and objpp(y*) < UBD, update UBD = objpp(y*) and set y; = y*,

(@5 1> Toops Up ) = (25, @iy up) for h=1,...,s.

9. If 7%\ U' = 0, set UBDPB = +o.
3. I TM\U' # 0, pick i € T*\U" such that objppp_pcr (y") = minjeT’“\Ul{ObjPBP—PCR(y(j)):

Update UBDPB = objpgp_pcr(¥?), y* =y, k* =i. Set | =1+ 1.

end if
until UBDPB > UBD — ¢ and ((Problem (PERMP¥) or (RMFP*) is infeasible) or

LBD > UBD —¢).
An e-global optimum of the original problem (P) is given by

* * * * * * *
(yzﬂ Tp,1> s Lpss Qp, 15+ Ap,ss Up,15 -+ up,s)
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or (P) is infeasible.

The algorithm flowchart is shown in Figure 6-2 [111], in which differences between

the enhanced decomposition algorithm and the original decomposition algorithm are

highlighted in grey. Compared to the flowchart of the original decomposition algo-
rithm, two new steps, “PBP-PCR (MILP)” and “DPBP-PCR (MILP)”, are added

in this flowchart, and the step “Relaxed Master Problem” is replaced by “Enhanced

Relaxed Master Problem”. Another important change (which is not shown in the

figure) is that the selection of the integer realization y*) for constructing primal sub-

problems (PP},) is based on objpgp_pcr (¥¥)) instead of objpgp(y¥)). According to

Eq (6.45), the new selection criterion is more likely to locate a global optimum earlier.

LBD >

Update LBD

New Integer |8
Realization

UBDPB?
No

Initialization

UBD, UBDPB,
LBD

Yes

Primal Bounding
Subproblems (LP)

PBP Feasible?

Feasibility

Subproblems (LP)

Feasibility Cut

v

Primal

Subproblems
(Nonconvex NLP

Update UBDPB

Optimality Cut

Update UBD,
UBDPB

Global solution or
infeasibility indication

Steps same to ones in
the original
decomposition method

. Steps different from
|| onesin the original
decomposition method

Figure 6-2: Flowchart for the enhanced decomposition algorithm with piecewise con-

vex relaxation.

The convergence property for the enhanced NGBD holds according to Theorem
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6.3.5 Adaptive Piecewise Convex Relaxation & New Sub-

problems
Adaptive Subdomain Partition Strategy

There are several drawbacks of the aforementioned fixed subdomain partition strat-
egy:

First, the number of subdomains needs to be pre-determined. From our computa-
tional experience, the performance of the enhanced NGBD strongly depends on the
number of subdomains for partition variables, e.g., a larger number of subdomains
will reduce total iteration numbers but increase the solution times for the piecewise
primal bounding problems (as shown in Chapter 7). Hence, the optimal number of
subdomains cannot be easily determined before solution.

Second, the points dividing subdomains need to be pre-determined and are usually
uniformly distributed for convenience. A uniform partition may not be an optimal
way for the fast solution of piecewise enhanced NGBD. In order to obtain tighter
relaxation, more subdomains need to be partitioned in the region close to the global
optimal solution, and fewer subdomains can be assigned in other regions. It is quite
difficult to know this nonuniform partition pattern before solution.

Third, the numbers of subdomains for all partition variables are equal. Obviously,
some variables need more subdomains than others, depending on the mathematical
structure of the problem.

A heuristic that automatically partitions the domain of each variable by using
information from subproblems solved by the algorithm, called the adaptive parti-
tion strategy, is proposed to address above issues. In this strategy, all variables are
initially unpartitioned, and the algorithm starts as per the original NGBD. After
Problem (PP) is solved and is feasible, the solution of Problem (PP) is then com-
pared with the end points of subdomains for all partitioned variables. If the solution
of Problem (PP) is different from (or outside the neighbourhood of) all end points
of subdomains for some partition variable, a new subdomain is introduced, and the

solution becomes the point dividing the new subdomain. The new subdomains are
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then used for Problem (PBP-PCR) in the next iteration. The number of subdomains
will increase iteratively, hence some maximum number of subdomains or some min-
imum radius for neighbourhoods must be enforced to prevent an unlimited increase
of subdomains.

Under the adaptive partition strategy, no choice for the partition needs to be pre-
selected before solution, and the appropriate number of subdomains for each variable
will be determined by the feedback from the algorithm. More reasonable distributions
of subdomains are also expected because more primal problems will be solved near
the global optimal solution and more subdomains will be then partitioned there. The
adaptive piecewise convex relaxation avoids possible bad subdomain partitions caused
by human factors, and ensures fast convergence (as will be shown in Chapter 7).

Problems (PBP-PCR) and (DPBP-PCR) are modified to incorporate the adaptive

partition strategy, as shown in the following sections.

Adaptive Piecewise Primal Bounding Problem (PBP-PCR-A)

The adaptive piecewise primal bounding problem, called Problem (PBP-PCR-A), is
modified from Problem (PBP-PCR). Problem (PBP-PCR-A) can be naturally de-
composed into subproblems (PBP-PCR-A},) for the s scenarios:

Objpgp_pcr-a, (y<k)) = min C;r,hl'h + C:{h% + C4T,huh

ThyqhyUhyOh,
Thyqh, th

s.t. Al,hy(k) + Ag,hxh + A3,hqh + A4,huh < by,

= = = ryadp
(Th, G, Un, On, Th, Gn, Tp) € 11

(PBP-PCR-A)
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where

l:'[:,dp :{(xh, Th, uh) € Hha 6h c {O’ l}nqné,h,max’ (i‘h) qh,ﬂh) c ann&h,max X ann5,h,max X Rnuné,h,max :
N, ht

Z Shim =1, Vte{l,... ,ngt, Vme{l,... TSkt }s
m=1

5h,t,m = O, vt € {la v anq}a Vm S {né,h,t + 1> e >n5,h,max}a
TS, hot

Up it = Z ah,l,t,m; V(l?t) € Qa
m=1

s, h,t

Th! = Z fh,l,ma V(l,t) € Qa
m=1

Mg, h,t

ght — Z (jh,t,m> Vt € {17 cee 7nq}7

m=1
- > L = = m L m 5
Uh,lt,m Z xh,l ah,tm + Thlm Qh,t - xh’l(Jh,t h,t,ms
7 u = . m+1 U m+1g
Uhlt,m 2 fEhJ dh.t,m + Th,l,m qh’t - wh,lqh,t Oh,t,m,
= u = = m U m
Uhtt;m < Thy Ghtom + Thlm Qhy — Th 1 Gh.On,tm
_ L = = m+1 L m+1g
Up,lt,m .<_ xh,l dht,m + Thlm qh,t - xh,lqh,t Oh,t,ma
V(L) € Q, Yme {1, nsnk,
L - U 5 m = m+1
5h,t,mxh _<_ Zhtm _<._ 5h,t,mxhz Oh,t,mtht S Gh.t,m S 5h,t,mQ}L7t )
vie {l,...,ng}, Yme {l,... none},
L_ 1 2 T8,k t nghetl U
G =0, <@ <= q, < g, =q, Vie{l,...,ny}
Tnitm =0, Thim =0, qnim =0,

V(l,t) € Q, VYm € {n(;,h,t +1,... ,nM,max} }

N6 hmax 1S the maximum number of pieces in scenario h, which is initially determined.
nsne 1S the number of pieces for the 't partitioned variable g, in scenario h, which
increases as more primal problems are solved. g, (m = 2,... ,Msne) are the points
dividing pieces for gy, which are provided by the solution of the primal problem.
objppp_pcra, (¥*) is the optimal objective value of Problem (PBP-PCR-A;) for
y=y%® h=1,...,s. The objectives of Problem (PBP-PCR-A) and (PBP-PCR-A,;)

156



satisfy the following relationship:

8
objprp_pcr-a () = cfy™® + Z objpep_pcr-a, (¥*) (6.51)
h=1

where objpgp_per_a (¥*) is the optimal objective value of Problem (PBP-PCR-A)
for y = y*).

Relaxed Dual of PBP-PCR-A

The relaxed dual of Problem (PBP-PCR-A), called Problem (DPBP-PCR-A), is mod-
ified from Problem (DPBP-PCR). Problem (DPBP-PCR-A) can be naturally decom-
posed into subproblems (DPBP-PCR-A},) for the s scenarios:

objpprP_pCR-A, (y(k), /_\;(lk)> = min C;F,hxh + CsT,th + C4T,huh

ThyqhyUh,Oh,
LThyqh,Up

_ T
+ (/\Elk)) (Al,hy(k) -+ AQ‘hxh + Agvhqh + A4,huh — bh)
st. (Th, Gu, Un, On, Tn, G, ) € TP

(DPBP-PCR-A})

where S\gk) denotes the KKT multipliers obtained at the solution of Problem (PBP-
PCR-A};) when y = y®), objppgp_pcR-a, (y(k), /_\ff)) is the optimal objective value
of Problem (DPBP-PCR-A}) for y = y*), h = 1,...,s. The objectives of Problem
(DPBP-PCR-A) and (DPBP-PCR-A},) satisfy the following relationship:

k)
. Y . —_— k
objppep_PCR-A (y(k), /\(k)) = C1Ty(k) + Z objpppp-PCR-A, (y(k)> /\51 )) (6.52)
h=1

where objppp_pcr-a (4*, A®) is the optimal objective value of Problem (DPBP-
PCR-A) for y =y, X = (3P, . ().
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6.3.6 Enhanced Decomposition Algorithm with Adaptive Piece-

wise Relaxation

The enhanced decomposition algorithm with adaptive piecewise convex relaxation is

stated as below:

[nitialize:

1. Tteration counters k =0, ! =1, and the index sets T° =0 , 7% =0, SO =0 ,
U =0.

2. Upper bound on the problem UBD = +o0, upper bound on the lower bound-
ing problem UBDPB = +o00, lower bound on the lower bounding problem

LBD = —c0.
3. The number of pieces ns, = 1 for each scenario h = 1,...,s. The maximum
number of pieces 1, max 1S given for each scenario A =1,...,s.

4. Set tolerances €, and € such that >, _, e, <e.
5. Integer realization y() is given.

repeat
if k = 0 or (Problem (PERMP¥) is feasible and LBD < UBDPB and LBD <
UBD — ¢) then
repeat
Set k=k+1
1. Solve the decomposed primal bounding problem (PBP,(y*))) for each
scenario h = 1, ..., s sequentially. If Problem (PBP,(y®)) is feasible
for all the scenarios with Lagrange multipliers )\ff), add optimality
cuts to the enhanced relaxed master problem (PERMP*) according to
AB AW set TF = TR U {k).

2. If Problem (PBP,(y))) is feasible for all the scenarios, solve sub-
problem (PBP-PCR-A,(y™™)) for each scenario A = 1,...,s sequen-
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tially. If Problem (PBP-PCR-A,(y™)) is feasible with KKT multi-
pliers /_\glk) for all the scenarios, set T = T*~1 U {k}. In this case, if
objppp_pcr-a(y¥*) < UBDPB, update UBDPB = objppp_pcr-a (¥*)),
y* = y®), k* = k, solve subproblem (DPBP-PCR-A,(y*))) with A"
for each scenario h = 1, ..., s sequentially, add optimality cuts to Prob-

lem (PERMP*).

3. If Problem (PBP,(y™*))) is infeasible for one scenario, stop solving
it for the remaining scenarios and set S* = S*~1 U {k}. Then, solve
the decomposed feasibility subproblem (FP;,(y®*®)) for h =1, ..., s and
obtain the corresponding Lagrange multipliers ugk). Add feasibility
cuts to Problem (PERMP*) according to these multipliers.

4. If T* = @, solve the feasibility problem (RMFP*); otherwise, solve
Problem (PERMP¥). In the latter case, if Problem (PERMP*) is
feasible, set LBD to its optimal objective value. In both cases, set
y*+1) to the y value at the solution of either problem.

until LBD > UBDPB or (Problem (PERMP*) or (RMFP¥) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal subproblem (PP.(y*)) to e,-optimality
for each scenario h = 1,...,s sequentially. Set U' = U'"' U {k*}. If
Problem (PPj(y*)) is feasible with optimum (z}, ¢;, u;) for all the sce-
narios and objpp(y*) < UBD, update UBD = objpp(y*) and set y; = y*,

oy hs G s ) = (@4, a5y up) for h=1,... 5.

2. If Problem (PP, (y*)) is feasible for all scenarios, for each scenario h =

. . m+1

L...,sand ¢t =1,...,ng, if ngpy < Ngpmax and gy < g, < gy for
- .

some m € {1,..., s}, Set ngpe = ngne + 1, set gl;° = gl , for each

_ +1 _

J=m+1,... ngn, and set g, = q; ;.

3. f TF\ U' = 0, set UBDPB = +4-00.
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4. It TF\ U' # 0, pick i € T%\ U' such that objppp_pcr-a(y¥") =
min; ez {0bjppp_por_a(y"”)}. Update UBDPB = objpgp-pcr-a(y™?),
y*=y®, k* =i Set [ =1+1.

~end if

until UBDPB > UBD — ¢ and ((Problem (PERMP*) or (RMFP*) is infeasible) or
LBD > UBD — ).

An e-global optimum of the original problem (P) is given by

* * * * * * *
(yp’ Lo+ Tpsrpis-: Gp,s) Up1o o) up,s)

or (P) is infeasible.

The algorithm flowchart is shown in Figure 6-3, in which differences between the

enhanced decomposition algorithm and the original decomposition algorithm are high-

lighted in grey. Compared to the flowchart of the original decomposition algorithm,

three new steps, “PBP-PCR (MILP)”, “DPBP-PCR (MILP)” and “Update pieces

for PBP-PCR. and DPBP-PCR”, are added in this flowchart, and the step “Relaxed

Master Problem” is replaced by “Enhanced Relaxed Master Problem”. The selection

of the integer realization y®) for constructing primal subproblems (PP;) is based on

objppp_pcr-a(y*)) here.

The convergence property for the enhanced NGBD holds according to Theorem
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Subproblems (LP) Update UBDPB

Feasibility Cut

Steps same to ones in

D the original

decomposition method

Optimality Cut

New Integer

Realization - Steps different from

| onesin the original
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Figure 6-3: Flowchart for the enhanced decomposition algorithm with adaptive piece-
wise convex relaxation.

6.4 Enhanced Decomposition Algorithm with Pri-
mal Dual Cuts and Piecewise Convex Relax-

ation

6.4.1 New Subproblems

Enhanced Relaxed Master problem with Primal Dual Cuts and Piecewise

Relaxation

The performance of decomposition algorithm can be further enhanced by incorporat-

ing both primal dual cuts and piecewise convex relaxations. The enhanced relaxed
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master problem with both technologies, called the Problem (DPERMP¥), is as follows:

o

st. n>aMy+ 80, vreVk
n>aly+ 87, vreVE
n=aVy+ B9, vjeTh
n> oDy +pY Ve T
vy +6D <0, Vie Sk,

S > ws<H{lyW=1) -1, vteT uSsh

le{ty{P =1} le{ty!" =0}
yeY neR,
(DPERMP¥)

The first two groups of constraints are primal dual cuts, and the third group of

constraints are piecewise enhanced optimality cuts.

Remark 8. Compared to Problem (RMP¥), Problem (DPERMP*) is a tighter (or
equal) relaxation of Problem (P) when Problem (P) is augmented with the Balas

cuts according to Propositions 2 and 6.

6.4.2 Enhanced Decomposition Algorithm with Primal Dual

Cuts and Piecewise Relaxation

The enhanced decomposition algorithm with primal dual cuts and piecewise convex

relaxation is stated as below:

Initialize:

1. Iteration counters k = 0, [ = 1, and the index sets T =0 , T =0, S° =0,
US=0, VO =0.

2. Upper bound on the problem UBD = +o00, upper bound on the lower bound-
ing problem UBDPB = +00, lower bound on the lower bounding problem
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LBD = —oo.
3. Set tolerances ¢, and ¢ such that 22:1 ey < €.
4. Integer realization y!) is given.

repeat
if £ = 0 or (Problem (DPERMP*) is feasible and LBD < UBDPB and LBD <
UBD — ¢) then
repeat
Set k=k+1
1. Solve the decomposed primal bounding problem (PBP,(y*))) for each
scenario h = 1,..., s sequentially. If Problem (PBP,(y®))) is feasible
for all the scenarios with Lagrange multipliers /\gc) , add optimality
cuts to the enhanced relaxed master problem (DPERMP*) according
to A% AW set TF = TF-1 U {k}.

2. If Problem (PBP,(y*))) is feasible for all the scenarios, solve subprob-
lem (PBP-PCR,(y™®)) for each scenario h = 1, ..., s sequentially. If
Problem (PBP-PCR,(y™®)) is feasible with KK'T multipliers X'*) for all
the scenarios, set 7% = T*~1U {k}. In this case, if objpgp_pcgr (¥*) <
UBDPB, update UBDPB = objpgp_pcr (¥®), v* = y*), k* = k, solve
subproblem (DPBP-PCR,,(y™®)) with A\ for each scenario h = 1, ..., s
sequentially, add optimality cuts to Problem (DPERMP*).

3. If Problem (PBP,(y™®))) is infeasible for one scenario, stop solving
it for the remaining scenarios and set S* = S*~! U {k}. Then, solve
the decomposed feasibility subproblem (FPh(y(k))) for h=1,...,s and
obtain the corresponding Lagrange multipliers ,u;lk). Add feasibility
cuts to Problem (DPERMP*) according to these multipliers.

4. If T* = 0, solve the feasibility problem (RMFP*); otherwise, solve
Problem (DPERMP*). In the latter case, if Problem (DPERMP¥) is
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feasible, set LBD to its optimal objective value. In both cases, set
y*+1) to the y value at the solution of either problem.
until LBD > UBDPB or (Problem (DPERMP*) or (RMFP*) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal subproblem (PPj(y*)) to e,-optimality for
each scenario h = 1, ..., s sequentially. Set U' = U~ U {k*}. If Problem
(PP (y*)) is feasible with optimum (z}, gy, u;;) for all the scenarios and
objpp(y*) < UBD, obtain the corresponding KKT multipliers :\2’“*), up-
date UBD = objpp(y*) and set y; = y*, (T; 4, Gy > Uy 1) = (Th, @, up) for
h=1,...,s set V¥ =Vk1u{k*}.

2. If k* € V¥, solve the decomposed relaxed dual of primal problem
(DPP,(y*)) to ep-optimality for each scenario h = 1,...; s sequentially
with KKT multipliers /\Ef*) and :\ﬁf*). Add primal dual cuts to Problem
(DPERMP*) according to these multipliers and the optimal solutions of
Problem (DPP(y*)).

2. If TF\ U = 0, set UBDPB = +c0.

3. I TP\U' # 0, pick i € T*\U' such that objpgp_pcr(y™") = minjeT’“\U‘{ObjPBP~PCR(y(j)):
Update UBDPB = objpgp_pcr(¥?), y* =99, k* =i. Set | =1+ 1.
end if
until UBDPB > UBD — ¢ and ((Problem (DPERMP*) or (RMFP*) is infeasible)
or LBD > UBD —¢).
An e-global optimum of the original problem (P) is given by

* * * * * * *
(yp’ Lps s Tp,sr Gp1s s pss Up 1y o) up,s)

or (P) is infeasible.

If the adaptive piecewise convex relaxation is applied, replace Problems (PBP-

PCRy) and (DPBP-PCRy,) in the aforementioned algorithm by Problems (PBP-PCR-
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A,) and (DPBP-PCR-A},), and update the pieces for Problems (PBP-PCR-A},) and
(DPBP-PCR-A,;) after solution of Problem (PP).

The flowcharts for the enhanced decomposition algorithm with primal dual cuts

and piecewise convex relaxation are shown in Figures 6-4 and 6-5, in which differ-

ences between the enhanced decomposition algorithm and the original decomposition

algorithm are highlighted in grey.

Initialization

LBD>

UBD, UBDPB,
LBD

Yes

UBDPR?
No

Primal Bounding
Subproblems (LP)

PBP Feasible?

Update LBD

New Integer
Realization

Feasibility
Subproblems (LP)

Feasibility Cut

Update UBDPB

Optimality Cut

Primal Dual Cut
for DPERMP

Primal
Subproblems
(Nonconvex NLP

Update UBD,
UBDPB

Global solution or
infeasibility indication

Steps same to ones in
the original
decomposition method

—— Steps different from
| onesin the original

decomposition method

Figure 6-4: Flowchart for the enhanced decomposition algorithm with primal dual
cuts and piecewise convex relaxation.

The convergence property for the enhanced NGBD holds according to Theorem
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Subproblems (LP) Subproblems
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Feasibility Cut

Steps same to ones in
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decomposition method

Optimality Cut

New Integer
Realization

Steps different from
ones in the original
decomposition method

Primal Dual Cut
for DPERMP

Figure 6-5: Flowchart for the enhanced decomposition algorithm with primal dual
cuts and adaptive piecewise convex relaxation.

6.5 Enhanced Decomposition Algorithm with Lift-

and-Project Cuts

6.5.1 Lift-and-Project Cuts for MILPs

Balas et al. [24] developed a cutting plane algorithm for mixed-integer programs,
in which lift-and-project cuts were generated to strengthen the LP relaxation. This
algorithm solves MILPs without branching on integer variables, instead, it iteratively
solves a series of LPs, including LP relaxations with lift-and-project cuts and LPs

generation corresponding cuts.
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A MILP with the following general form is studied:

min ¢z
st. Ax >0
(MIP)
.’l?jE{O,l}, jE{l,...,p}
vy <z; <z, j¢{l,...,p}
where the first p components of z (z1,...,z,) are binary variables, and the remaining

components of z are continuous variables. z% and zV are the lower and upper bounds
for the continuous variables, respectively.
To solve Problem (MIP) by the cutting plane algorithm, Problem (MIP) is first

relaxed to a LP problem as below:

min ¢ z

x

st. Ax > b
(RMIP)
0_<_$j51’ JE{L)p}

oy <z; <z, j¢{l,....p}
For the ease of discussion, the formulation of Problem (RMIP) is simplified as:

min c'z
z ) (RMIP’)
st. Az >b

Let 2 be the solution of Problem (RMIP) (or (RMIP’)). For any j € {1,...,p}N
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{j:0<&; <1} (or a subset of these j), solve the following cut generation problem:

min
a,ﬂ,u,’l},’l.lo U0

s.t.

a—ATu—uoejEO
Q_AT/U_U[)e]‘ZO
5
B = bv + vy

Tt

= bu (CGP))

u>0, v2>0

n

=1

where ¢; is the unit vector with the 4 element equal to 1.

Then the cut aTz > 3, called the lift-and-project cut, is added to the constraints

in Problem (RMIP).

The dual of Problem (CGP;) is formulated as below:

min
Y157Y25735,Y4,7Y5

s.t.

s

S

Ay > —bys

S

A%Z —0%4
—6271 <0
6}71§0
—ei72—1u<0 (DCGP;)
e;v2+ 71 <0
Ntr-1p<2
—Nn—r-1lp< -
Y3+ v < -1
—Y3— v <1

Y, Y2, Y5 = 0
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The last four groups of constraints in Problem (DCGP;) are listed as below:

Nnt+r—1n <2 (6.53)
— =7 ln < -2 (6.54)
Y3+ 7 < -1 (6.55)
-7 —7 <1 (6.56)

The Lagrange multipliers of Constraints (6.53), (6.54), (6.55) and (6.56) are recorded

as Aq+, Aq-, Ag+ and Ag-, respectively. « and 3 are calculated as:
& = )\a+ - /\a‘ (6.57)

B =g+ — Ag- (6.58)

Due to strong duality for LPs [33], Problem (DCGP;) and (CGP,) have the same
optimal objective. Note that Problem (DCGP;) is usually easier to be formulated
from Problem (RMIP) compared to Problem (CGP;), hence is selected for generating
lift-and-project cuts in this work.

There are several strategies for adding lift-and-project cuts. For example, Problem
(DCGP;) can be solved for all z; that violate integrality or just one z; with the
maximum violation to integer values, depending on the strength of lift-and-project
cuts and the solution time for Problem (DCGP;). In this work, lift-and-project cuts
for all z; are added in order to obtain tighter relaxation.

The cutting plane algorithm is stated as below:

Step 1: Solve Problem (RMIP). If z; € {0,1} for j=1,...,p, STOP.

Step 2: For all z; ¢ {0,1} (j = 1,...,p) (or z; with the maximum integral
violation), generate a lift-and-project cut ™z > B for each z; by solving Problem
(DCGP;).

Step 3: Add the cuts oz > f for all z; to the constraints of Problem (RMIP).
Go to Step 1.
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Theorem 2. The aforementioned cutting plane algorithm finds an optimal solution

to Problem (MIP) in finitely many iterations.

Proof. See Ref [24]. ‘ O

Remark 9. Lift-and-project cuts generated by the aforementioned cutting plane algo-
rithm will not cut off any point in the convex hull of the feasible region for Problem

(MIP) [24].

6.5.2 New Subproblems
Primal Bounding Problem with Lift-and-Project Cuts

In the enhanced NGBD with lift-and-project cuts, the enhanced primal bounding
problem is still based on the piecewise convex relaxation. However, it is formulated
as a LP augmented with lift-and-project cuts here, instead of a MILP in Section
6.3,. The new primal bounding problem is called Problem (PBP-LAP), and it can be
naturally decomposed into subproblems (PBP-LAP},) for the s scenarios:
objpgp_rap, (¥¥) = min ],z + C3 ph + Ciptn

Th,qh,Wh,Oh,
Th,qn,Tn

st Avy® + Agpan + As gy + Agpun < by,
(@70) 9™ + (a54) " @n+ (05)" @+ (0%4)" un
+ (ag,h>T On + (O‘E,h)T In + (O‘;,h)T qn + (ag,h>T U
> B Vredl,... ),

o~ = rlap
(xhthauha(sh?xh’qh)uh) € Hh

(PBP-LAP,)
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where

I ={(n, gn, un) € M, 0 € 0,117, (Tn, G, Tn) € RY™ x RI x RY™
M
Z 5h,m = 1)
m=1
M
Upe = Z Ungtm, V(1) €8,
m=1

M
Tpy = th,z,m, Vie{l,...,n},

m=1

M
dnht = ZQh,t,rru vt € {1,...,77/(1},

m=1
= > L = = m _ L m )
Unlt,m 2 Ty Ghtom + Thim Ghy — ThyQh Ohm,

_ U - - m+1 U m+l
Unhttm 2 Thy Qrtym T Thim Qhy — Thadp On,ms

Unttom < Ty Qg + Engm Ghy — 5 1 Ohms
Upitm < ﬂfk,z Ghtym T Thim Q;Ttﬂ - ﬁ,zq;’:fl%,m,
V(I,t) e, Yme {1,...,M},
5h,mx% S j—:h,m S 5h,mxg, (Sh,qun S q}l,m § 5h,mq,T+1, Vm c {1, . M},

G =g <¢g<.. . <¢g'<qg™=¢q}

d5, is the relaxed binary variable representing the choice of pieces for g, in scenario h.

The second group of constraints in Problem (PBP-LAP,,) are lift-and-project cuts,
and ny j, is the number of lift-and-project cuts in scenario h. By adding lift-and-project
cuts, the values of relaxed binary variables ¢;, will approach integers (0 or 1). The
cut parameters ay and ), are obtained in cut generation problems, which will be
discussed later.

Objppp_LAP), (y(k)) is the optimal objective value of Problem (PBP-LAP}) for
y = y®, h = 1,...,s. The objectives of Problem (PBP-LAP) and (PBP-LAP})

satisfy the following relationship:

Objppp_Lap (@/(k)) = C;Fy(k) + Z objpgp_raP, (y(k)) (6.59)
h=1

171



where objpgp_rap (y(’“)) is the optimal objective value of Problem (PBP-LAP) for
y=y".

Remark 10. Note that Problem (PBP-LAP),) is a LP, which is convex. The optimal
solution of Problem (PBP-LAP;) can directly construct optimality cuts for the en-
hanced relaxed master problem, and no relaxed dual of Problem (PBP-LAP;) needs

to be solved.

Cut Generation Problem

After solving Problem (PBP-LAP}), the integrality of relaxed binary variables oy, is
checked. If the value of one variable d5,, (m =1,..., M) does not satisfy integrality,
the corresponding cut generation problem (CGP) is solved. A new lift-and-project

cut is then generated and added into Problem (PBP-LAP,). The cut generation
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problem for dy, ,,, in scenario h at the kth iteration is expressed as below:

i
V1,001,071 R R
T q @ y
MY, e
V3 ho Ve h VS R Ve

T q i Yy
72T,h’72,h37§‘,h>72,m
Y3,hyY4,h>V5,h

s.t. Ay pyy at A, wl n+ As g nt Asnt ' < —bnys.h,
() A+ (5) Ve (05,) AT+ (@) vt + (a5) T Hat
(O‘g,h>T'Yih + (a;,h)TVih + (ag,h)Tﬁ,h > —Brysn, Yre{l,...,mun},
A, h’yQ p T Aapva, + Az h’72 pt Adnvan < —bnYan,
(afn) " W+ (05" W+ (@50) A+ (@) 5+ (a50) 3t
(O‘g,h)T Ven+ (o) 5, + (08h) A0 = —Brvams Vr € {1, nul,

T 6 T 6 T 6
e in <0 enmy <0, —ep s —n <0, enysn+van <0,

Yn+ Y, — 1 < y®), Yin T Yo — 150 < Hi(k), Vin+ven = 15 < q( )
Yip + YVon — 10 < ugk)’ Nt von—1sn < 5 s Yint Yon— Lrsp < fgk)v
Y+, = e <@ A+, — 1ysa < A,

- ’7%’,11 - 72y,h — 1y, < —?/(k): —th - 7§,h —1yn < Elk),

- ’Yf,h - 7§,h =1y < ”‘I;Lk)a _’Yﬁh - '7;,h —1vn < _ugc)’

- ’Yf,h - 73,11 — 1y < —5,&”, —’yf’h — ’yih — 1y < _gc)’

- ’Yf,h - Vg,h — 1y < —qiik)7 —’Yih - 73,}7, —1ysp < —ﬂff),
YahtYan < =1, —=ysh — Yan <1,
(Vi Yo Voo 'Yf,h’ ’Yih’ ’Yih, '7?,h> ’Yf,hy Y3,n) € ﬁ}”
(7§,ha ’Yg,hv 'Y;,ha ’Y(Qs,ha ’Yg,ha 'Yg,h» 73@ ’Yg,h, Yan) € ﬁi,
Ys,n ER, 50 >0
(CGPy.m)
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where

5 z q u 5 z q a Y
Hh _{(71,h7 ’71,}1’ ’Yl,h? 717}11 Wl,ha ’71,},7 ’71,}1) ’71‘[17 73,/1)

€ R™ x R™ x R™ x RMna x RMn=  RMMa 5 RMme 5 R™ x R :

z‘iz,hﬁ,h + A3,h’ﬁ,h + A4,h’ﬁ,h < —bhYa,

M
Z ny,h,m = —V3,h
m=1
M
e = D Vntems V(1) €9,
m=1
M
Yt = Z’ﬁ,h,l,m? Vie{l,...,n.},
m=1

M
Wg,h’t - Z nghyﬁm’ Vit € {1, s 7nq}7
m=1

a L .4 T m L m_3¢
Yhtm = ThiMpem T Natmht ~ ThidntY1mms

i U . g T m+1 U m+1,.46
Yihptm = ThiViptm T Whtmht  — ZThibht Vihmo

q U . d T m U m_.J9
Yihttm = ThiVihtm T Matmht = ThidhiV1,hmo

a L g z m+1 L m+l.6
Yintem < ThiVinem T Vhimht  — Thidhe ko

V(i,t) e Q, Yme{l,...,M},
BnY,, £ —aysp,
— akyan <AL < —TH e —Gse < Vh <~ Vans
- IIE'Yf,h,m < Wf,h,m < —x}f’ﬁs,h,m —th’Y(ls,h,m < ’Yf,h,m < _QITHVf,h,ma

L U
— Y vsh SWp S =Y Vs

5 = = _
’th 2 07 ’Y;I’h 2 0’ ’Yiﬁh Z Oa 71,}1 Z Oa 7?}1 _>_ 07 ’Y“ll,h Z 0) ’Yih 2 07
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and

—u

2 __ z q u ) z q a Y
h —{(WQ,ha 72,]-“ ’72,ha ’72,h7 72,}17 Vz’h’ 72,]7,7 ’72,}7,’ 74,/1)

€ R™ x R™ x R™ x RM™M x RM7 x RM™a  RM™e o R x R

Ay Y5 + Az s nt Ay < ~brYan,

Z WS,h,m = ~Y4,h,
m=1
M
PYS,h,l,t = Z/Yg,h,l,t,mv V(l,t) € Q,

M
Vahy = ZVg,h,z,m’ vie{l,. .. n.},

m=1

Vaht = Z'Yzhtm, vie{l,...,ng},

v L . g T m L m_é
Yordtm = ThiYohtm T Ve rimht = ThidhiY2hm

U U g T m+1 U m+1.6
Yoritm = ThiVohtm T Vohrimhe — ThiQhy Vahms

7] U . g T m U m_6
Yohitm = ThiVohtm T Yonimht = Thidht V2 hms

L g z m+l L om41 s
Vanitm < T Vopem * Vonimlhe  — Th 1ht Y2,hmo

V(l,t) e Q, Yme{l,..., M},
Byj, < —ayan,
— Tpvan < Vop < —TRvan —qhvan < Yan < —an Van,
- xk’Yg,h,m < 72i,h,m < _x}zj/yg,h,mv —QfTLn‘Yg,h,m ’Yzhm > Q}THVghm’ vme {1,..., M},
— ¥y yan <’th < =y vap,

YVor 20, 7,20, %,y >0, 75, >0, ¥,>0, 74,>0, 75,>0, %,>0}

€m 1s the unit vector with the m* element equal to 1. :cgk), q(k) (k) 5 '(k), 67,(1,6)

and ah’“ are the solutions of Problem (PBP-LAP,) at the k" iteration.
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The last 18 groups of constraints in Problem (CGP},,,) are listed as below:

Wi+ — 1y < y® (6.60)
Ve, = 1vsn < 2y (6.61)
Vin+Yan = 1rsh < g\ (6.62)
Yin T Y2n — 1vh < ul (6.63)
Nh+Yop— 1sn < g (6.64)
Vin+van — L < 2 (6.65)
M +ven = s < g (6.66)
M+ Yo — 115p < ﬂﬁf” (6.67)
=W~ Tysp < —y® (6.68)
—En = Ven — Ly <~ (6.69)
Ay =7, = 1 < —q (6.70)
—n = Von = Lysn < —up) (6.71)
Y =W = 1ysn < =03 (6.72)
”—’Yf,h - ’Yg,h — 1y < —fék) (6.73)
Ay =E = L <~ (6.74)
M~ Yo — L < —a (6.75)
Yah + Yap < —1 (6.76)
—Y3,h — Yap <1 (6.77)

The Lagrange multipliers of Eq (6.60), (6.61), (6.62), (6.63), (6.64), (6.65), (6.66)
and (6.67) are recorded as Aa+ 1h, Aat 2k Aat 3k Aatahs Aatshy Aat6h Aotk
and A+ g n, respectively; the Lagrange multipliers of Eq (6.68), (6.69), (6.70), (6.71),
(6.72), (6.73), (6.74) and (6.75) are recorded as Ao~ 14, Aa= 2,8, Aa- 3.0 Ao ks Aa- 5.0
Ao~ 6, Aa-,7,n a0d Ao- g 5, respectively; and the Lagrange multipliers of Eq (6.76) and

(6.77) are recorded as Ag+ 5, and Ag- j, respectively. Then parameters for the new lift-
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and-project cut to be added into Problem (PBP-LAP,) are calculated as below:
O‘i,h = )‘a"',i,h - /\a‘,i,h s 1= ]., P ,8 (678)

Br = Ag+n — Ag=h (6.79)

Enhanced Relaxed Master problem with Lift-and-Project Cuts

The optimal solutions and Lagrange multipliers of Problem (PBP-LAP}) construct
enhanced optimality cuts for the relaxed master problem. The enhanced relaxed
master problem with lift-and-project, called Problem (LERMPk), is as follows:
min 7
Y,m
st. n>aWy+F9, vje T
n>ay+ B9, VjeT"

‘ , LERMP*
Yy +69 <0, Vie Sk, (LERMP?)

Z g - Z < {l:yP =1} -1, VteTrtus*

le{ly{M=1} le{l:yV =0}

yeY, neR,
where
) 5 /o T
av =cf + Z (/\Lj)) Axn,
h=1

p) = Z [C;F,hff(zj) + CST,hq=£]) + Cf,hagf) +
h=1

w ||

{(X?)T (Aes) + ApP + Aus - bh)} ,

h=1

T¢ = {j € {1,...,k} : Problem PBP-LAP (y®) is feasible}.

/\g) denotes the Lagrange multipliers of Problem (PBP-LAP,) (Vh € {1,...,s})
when y = y¥) (Vj € flz’k) (isf),qz,sj),ﬁ,(f)) is a minimum of Problem (PBP-LAP,)
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(Vh € {1,...,s}) when y = yY). Note that T* c T* due to the tighter relaxation.
The first set of constraints are called enhanced optimality cuts with lift-and-project
cuts.

If T = @, the feasibility relaxed master Problem (RMFP*) introduced in Chapter
5 is solved instead. The enhanced feasibility cuts with lift-and-project cuts are not

considered here.

6.5.3 Theoretical Properties

Proposition 7. Compared to Problem (RMP*), Problem (LERMP*) is a tighter (or
equal) relaxation of Problem (P) when Problem (P) is augmented with the Balas cuts.

Proof. Considering that Problem (LERMP*) differs from Problem (RMP*) only with
the first group of optimality cuts, it is obvious that Problem (LERMP*) is a tighter
relaxation if it is a valid relaxation of Problem (P). It is proved in Ref [113] that
Problem (RMP¥) is a relaxation of Problem (P) when Problem (P) is augmented with
the Balas cuts excluding the previously examined integer realizations, so it remains

to prove

objep (y) > &9y + A, Vie Tk Wye W (6.80)

W ={g € Y : Problem P is feasible for y = 7}
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For all j € TF and h € {1,...,s}, due to strong duality for linear programs:

S
=(j a(j T E . T T T
he1 (Th 1gn,uh,On,
0 L&ngnan)ell?

_ T _
+ (/\;(l])) (A1 py"? + Ao pan + Aspan + Agpun — by)

»

h=1
(6.81)
= c}ry + inf c%:hxh + cg,hqh + c:f,huh
Pyt (mhth;UhyéIF
Ty, qn,up) €T
—,\T
+ (Aﬁ”) (AL py + Agpxn + Az pgn + Agpun — by)
_ T ;
= ¢; Y + objpgp_rap, (¥)
= objpgp_rap (¥)
Since Problem (PBP-LAP) is a relaxation of Problem (PP),
objpp (y) > objeep-rar (¥), Yy eEW (6.82)
Egs (6.81) and (6.82) imply Eq (6.80). O

6.5.4 Enhanced Decomposition Algorithm with Lift-and-Project
Cuts

The enhanced decomposition algorithm with lift-and-project cuts is stated as below:
Initialize:
1. Tteration counters k = 0, [ = 1, and the index sets 79 = 0 , T = {) ,S0=10,

U®=9.

2. Upper bound on the problem UBD = +4oc, upper bound on the lower bound-
ing problem UBDPB = +4o0, lower bound on the lower bounding problem
LBD = —o0.
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3. The number of lift-and-project cuts n,, = 0 for each scenario h =1,...,s.
4. Set tolerances €, and € such that 22:1 ep < €.
5. Integer realization y!) is given.

repeat
if £ = 0 or (Problem (LERMP*) is feasible and LBD < UBDPB and LBD <
UBD — ¢) then
repeat
Set k=Fk-+1
1. Solve the decomposed primal bounding problem (PBP,(y™*)) for each
scenario h = 1, ..., s sequentially. If Problem (PBP,(y*)) is feasible
for all the scenarios with Lagrange multipliers /\g@)’ add optimality
cuts to the enhanced relaxed master problem (LERMP*) according to
AE AW et TF = T2 U {k}.

2. If Problem (PBP,(y™)) is feasible for all the scenarios, solve sub-
problem (PBP-LAP,(y®)) for each scenario h = 1,..., s sequentially.
If Problem (PBP-LAP,(y®)) is feasible with Lagrange multipliers
igf) for all the scenarios, add enhanced optimality cuts to Problem
(LERMP*) according to A%, .., A, set T% = T*~' U {k}, and record
the optimal solutions :rﬁlk), q,(f), ugf), 5,(lk), a‘:flk), qflk), ﬂgc) for all s scenar-
ios. If objpgp_ap(y®) < UBDPB, update UBDPB = objpgp_pap(y¥),

y =y®, b =k

3. If Problem (PBP-LAP,,(y*))) is feasible, check the integrality of relaxed

binary variables ¢ ff)

in all s scenario. For each scenario h = 1, ..., s,
for each m = 1,..., M, if 5,(1an does not satisfy integrality, solve the
corresponding cut generation problem (CGPj,.,), record parameters

Qh,y Br, set g, = nyp+1, add the new lift-and-project cut into Problem

(PBP-LAP, (y*+1)).
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4. If Problem (PBP,(y™*))) is infeasible for one scenario, stop solving
it for the remaining scenérios and set S* = S¥71 U {k}. Then, solve
the decomposed feasibility subproblem (FPj(y™*))) for h =1, ..., s and

obtain the corresponding Lagrange multipliers ,ugf). Add feasibility

cuts to Problem (LERMP*) according to these multipliers.

5. If T® = 0, solve the feasibility problem (RMFP*); otherwise, solve
Problem (LERMP¥). In the latter case, if Problem (LERMP¥) is fea-
sible, set LBD to its optimal objective value. In both cases, set y**1
to the y value at the solution of either problem.
until LBD > UBDPB or (Problem (LERMP*) or (RMFP*) is infeasible).
end if
if UBDPB < UBD — ¢ then
1. Solve the decomposed primal subproblem (PP(y*)) to en-optimality
for each scenario h = 1,...,s sequentially. Set U' = Ut U {k*}. If
Problem (PP(y*)) is feasible with optimum (z}, g}, u}) for all the sce-
narios and objpp(y*) < UBD, update UBD = objpp(y*) and set y = y*,
(@5 s Gyt ) = (@F, g5 upy) for h=1,...s.
2. If TF\ U' = §, set UBDPB = +o0.
3. TH\U' # 0, pick i € TH\U" such that objppp 1xp(y™®) = min g i {objpep_1ap(H?))
Update UBDPB = objpgp_pap(¥?), y* =y, k* =4. Set [ =1+ 1.
end if
until UBDPB > UBD — € and ((Problem (LERMP*) or (RMFP¥) is infeasible) or
LBD > UBD - ¢).
An e-global optimum of the original problem (P) is given by

*

* * * * * *
(yp’xp,h Ly Gp s s Apsy Up 1 "'7up‘s)

or (P) is infeasible.
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The algorithm flowchart is shown in Figure 6-6, in which differences between the
enhanced decomposition algorithm and the original decomposition algorithm are high-
lighted in grey. Compared to the flowchart of the original decomposition algorithm,
three new steps, “PBP-LAP (LP)”, “Cut Generation Problems (LP)” and “Update
Lift-and-project Cuts”, are added in this flowchart, and the step “Relaxed Master
Problem” is replaced by “Enhanced Relaxed Master Problem”. The dashed line in
the flowchart means an information flow, instead of a step in the algorithm. The
selection of the integer realization y*) for constructing primal subproblems (PPy,) is

based on objppp_pap(y™).

UUBD, UBDPB,
LBD

Global solution or

Initialization infeasibility indication

LBD > Yes % UBDPB =
UBDPB? UBD?
No

Primal Bounding

SR (NS Primal
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U Bl Update {/BD,
No ] [ssalirade adh UBDPB
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Figure 6-6: Flowchart for the enhanced decomposition algorithm with lift-and-project
cuts.

The convergence property for the enhanced NGBD holds according to Theorem
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6.6 Conclusions

By employing enhancement technologies, the decomposition algorithm achieves much
faster convergence rates, and solves large-scale polygeneration optimization problems
in reasonable times. The computational performance of enhanced decomposition

algorithms will be shown in Chapter 7.
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Chapter 7

Case Studies of Polygeneration
Problems with Decomposition

Algorithms

7.1 Model Reformulations

The objective of the optimization model is to maximize the overall economic perfor-
mance of the flexible polygeneration plant while satisfying all design constraints and
operational constraints in all scenarios (here a scenario represents a time period in
the year or a possible market/policy scenario, as described in the section of case study
problems and implementation). The key design decision variables are equipment ca-
pacities. The key operational decision variables include the consumption rates of
feedstocks (coal, biomass and water), the production rates of products (power, naph-
tha, diesel, methanol and sulfur), the CO, sequestration rate and the COy emission
rate. The mathematical model in this section is reformulated from the flexible poly-
generation model in Chapter 4. The major reformulations, including the application
of aggregate equipment and discrete equipment capacities, were implemented in the
capital cost calculations in the original model and will be discussed in the remaining

part of this section.
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7.1.1 Aggregate Equipnient

The concept of “aggregate equipment” is introduced in this model to simplify the
economic analysis and reduce the complexity of the model. Aggregate equipment is a
set of equipment within the same subsystem that follow a similar scaling-up relation-
ship. In capital cost calculations, aggregate equipment can be treated as a single unit
with a scaling-up factor equal to the weighted average of all equipment in the group.
Therefore, the number of units in the economic analysis is reduced from thirty to
seven sets of aggregate equipment whose capacities need to be determined, including
Syngas Cleaning System 1 (for the liquid fuel production), Syngas Cleaning System
2 (for the power production), the COz compressor, the Fischer-Tropsch synthesis sys-
tem, the methanol synthesis system, the gas turbine system, and the steam turbine
system. These are illustrated in Figure 7-1, where each set of aggregate equipment
is placed in the same position as Figure 2-2. Optimization of equipment capacities
is therefore based on the seven sets of aggregate equipment instead of the thirty
individual pieces of equipment.

In this work, the dry mass capacity of the gasifier is fixed to 1042 ton/h or 7.815
Mt /yr on the basis of industrial experience of BP engineers [9] (Mt = million tons).
Therefore, the accessory equipment of the gasifier (including the radiant cooler and
the convective cooler) and upstream and downstream equipment whose capacities are
determined by the gasifier (such as the air separation unit(ASU), the COS hydrolysis
reactor, Selexol Unit 1, and the Claus plant), also have fixed capacities. All equipment
with fixed capacities are grouped into one set of aggregate equipment (as shown in
Figure 7-1 with the same position as in Figure 2-2), whose capacity is a specified
parameter in the optimization model.

Note that the concept of aggregate equipment is only applied to the economic
analysis, and all mass and energy balances are still based on individual equipment

and are the same as those in Chapter 4.
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Figure 7-1: Illustration of aggregate equipment.

7.1.2 Discrete Capital Costs

The other major model reformulation is to change the equipment capacity variables in
the optimization formulation from continuous variables to discrete variables. There
are two reasons for this reformulation: (1) The current version of the decomposi-
tion method is developed for problems whose first stage decision variables (or design
decision variables) contain only integer variables. Equipment capacities, which are
design decision variables, need to be discretized to fit the framework of the decom-
position method. A direction for future research is to develop new versions of the
decomposition method that can also handle continuous design decision variables. (2)
In real applications, only a limited number of sizes are available in the market for
many kinds of equipment, including gas turbines and steam turbines. It is therefore
more reasonable to model these equipment capacities as discrete choices instead of

continuous variables.
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The capacity of a set of aggregate equipment w is now expressed as
d
By=> Euutwe Ywe{l,. . e}, (7.1)
v=1

where E,, is the v* choice for the capacity of the set of equipment w, which is a
specified parameter; v, , is a binary variable that determines whether the v*® choice
for the capacity of the set of equipment w is selected or not. d is the number of
all choices for each set of equipment; e is the number of sets of aggregate equipment
without fixed capacity, which is equal to 7. In this work, in order to obtain sufficiently
accurate economic analysis results while keeping the optimization problem tractable
for the decomposition algorithm, d is set to be 10.

The choices for the capacity of the set of equipment w (E,,,) are assumed to be

uniformly distributed and can be generated as follows

-1
-1

<

Ew,v = _11;) +

(Ey - Ey), Ywe{l,... e}, (7.2)

ISH

where EL and EY are the minimum and maximum possible capacity for the set of
equipment w in the process, respectively, which are specified parameters. £ and E}UJ
can be estimated by the rough mass balance calculations given the aforementioned

gasifier capacity, and their values are listed in Table 7.1.

Table 7.1: Parameters for equipment capacities

Aggregate Equipment w EL BV

Syngas Cleaning System 1 0 150 Mmol/h
Syngas Cleaning System 2 0 205 Mmol/h
CO, Compressor 0 2500 ton/h
Fischer-Tropsch Synthesis System 0 340 ton/h
Methanol Synthesis System 0 840 ton/h
Gas Turbine System 200 4750 MW
Steam Turbine System 600 1800 MW

Only one choice for capacity can be selected for each set of equipment, therefore
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the following relationship holds

d
Zyw,u =1, Ywel{l,... e} (7.3)
v=1

The flow rate through each set of equipment is limited by its capacity, hence

Fun<E,, Ywe{l,...,e}, Vhe{l,... s} (7.4)

3

where F,,, is the input (or output) flow rate of the set of equipment w in scenario h.
s is the number of scenarios, which is a given number.

The capital cost of a set of equipment w is given by

d
Co =Y Cosbuw Ywe{l,... e}, (7.5)
v=1

where C,, , is the v*" choice for the capital cost of the set of equipment w, which is a
specified parameter.
The choices for the capital cost of the set of equipment w (C,,,) are estimated by

the following power law scaling relationship

= sfu
Cuwv = Chu (g:w) , Ywe{l,..., e}, Ywwedl,...,d}, (7.6)
where E‘b,w is the capacity of the set of equipment w in the base case, C’b,w is the
capital cost of the set of equipment w in the corresponding base case, and sf,, is the
sizing factor of the set of equipment w, which are specified parameters. The values
of By, Cow and sf,, for aggragate equipment, which are estimated from those for
individual equipment in Appendix B, are provided in Table 7.2.

The total capital investment for the plant is given by

Cap =3 Cu + G, (7.7)

w=1
where Cf is the total capital cost of equipment with fixed capacity, which is a specified

189



Table 7.2: Parameters for equipment capital costs

Aggregate Equipment w Ey Cow® sty
Syngas Cleaning System 1 28.2 Mmol/h  34.0 0.69
Syngas Cleaning System 2 28.2 Mmol/h  34.0 0.69
CO, Compressor 469.0 ton/h 75.1 0.80
Fischer-Tropsch Synthesis System 34.2 ton/h 183.4 0.70
Methanol Synthesis System 110.4 ton/h 220.3 0.67
Gas Turbine System 464.0 MW 136.4 0.76
Steam Turbine System 2747 MW 123.3  0.69

2 The unit is million dollars.

parameter. In this work, Ct = 2978 million dollars.

The net present value (NPV) is denoted by

Rtax 1 1
= — ]
NPV Cap |: 1 + tdp r ( (1 + ,,.)tdp>:|

s 1 1
+ Z Occuh Pronet,h —7: (1 - (1 + rr-)tlf) ’

h=1

(7.8)

where Prope s is the annualized net profit in scenario h. Occuy is the fraction of

occurrence of scenario h, Ry 1s the tax rate (including both federal and

state taxes),

r is the annual discount rate, t4, is the depreciation time of the project, and #j is

the lifetime of the project, which are specified parameters. In this study, Ri.x = 40%
(173, 174], r = 12% [173, 174], t4p = 10yr [158], and t); = 30yr (173, 174].

For the ease of computation, the objective of this model is selected to be the scaled

NPV, which is given as follows

NPV

NP cale =
VS 1 1 (1 B 1 )
T (147t

Riax 1 1
1+ (1

) (7.9)

Occuy, Proget,n + Cap -
1
P v (1 - m)

The binary variables v, (Yw € {1,...,e},Vv € {1,...,d}) are the only design
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decision variables in this model. All other design variables, including F,,, C,, and
Cap, can be replaced by their expressions in terms of y,,, (such as Equations (7.1)
(7.5) and (7.7)).

Therefore, the only design constraints in this model are

d
Fw,h < ZEw,vyw,va Vw € {1» cee 76}7 Vh € {1a v )5}7 (710)
v=1

The objective function to be minimized is expressed as

e

s e d _ _1+%%(1_11dp)
__Nvacale = - Z Occuh Pronetyh‘— (Z Z Cw,vyw,v + Cf> dp (1+7) )
e % (1 - (1+1~)’-‘1f)
(7.11)

w=1 v=1

Estimation of equipment capacity and cost parameters, including EW, and C,,,

(Vw e {1,...,e},Yv € {1,...,d}), are provided in Appendix.

7.1.3 Other Reformulations

Topology constraints for aggregate equipment are added into the model to reduce the
integer possibilities. The minimum capacity of equipment (EL) (or the first choice
for equipment capacity) is typically set to be zero (except for the gas turbine system
and steam turbine system), which implies the set of equipment is not included in the
process. The following topology constraint indicates that if an upstream unit is not

included, all downstream equipment should not be included either:

Ywu,1 < Yuwg,1 (7.12)

where v, 1 and y,,, 1 are the 1% choice for capacity of a set of upper stream equipment
w, and a set of downstream equipment wy, respectively.

The reformulation-linearization technique is employed to generate redundant con-
straints for tighter convex relaxations. The resulting model is similar to the pg-

formulation [168] for the pooling problem.
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7.1.4 Model Summary

The optimization model for flexible polygeneration systems is a large-scale nonconvex
MINLP, including 70 binary variables and 613s continuous variables. s is the number
of scenarios. A scenario represents a time period in multi-period optimization prob-
lems or a possible realization in stochastic optimization problems. The nonconvexity

originates from bilinear terms in mass balances. The overall model can be expressed

in the form of Problem (P)

8
Janin el Y (Gun+ GGagn + Chpun)
q1y.-yGs, UL,y Us h=1
s.t. Unie = ThaGhe, V(1) €Q, Vh € {1,...,s}, (7.13)

A py + Ao pxh + Asngn + Agpun <bny, Yh€{1,..., s},

(Zhy Qr, up) € I, Vh € {1,...,s}, yeYy,

where z,, represents flow rates and heat/power consumption rates in scenario h, gn
represents split fractions in scenario h, and u;, represents intermediate variables intro-
duced for bilinear terms in scenario h, which are all continuous variables; y represents
the binary variables that determine equipment capacities (which is equivalent to ¥y, );
the objective function is the general form of Equation (7.11); the first set of constraints
represent the bilinear functions in mass balances, which are the only nonconvex func-
tions in the model; the second set of constraints represent the design constraints (or
equipment capacity constraints as shown in Equation (7.10)), which contain both the

binary and continuous variables. The set for the continuous variables is

I, = {(%h, gn, un) € R™ x R™ x R™: /12,)1513/1 + 1213,th + A4,huh < by,

L U L U
g, ST STy, @ < qn S Qy b

where the inequality represents the linear operational constraints, including mass
and energy balances, production and feedstock consumption rates, reactor feedstock

specifications, and emission regulations; zh, zY, gk, and qY are the lower and upper
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bounds for zy, g, respectively. The set for the binary variables is
Y ={ye{0,1}" : By <a}.

where the inequality represents Equations (7.3) and (7.12).

7.2 Case Study Problems and Implementation

Three case study problems are investigated in this work, which are modified from
the case study problems in Chapter 4. Case 1 and 2 are multiperiod optimization
problems considering operations in different time periods during the project lifetime,
and Case 3 is a stochastic optimization problem addressing both market/policy un-

certainties and different time periods.

7.2.1 Description of Case 1 and 2

The description and problem sizes of Case 1 and 2 are listed in Table 7.3.

Table 7.3: Case study problems (Case 1 and 2)

Case 1 Case 2
Settings Middle oil price Middle oil price
Middle carbon tax Middle carbon tax
100% operational flexibility 100% operational flexibility
Number of Scenarios 8 24
Description of Scenarios Peak and off-peak times Peak and off-peak times
in 4 seasons in 12 months
Number of Binary Variables 70 70
Number of Continuous Variables 4904 14712

The average feedstock prices, average product prices and carbon tax for Case 1
and 2, which are under the middle oil price and middle carbon tax, are provided in

Chapter 4, and are listed in Table 7.4.
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Table 7.4: Average market prices and carbon tax in Case 1 and 2

Value Unit
Feedstock Price
Coal 39.5 $/tonne
Biomass 59.2 $/tonne
Water 0.8 $/tonne
Product Price
Electricity 98.9 $/MWh
Naphtha 1012.8 $/tonne
Diesel 1035.5 §$/tonne
Methanol 449.8  $/tonne
Sulfur 100.0  $/tonne
Carbon Tax 20.0  $/tonne of CO,

The peak time is defined to be 7 am - 11 pm on working days, and the off-pcak
time is the rest of the time in the year, including 11 pm - 7 am on weekdays, and the
whole day on weekends and holidays. The fraction of occurrence of all scenarios over
the lifetime of the plant for Cases 1 and 2 are given in Tables 7.5 and 7.6, respectively.

For simplicity, the feedstock prices and sulfur price are assumed to be constant
in all scenarios for Case 1 and 2, whose values are equal to their average prices.
The prices of other products, including power, naphtha, diesel, and methanol, vary
seasonally, and the power price also changes between peak and off-peak. The product

prices (except for sulfur) in each scenario are given by the following relationship
PP, = Py ScFgn, Vg€ Prod/{sulfur}, Vh e {1,...,s}, (7.14)

where Pq‘j , is the price of product g in scenario h, PP is the average price of product
g whose value is given in Table 7.4, ScFg, is the scale factor for the product g
in scenario h. Prod = {eléctricity, naphtha, diesel, methanol, sulfur} is the set of
products. The scale factors represent the degree of fluctuation of product prices in
different scenarios. Their values for Cases 1 and 2, which are estimated from historical

market data [3, 5, 4], are shown in Figures 7-2 and 7-3.
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Table 7.5: Fractions of occurrence of all scenarios for Case 1

Scenario Occurrence
Spring Peak © 12.01%
Spring Off-peak 13.21%
Summer Peak ° 11.82%
Summer Off-peak 13.39%
Fall Peak ¢ 11.32%
Fall Off-peak 13.61%
Winter Peak ¢ 11.19%
Winter Off-peak 13.46%

@ Spring = {March, April, May}.

b Summer = {June, July, August}.

¢ Fall = {September, October, November}.
¢ Winter = {December, January, February}.

18 — — ———| welectricity
| ®naphtha
wdiesel

| ®methanal

Scale Factor

spring spring summer summer fallpeak falloff- winter  winter
peak off-peak peak off-peak peak peak off-peak

Figure 7-2: Scale factors of product prices in all scenarios for Case 1.

7.2.2 Description of Case 3

The description and problem sizes of Case 3 are listed in Table 7.7.

In total nine uncertain scenarios are considered in Case 3, including 3 oil price
scenarios (low, middle and high oil prices) combined with 3 carbon tax scenarios
(low, middle and high carbon taxes). Case 3 is viewed as an extension of Case 1 to
stochastic optimization applications.

Other than Case 1 and 2. both feedstock and product prices change in different
scenarios. The feedstock and product prices in all scenarios for Case 3 are expressed
as

Pf, = PfScF,u, Vg€ Feed, Vhe{L,...,s}, (7.15)
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Table 7.6: Fractions of occurrence of all scenarios for Case 2

Scenario Occurrence
January Peak 3.86%
January Off-peak 4.63%
February Peak 3.65%
February Off-peak 4.02%
March Peak 4.04%
March Off-peak 4.45%
April Peak 3.91%
April Off-peak 4.31%
May Peak 4.04%
May Off-peak 4.45%
June Peak 3.91%
June Off-peak 4.31%
July Peak 3.86%
July Off-peak 4.63%
August Peak 4.04%
August Off-peak 4.45%
September Peak 3.73%
September Off-peak 4.49%
October Peak 4.05%
October Off-peak 4.45%
November Peak 3.55%
November Off-peak 4.67%
December Peak 3.68%
December Off-peak 4.82%
P;h = PP ScFys, Vg€ Prod, Vhe{l,...,s}, (7.16)

where P;h is the price of feedstock g in scenario h, qu is the average price of feedstock
q, ScFy ), is the scale factor for the feedstock or product g in scenario h. Feed =
{coal, biomass, water} is the set of feedstocks.

The carbon tax in all scenarios for Case 3 are expressed as

oh = Prax SCFGxn,  Yhe{l,... s}, (7.17)

tax

car

car - ‘ : :
where Py, is the carbon tax in scenario h, Py is the average carbon tax, ScFy ,
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Figure 7-3: Scale factors of product prices in all scenarios for Case 2.

Table 7.7: Case study problem (Case 3)

Case 3

Settings Stochastic optimization for 9 market/policy scenarios
100% operational flexibility

Number of Scenarios 72

Description of Scenarios 3 oil price scenarios x 3 carbon tax scenarios

x Peak and off-peak times in 4 seasons

Number of Binary Variables 70
Number of Continuous Variables 44136

is the scale factor for the carbon tax in scenario h.

The average feedstock prices, product prices and carbon tax over all uncertain

market /policy scenarios and time periods for Case 3 are listed in Table 7.8.

The scale factors of feedstock and product prices in all scenarios for Case 3 are

given as

SCFqu = SCquhI SCFq!hH,

¥q € Feed U Prod, Vhe {1,....8}, ¥h'€ {1,...,8} Yh" €{l,...,5"}
(7.18)

where A" and A" are the indexes of scenarios representing market /policy uncertainties

and time periods, respectively; s’ and s” are the numbers of uncertain scenarios and

time periods, respectively. In Case 3, s' = 9, s” = 8. s = 5’ x 5" is the number of total

scenarios. ScFy, and ScF,,» are scale factors of market prices in uncertain scenario
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Table 7.8: Average market prices and carbon tax in Case 3

Value Unit
Feedstock Price
Coal 39.2 $/tonne
Biomass 58.8 $/tonne
Water 0.8 $/tonne
Product Price
Electricity 97.3  $/MWh
Naphtha 990.2  3$/tonne
Diesel 1027.6  $/tonne
Methanol 433.1  $/tonne
Sulfur 100.0  $/tonne
Carbon Tax 26.7 $/tonne of CO,

h' and time period h”, respectively. The values of ScFy .~ in Case 3 are the same
as those in Case 1, e.g., ScF,» = 1 for all feedstocks and sulfur, and ScF, s~ for all
products except sulfur are shown in Figure 7-2. The values of ScF, 5 only change in

different oil price scenarios, as provided in Table 7.9.

Table 7.9: Scale factors of market prices under different oil price scenarios

Low Qil Price Middle Oil Price High Oil Price

Feedstock

Coal 0.9351 1.0081 1.0568
Biomass 0.9351 1.0081 1.0568
Water 1 1 1
Product

Electricity 0.6918 1.0161 1.2921
Naphtha 0.536 1.0228 1.4412
Diesel 0.5471 1.0077 1.4452
Methanol 0.6075 1.0387 1.3537
Sulfur 1 1 1
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The scale factors of carbon tax in all scenarios for Case 3 are given as

ScFimen = ScFiay 1 ScFia iy Vhe {1,...,s}, VA e {1,...,s'}, VA" e {1,...,§"
(7.19)
ScFiax, and ScFig) ;. are scale factors of the carbon tax in uncertain scenario A’ and
time period h”, respectively. ScF{™ ,, = 1 since the carbon tax remains the same
tax,h

in different time periods. The values of ScF¢;} ;, only change in different carbon tax

scenarios, as provided in Table 7.10.

Table 7.10: Scale factors Qf the carbon tax under different carbon tax scenarios

Low Carbon Tax Middle Carbon Tax High Carbon Tax
Carbon Tax 0.375 0.75 1.875

The fraction of occurrence of all scenarios for Cases 3 is given by the following

relationship

Occuy, = Occuy Oceuyr, Vhe{l,...,s}, VR € {1,...,5'}, VA" €{1,...,s"}
(7.20)
where Occuy and Occuyr are fractions of occurrence of uncertain scenario b’ and time
period A", respectively. The values of Occuyr are provided in Table 7.5, which are
the same as those in Case 1. Three oil price scenarios are assumed to have the same
probability, i.e., the probability of each oil price scenario is equal to 1/3. Similar for
three carbon tax scenarios. Hence, Occuy = 1/9 for each combined oil price and

carbon tax scenario A/'.

7.2.3 Implementation

The solver times for the following six methods are compared for the aforementioned
three case study problems: (1) branch-and-reduce method (realized by BARON 9.0.6
[169]), (2) NGBD, (3) enhanced NGBD with primal dual cuts (NGBD-D) (and
also with primal dual multicuts, NGBD-MD), (4) enhanced NGBD with piecewise
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convex relaxation (NGBD-PCR), (5) enhanced NGBD with both primal dual cuts
and piecewise convex relaxation (NGBD-D-PCR), (6) enhanced NGBD with lift-
and-project cuts (NGBD-LAP).

BARON 9.0.6 employs CONOPT 3.14 [55] for local NLP subproblems and CPLEX
12.2 [1] for LP subproblems. NGBD and enhanced NGBD algorithms employ BARON
9.0.6 (with the same settings described above) for NLP subproblems and CPLEX 12.2
for LP and MILP subproblems.

Case study problems are solved on a computer allocated a single 2.66 GHz CPU
and running Linux kernel. GAMS 23.5.2 is used to formulate the models, program
the NGBD and enhanced NGBD algorithms, and interface the various solvers for the
subproblems. For all the methods, the absolute and relative termination criteria are
10~2 and the initial integer realization (y™®) is 0. Only the solver time reported by
GAMS is reported here.

7.3 Optimization Results

7.3.1 Optimization for Different Time Periods

The optimal objective values (which are negative scaled NPVs) for Case 1 and Case
2 are -1123.017 and -1124.385 million dollars, respectively. The actual NPVs can be
calculated from the scaled NPVs by Eq (7.9), and their values are shown in Table 7.14.
The optimal equipment selections for Cases 1 and 2 are the same, whose values are
listed in Table 7.11. The capacity choice means the selection of possible equipment
capacities that are pre-determined in Section 7.1.2, e.g., choice 10 means the 10th
possible capacity is selected. The optimal feedstock consumption rates, production
rates, CO, sequestration rates and CO; emission rates for Cases 1 and 2 are shown in
Tables 7.12 and 7.13, respectively. Total capital investments, annual net profits and
net present values of Cases 1 and 2 are compared in Table 7.14.

In both cases, power generation is preferred during peak times while methanol

production is preferred during off-peak times because of the large variation of power
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Table 7.11: Optimal equipment designs for Cases 1 and 2

Aggregate Equipment Capacity Choice Capacity Capital Cost?
Syngas Cleaning System 1 1 04 0
Syngas Cleaning System 2 7 137+ 102

CO, Compressor 6 1389° 180
Fischer-Tropsch Synthesis System 1 0° 0
Methanol Synthesis System 10 840° 858

Gas Turbine System 10 4750¢ 799
Steam Turbine System 10 1800¢ 448

¢ The unit is Mmol/h.

® The unit is tonne/h.

¢ The unit is MW,

4 The unit is million dollars.

prices between peak and off-peak. Liquid fuels, including naphtha and diesel, are not
produced in any scenario due to their low prices compared to other products. COq
emissions are relatively high in peak times because all feedstocks are used for power
generation and carbon sequestration is not implemented in order to save power for
export. However, CO, emissions significantly drop in off-peak times since most of
carbon in feedstocks now flows into the methanol and carbon sequestration becomes
profitable to implement due to the low power price.

The fact that the equipment capacities are the same in Cases 1 and 2 (as shown
in Table 7.11) implies that the operational flexibility of the polygeneration plant
does not' increase by considering monthly price variations instead of seasonal ones.
Discussions in Chapter 4 indicated the degree of price fluctuations between peak and
off-peak times had significant impacts on the optimal design and operation while the
seasonal price changes, which were much smaller than those between peak and off-
peak, had little or no influence. Although the monthly price changes are larger than
the seasonal ones in this work, they are still not comparable with price differences
between peak and off-peak. Therefore, monthly price fluctuations are not reflected

in the optimal design and operation in both cases (except for the November peak
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times in Case 2), and the economic improvement of Case 2 compared to Case 1 is not

significant (as shown in Table 7.14).

7.3.2 Optimization under Market and Policy Uncertainties

The optimal objective value (which is the negative scaled NPV) for Case 3 is -1041.58
million dollars. The optimal equipment selections for Case 3 are listed in Table 7.15.
The optimal feedstock consumption rates, production rates, CO5 sequestration rates
and CO, emission rates for Case 3 are shown in Tables 7.16, 7.17, 7.18 and 7.19,
respectively. Total capital investment, expected annual net profit and expected net
present value of Case 3 are shown in Table 7.20.

The stochastic optimization in Case 3 obtained the optimal design for the max-
imum expected NPV over all possible market and policy scenarios. In this optimal
design, Syngas Cleaning System 1 (used for power generation with CCS) and the
Fischer-Tropsch synthesis system are not installed due to their high capital costs
and low profitability, and the methanol synthesis system, the gas turbine system and
the steam turbine system are designed at their maximum capacities to introduce the
operation flexibility for both market/policy uncertainties and different time periods.

Operations in different oil price and carbon tax scenarios are also optimized. In
high carbon tax scenarios, electricity production is somewhat suppressed due to its
high CO; emissions, while methanol production is promoted during peak times. Car-
bon capture and sequestration (CCS) is only implemented under middle and high
carbon taxes, and in high carbon tax scenarios CCS is also encouraged during some
peak times. The optimal CO, emissions decrease significantly with the increase of
the carbon tax because CCS and methanol production are encouraged under higher

carbon taxes.
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7.4 Computational Performance

7.4.1 NGBD and Enhanced NGBD with Primal Dual Cuts
(NGBD-D and NGBD-MD)

The computational performance of BARON, NGBD, NGBD-D and NGBD-MD for
Cases 1 and 2 are compared in Tables 7.21 and 7.22, respectively. BARON did
not return a global solution within 30 CPU days for either problem, while NGBD
and enhanced NGBD all obtained a global solution within 18 CPU hours for Case 1
and within 60 CPU hours for Case 2. These results demonstrate that viability of the
decomposition strategy for the global optimization of flexible polygeneration systems.

Note that the solution time for Problem (PP) dominates the total solution time
within NGBD, because Problem (PP) is the only nonconvex NLP subproblem in
NGBD and the solution time for it is much longer than that for other subproblems.
By introducing extra dual information from the primal problem to form a tighter
relaxed master problem, NGBD-D significantly reduced the number of iterations for
convergence and it solved much fewer Problem (PBP) and (more importantly) Prob-
lem (PP). The solution time with NGBD-D was reduced by almost an order of mag-
nitude compared to that with NGBD for both cases, although it spent a fairly large
amount of time to solve Problem (DPP) to obtain extra dual information for a tighter
relaxation. In addition, by adopting the multicut strategy for an even tighter relax-
ation, NGBD-MD achieved faster convergence than NGBD-D and further reduced
the solution time for both cases.

Also note that the number of scenarios in Case 2 is three times of that in Case
1, and the solution time for Case 2 was around 2-4 times of that for Case 1 for all
of the three decomposition methods. This indicates the favorable scalability of the
decomposition strategy with respect to the number of scenarios, as also shown by the
case studies in Ref [110].

The computational performance of BARON, NGBD and NGBD-D for Cases 3
are compared in Tables 7.23. Due to the large problem size of Case 3, even NGBD
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cannot return a global solution within a reasonable time. Meanwhile, NGBD-D
practically solved this problem in less than 45 CPU hours. It demonstrates that
enhanced NGBD with primal dual cuts can efficiently solve large-scale nonconvex

stochastic/multiperiod problems.

7.4.2 Enhanced NGBD with Piecewise Convex Relaxation
(NGBD-PCR)

The computational performance of NGBD and NGBD-PCR for Cases 1 and 2 are
compared in Tables 7.24 and 7.25, respectively. Both the fixed and adaptive partition
strategies are studied for NGBD-PCR. Tables 7.24 and 7.25 show that NGBD-PCR
reduced the solution time by one order of magnitude compared to NGBD, because
much fewer Problem (PP) were solved.

In the fixed partition strategy, the domains of the variables to be partitioned are
assumed to be partitioned uniformly into the same number of subdomains, denoted
by M, and NGBD-PCR was implemented for three different M values, say M =
5, 10 or 15, to show the effect of M on the performance of NGBD-PCR. As the
piecewise relaxation helped to generate improved lower bounding problems that have a
better chance to locate an optimal integer realization earlier, the NGBD-PCR method
with more finely partitioned subdomains led to fewer Problem (PP) to be solved.
On the other hand, integrating piecewise relaxation requires solving an additional
MILP problem (PBP-PCR) (and sometimes (DPBP-PCR) as well) for each integer
realization visited, and these MILPs are expensive to solve compared to Problem
(PBP) in NGBD (although they are much easier than Problem (PP)). As M increases,
these additional MILPs contain more integer variables and are more difficult to solve.
Therefore, the solution time by NGBD-PCR depends on both the solution time for
Problem (PP) and the solution time for the additional MILPs, and these two times
are in principle negatively correlated. In this study, NGBD-PCR with M = 15 had
the fastest solution because it achicved the best trade-off between the two times in

three M values.
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In the adaptive partition strategy, the number of subdomains for partition vari-
ables does not need to be pre-determined. Instead, the partition is implemented
within the algorithm based on the solution of Problem (PP). Case study results show
that the number of subdomains for different variables ranged from 1 to 15 in Case 1,
and from 1 to 16 in Case 2, and exhibited a flexible partition pattern. The perfor-
mance of the adaptive NGBD-PCR might be worse than the fixed NGBD-PCR with
some optimal choice of M (M = 15), but it was better than the fixed NGBD-PCR
with other choices of M, as shown in Tables 7.24 and 7.25. In reality, the optimal value
for M is difficult to know in advance for general problems. The adaptive NGBD-PCR
could achieve fast convergence for problems without much prior information.

Note that the results in the two tables indicate the scalability of NGBD and
NGBD-PCR, whose solution time increased moderately with the number of scenarios.

The computational performance of NGBD and NGBD-PCR for Case 3 is compared
in Table 7.26. In order to achieve fast convergence for Case 3, only the fixed partition
strategy with the optimal selection of M (M = 15) was studied for NGBD-PCR here.
The results show that NGBD-PCR could solve large-scale stochastic/multiperiod

problems in reasonable times.

7.4.3 Enhanced NGBD with Primal Dual Cuts and Piecewise
Convex Relaxation (NGBD-D-PCR)

The computational performance of NGBD and NGBD-D-PCR for Cases 1, 2 and 3
are compared in Tables 7.27, 7.28 and 7.29, respectively. NGBD-D-PCR reduced the
solution time by one order of magnitude compared to NGBD. Compared with the
results in previous two sections, the performance of NGBD-D-PCR was better than
both NGBD-D and NGBD-PCR. Note that under some choices of subdomains num-
bers (e.g., M = 15), the performance improvement of NGBD-D-PCR compared to
NGBD-PCR was not significant since the solution time of Problem (DPP) accounted

for a large portion of the total solution time.

205



7.4.4 Enhanced NGBD with Lift-and-Project Cuts (NGBD-
LAP)

The computational performance of NGBD and NGBD-LAP for Cases 1 and 2 are
compared in Tables 7.30 and 7.31, respectively, in which the solution times of cut
generation problems (CGP) are grouped into those of Problem (PBP). Results show
that NGBD-LAP reduced the solution time by one order of magnitude compared to
NGBD.

In this study, only the fixed subdomain partition strategy is considered for NGBD-
LAP. The effect of subdomain numbers M on the computational performance was
studied. With the increase of M, tighter relaxation of the original problem can be
obtained, leading to fewer iterations for the whole algorithm; on the other hand,
more Problem (CGP) need to be solved, resulting in more solution times for Problem
(CGP) (and Problem (PBP) here). Note that the solution time of Problem (PBP)
and (CGP) dominated the total solution time for Case 1 and 2, hence large numbers

of subdomains had the negative effect on the performance of NGBD-LAP here.
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Table 7.12: Optimal operations in Case 1

Value Unit
Feedstock Consumption Rate
Coal
All Seasons, Peak and Off-peak 1172  tonne/h
Biomass
All Seasons, Peak and Off-peak 0 tonne/h
Water
All Seasons, Peak 205 tonne/h
All Seasons, Off-peak 412 tonne/h
Production Rate
Electricity
All Seasons, Peak 3966 MW
All Seasons, Off-peak 72 MW
Naphtha
All Seasons, Peak and Off-peak 0 tonne/h
Diesel
All Seasons, Peak and Off-peak 0 tonne/h
Methanol
All Seasons, Peak 0 tonne/h
All Seasons, Off-peak 831 tonne/h
Sulfur
All Seasons, Peak and Off-peak 29 tonne/h
Carbon Dioxide
Sequestration Rate
All Seasons, Peak 0 tonne/h
All Seasons, Off-peak 1389  tonne/h
Emission Rate
All Seasons, Peak 2684  tonne/h
All Seasons, Off-peak 153 tonne/h

207



Table 7.13: Optimal Operations in Case 2

Value Unit
Feedstock Consumption Rate
Coal
All Months, Peak and Off-peak 1172 tonne/h
Biomass
All Months, Peak and Off-peak 0 tonne/h
Water
All Months except November, Peak 205 tonne/h
November, Peak 87 tonne/h
All Months, Off-peak 412 tonne/h
Production Rate
Electricity
All Months except November, Peak 3966 MW
November, Peak 3630 MW
All Months, Off-peak 72 MW
Naphtha
All Months, Peak and Off-peak 0 tonne/h
Diesel
All Months, Peak and Off-peak 0 tonne/h
Methanol
All Months except November, Peak 0 tonne/h
November, Peak 74 tonne/h
All Months, Off-peak 831 tonne/h
Sulfur
All Months, Peak and Off-peak 29 tonne/h
Carbon Dioxide
Sequestration Rate
All Months except November, Peak 0 tonne/h
November, Peak 131 tonne/h
All Months, Off-peak 1389  tonne/h

Emission Rate
All Months except November, Peak 2684  tonne/h
November, Peak 2450  tonne/h
All Months, Off-peak 153 tonne/h

208



Table 7.14: Economics of Cases 1 and 2

Casel Case 2 Unit

Capital Investment 5363 5363  million dollars
Annual Net Profit 1638 1640  million dollars per year
Net Present Value 9046 9057  million dollars

Table 7.15: Optimal equipment designs for Cases 3

Aggregate Equipment Capacity Choice Capacity Capital Cost?
Syngas Cleaning System 1 1 0 0
Syngas Cleaning System 2 7 137¢ 102

CO,; Compressor 6 1389° 180
Fischer-Tropsch Synthesis System 1 0° 0
Methanol Synthesis System 10 840° 858

Gas Turbine System 10 4750¢° 799
Steam Turbine System 10 1800° 448

¢ The unit is Mmol/h.

® The unit is tonne/h.

¢ The unit is MW.

¢ The unit is million dollars.
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Table 7.16: Optimal feedstock consumption rates in Case 3

Value Unit
Coal
All Oil Prices, All Carbon Taxes
All Seasons, Peak and Off-peak 1172 tonne/h
Biomass
All Oil Prices, All Carbon Taxes
All Seasons, Peak and Off-peak 0 tonne/h
Water
All Oil Prices, Low and Middle Carbon Tax
All Seasons, Peak 205 tonne/h
All Seasons, Off-peak 412 tonne/h
Low Oil Price, High Carbon Tax
Spring, Fall and Winter, Peak 408 tonne/h
Summer, Peak 205 tonne/h
All Seasons, Off-peak 412 tonne/h
Middle and High Oil Prices, High Carbon Tax
Spring, Summer and Winter, Peak 205 tonne/h
Fall, Peak 408 tonne/h
All Seasons, Off-peak 412 tonne/h
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Table 7.17: Optimal production rates in Case 3 (electricity, naphtha and diesel)

Value Unit
Electricity
All Oil Prices, Low Carbon Tax
All Seasons, Peak 3966 MW
All Seasons, Off-peak 174 MW
All Oil Prices, Middle Carbon Tax
All Seasons, Peak 3966 MW
All Seasons, Off-peak 72 MW
Low Oil Price, High Carbon Tax
Spring, Fall and Winter, Peak 2445 MW
Summer, Peak 3966 MW
All Seasons, Off-peak 72 MW
Middle Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 3966 MW
Fall, Peak 380 MW
All Seasons, Off-peak 72 MW
High Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 3966 MW
Fall, Peak 405 MW
All Seasons, Off-peak 72 MW
Naphtha

All Oil Prices, All Carbon Taxes
All Seasons, Peak and Off-peak
Diesel
All Oil Prices, All Carbon Taxes
All Seasons, Peak and Off-peak

0

tonne/h

tonne/h
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Table 7.18: Optimal production rates in Case 3 (methanol and sulfur)

Value Unit
Methanol
All Oil Prices, Low and Middle Carbon Tax
All Seasons, Peak 0 tonne/h
All Seasons, Off-peak 831 tonne/h
Low Oil Price, High Carbon Tax
Spring, Fall and Winter, Peak 279 tonne/h
Summer, Peak 0 tonne/h
All Seasons, Off-peak 831 tonne/h
Middle Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 0 tonne/h
Fall, Peak 766 tonne/h
All Seasons, Off-peak 831 tonne/h
High Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 0 tonne/h
Fall, Peak 760 tonne/h
All Seasons, Off-peak 831 tonne/h
Sulfur
All Oil Prices, All Carbon Taxes
All Seasons, Peak and Off-peak 29 tonne/h
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Table 7.19: Optimal CO, sequestration rates and emission rates in Case 3

Value Unit
CO; Sequestration Rates
All Oil Prices, Low Carbon Tax
All Seasons, Peak and Off-peak 0 tonne/h
All Oil Prices, Middle Carbon Tax
All Seasons, Peak 0 tonne/h
All Seasons, Off-peak 1389  tonne/h
Low Oil Price, High Carbon Tax
Spring, Fall and Winter, Peak 1389  tonne/h
Summer, Peak 0 tonne/h
All Seasons, Off-peak 1389  tonne/h
Middle and High Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 0 tonne/h
Fall, Peak 1389  tonne/h
All Seasons, Off-peak 1389  tonne/h
CO, Emission Rates
All Oil Prices, Low Carbon Tax
All Seasons, Peak 2684  tonne/h
All Seasons, Off-peak 1542 tonne/h
All Oil Prices, Middle Carbon Tax
All Seasons, Peak 2684  tonne/h
All Seasons, Off-peak 153 tonne/h
Low Oil Price, High Carbon Tax
Spring, Fall and Winter, Peak 911 tonne/h
Summer, Peak 2684  tonne/h
All Seasons, Off-peak 153 tonne/h
Middle Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 2684 tonne/h
Fall, Peak 243 tonne/h
All Seasons, Off-peak 153 tonne/h
High Oil Price, High Carbon Tax
Spring, Summer and Winter, Peak 2684 tonne/h
Fall, Peak 251 tonne/h
All Seasons, Off-peak 153 tonne/h
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Table 7.20: Economics of Cases 3

Case 3 Unit

Capital Investment 5363  million dollars
Expected Annual Net Profit 1557  million dollars per year
Expected Net Present Value 8390  million dollars

Table 7.21: Computational performance of BARON, NGBD, NGBD-D and NGBD-
MD for Case 1 (70 binary variables and 4904 continuous variables)

BARON NGBD NGBD-D NGBD-MD

Solver Time (CPU seconds)

Total —b  64316.5 7898.7 7426.4
Problem (PBP},) n/a 17.3 8.9 1.8
Problem (FP},) n/a 0.3 1.1 1.1
Relaxed Master Problem? n/a 282.2 20.0 7.1
Problem (PPp,) n/a 64016.7 4750.8 2631.7
Problem (DPP,) n/a n/a 3118.0 4784.7
Integer Realizations Visited
Problem (PBP,) n/a 464 128 53
Problem (PP),) n/a 396 73 15
Problem (DPP,) n/a n/a 5 3

® The relaxed master problem is Problem (RMP) or (DERMP) or (MDERMP).
® No global solution was returned within 30 CPU days.

214



Table 7.22: Computational Performance of BARON, NGBD, NGBD-D and NGBD-
MD for Case 2 (70 binary variables and 14712 continuous variables)

BARON NGBD NGBD-D NGBD-MD

Solver Time (CPU seconds)

Total —b 215280.2 26390.0 15158.6
Problem (PBP;) n/a 202.2 39.7 1.2
Problem (FPj) n/a 6.6 24 0.8
Relaxed Master Problem® n/a 612.5 26.3 10.3
Problem (PP,,) n/a 214458.9 12454.7 4519.8
Problem (DPP),) n/a n/a 13867.0 10626.5
Integer Realizations Visited
Problem (PBP;) n/a 613 132 46
Problem (PP),) n/a 537 7 14
Problem (DPP,) n/a n/a 6 3

@ The relaxed master problem is Problem (RMP) or (DERMP) or (MDERMP).
b No global solution was returned within 30 CPU days.

Table 7.23: Computational Performance of BARON, NGBD and NGBD-D for Case
3 (70 binary variables and 44136 continuous variables)

BARON NGBD NGBD-D

Solver Time (CPU seconds)

Total b - 153192.8
Problem (PBP},) n/a n/a 38.1
Problem (FP) n/a n/a 215
Relaxed Master Problem® n/a n/a 344.5
Problem (PP},) n/a n/a 117300.4
Problem (DPP,) n/a n/a 35488.3
Integer Realizations Visited
Problem (PBP,,) n/a n/a 416
Problem (PP}) n/a n/a 313
Problem (DPP,) n/a n/a 2

¢ The relaxed master problem is Problem (RMP) or (DERMP) or (MDERMP).
> No global solution was returned within 1000000 CPU seconds.
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Table 7.24: Computational performance of NGBD and NGBD-PCR for Case 1 (70
binary variables and 4904 continuous variables)

NGBD NGBD-PCR

M=5 M=10 M =15 Adaptive

Solver Time (CPU seconds)

Total 64316.5 19055.1  8004.2  3652.9 5294.4
Problem (PBP},) 17.3 781.9  2519.8  2357.1 1002.7
Problem (FP}) 0.3 0.4 0.2 0.2 1.0
Relaxed Master Problem*® 282.2 63.2 50.3 6.7 47.8
Problem (PP},) 64016.7 18209.5 5434.0 1289.0 4242.9
Integer Realizations Visited
Problem (PBP},) 464 277 207 99 179
Problem (PP}) 396 207 92 28 22

¢ The relaxed master problem is Problem (RMP) or (PERMP).

Table 7.25: Computational performance of NGBD and NGBD-PCR for Case 2 (70
binary variables and 14712 continuous variables)

NGBD NGBD-PCR

M=5 M=10 M =15 Adaptive

Solver Time (CPU seconds)

Total 215280.2 52052.9 29863.7  9328.9  22106.4
Problem (PBP},) 202.2 3014.5 11463.7  7090.0 4048.5
Problem (FP}) 6.6 0.9 0.3 0.3 0.4
Relaxed Master Problem® 612.5 103.8 82.7 7.7 68.8
Problem (PP},) 214458.9 48933.7 18317.0  2230.7  17988.7
Integer Realizations Visited
Problem (PBP,) 613 324 304 103 243
Problem (PP},) 537 233 107 27 C41

¢ The relaxed master problem is Problem (RMP) or (PERMP).
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Table 7.26: Computational performance of NGBD and NGBD-PCR for Case 3 (70
binary variables and 44136 continuous variables)

NGBD NGBD-PCR

M =15

Solver Time (CPU seconds)

Total b 116123.4

Problem (PBP;,) n/a 79366.9

Problem (FPy) n/a 11.1

Relaxed Master Problem® n/a 130.6

Problem (PP},) n/a 36614.9
Integer Realizations Visited

Problem (PBP,) n/a 342

Problem (PP},) n/a 57

® The relaxed master problem is Problem (RMP) or (PERMP).
® No global solution was returned within 1000000 CPU seconds.

Table 7.27: Computational performance of NGBD and NGBD-D-PCR for Case 1 (70
binary variables and 4904 continuous variables)

NGBD NGBD-D-PCR
M=5 M=10 M =15 Adaptive
Solver Time (CPU seconds)
Total 64316.5 5488.7 6191.6  3600.1 5390.8
Problem (PBP,) 17.3 3559 1905.2  2253.0 132.1
Problem (FPy) 0.3 0.2 0.3 0.4 0.3
Relaxed Master Problem® 282.2 9.6 23.2 4.2 7.2
Problem (PP) 64016.7 3526.0  3681.3 636.6 3346.7
Problem (DPP,,) 64016.7 1596.9 981.8 705.9 1904.6
Integer Realizations Visited
Problem (PBP,,) 464 121 163 86 84
Problem (PPy) 396 70 75 19 18
Problem (DPPy) n/a 4 1 1 2

¢ The relaxed master problem is Problem (RMP) or (DPERMP).
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Table 7.28: Computational performance of NGBD and NGBD-D-PCR for Case 2 (70
binary variables and 14712 continuous variables)

NGBD NGBD-D-PCR

M=5 M=10 M =15 Adaptive

Solver Time (CPU seconds)

Total 215280.2 16078.2 20678.9 9154.1 15150.0
Problem (PBPj) 202.2  1218.1 6696.9 6448.5 1778.0
Problem (FP,) 6.6 0.7 0.4 0.5 0.4
Relaxed Master Problem® 612.5 13.4 26.7 5.2 35.8
Problem (PP}) 214458.9 10827.8 12856.4  1573.4 6248.0
Problem (DPP},) 64016.7  4018.3 581.8 1126.5 7087.8
Integer Realizations Visited
Problem (PBP},) 613 130 195 84 170
Problem (PP},) 537 72 82 21 13
Problem (DPP},) n/a 4 1 1 3

@ The relaxed master problem is Problem (RMP) or (DPERMP).

Table 7.29: Computational performance of NGBD and NGBD-D-PCR for Case 3 (70
binary variables and 44136 continuous variables)

NGBD NGBD-D-PCR

M =15

Solver Time (CPU seconds)

Total b 68392.6

Problem (PBP,) n/a 43070.7

Problem (FP}) n/a 9.2

Relaxed Master Problem*® n/a 28.1

Problem (PPy) n/a 12626.5

Problem (DPP;) n/a 12658.1
Integer Realizations Visited

Problem (PBP,) n/a 230

Problem (PPj) n/a 21

Problem (DPP},) n/a 1

@ The relaxed master problem is Problem (RMP) or (DPERMP).
b No global solution was returned within 1000000 CPU seconds.
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Table 7.30: Computational performance of NGBD and NGBD-LAP for Case 1 (70
binary variables and 4904 continuous variables)

NGBD NGBD-LAP
M=5 M=10 M=15

Solver Time (CPU seconds)

Total 64316.5 2368.3 49704 17830.3
Problem (PBP,) 17.3 13254  3463.3  9381.5
Problem (FP},) 0.3 1.0 0.7 0.6
Relaxed Master Problem* 282.2 30.2 8.0 11.7
Problem (PPy) 64016.7 1011.7 14984  8436.6
Integer Realizations Visited
Problem (PBP,,) 464 281 111 108
Problem (PPj) 396 3 8 29

¢ The relaxed master problem is Problem (RMP) or (LERMP).

Table 7.31: Computational performance of NGBD and NGBD-LAP for Case 2 (70
binary variables and 14712 continuous variables)

NGBD NGBD-LAP

M =5

Solver Time (CPU seconds)

Total 215280.2 18213.3

Problem (PBP,,) 202.2 9209.1

Problem (FP) 6.6 7.5

Relaxed Master Problem? 612.5 146.6

Problem (PP;) 214458.9 8850.1
Integer Realizations Visited

Problem (PBP,) 613 394

Problem (PP,) 537 11

¢ The relaxed master problem is Problem (RMP) or (LERMP).
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

Energy polygeneration processes with high efficiency and low emissions are promising
in the energy industries, serving as possible supplements to the current oil-based
processes. Compared to the conventional single-product processes, polygeneration
processes have advantages of higher profits, lower economic risks and higher energy
efficiency.

In this thesis, an energy polygeneration system using coal and biomass as feed-
stocks and co-producing electricity, liquid fuels (naphtha and diesel) and chemicals
(methanol) is studied. This system comprises a gasifier, an air separation unit, syngas
clean-up units, Selexol units, a Claus plant, water gas shift reactors, Fischer-Tropsch
(FT) synthesis reactors, hydrocarbon separation units, hydrocracking reactors, au-
tothermal reforming reactors, methanol synthesis reactors, methanol separation units,
gas turbines, steam turbines, compressors, pumps and heat exchangers.

The optimal design and operation of a static energy polygeneration system under
different market and policy scenarios is investigated. A mathematical model is de-
veloped for this purpose, in which mass and energy balances in all unit operations,
enthalpy calculations, reduced unit operation models, reactor feedstock specifications,
emissions regulations, capital cost estimations and economic analyses are addressed.

The optimal product distributions, NPVs and CO, emissions of the static polygen-
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eration system are obtained under different product prices and carbon taxes. The
results provide suggestions for planning production strategies and CO, emissions in
polygeneration systems. The preference of power generation versus liquids production
is strongly dependent on the ratio of the naphtha price to the power price, and the
preference of liquid fuels production or methanol production is highly dependent on
the ratio of the naphtha price to the methanol price. The co-production of electricity
and liquids or liquid fuels and methanol is usually not the optimal choice under the
static operation pattern due to its high capital investment. CO;, emissions are mostly
dependent on the level of carbon tax, and carbon capture and sequestration is only
profitable above a certain level of carbon tax. Biomass usage is dependent on both
the carbon tax and the biomass price. High carbon tax will be the major factor that
promotes the usage of biomass. Polygeneration processes with a certain amount of
biomass usage will achieve zero or negative net COy emissions. Product distributions
are also influenced by the type of carbon tax policy, e.g., whether the tax charges
the CO, emissions only from the production process or from both the process and all
downstream usages. The static polygeneration plant always has a higher (or equal)
net present value than the single-product plants. However, the economic benefit from
static polygeneration is not significant based on the case study results.

Flexible operations are further considered in the energy polygeneration process.
In the flexible polygeneration process, the production rates change during different
time periods in response to the market conditions in order to achieve higher profits.
The major challenge in this flexible design is determination of the optimal trade-off
between flexibility and capital cost because higher flexibility typically implies both
higher product revenues and larger equipment sizes. A two-stage optimization frame-
work, in which design decision variables (equipment sizes) and operational decision
variables in all scenarios (flow rates, split fractions and temperatures) are optimized si-
multaneously to achieve the best overall economic performance, is hence incorporated
into the mathematical model for the polygeneration system. The global optimization
solver, BARON, is applied to the polygeneration optimization problem to ensure

the global optimal solution. The optimal product distributions, equipment capacity
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usages, NPVs and CO, emissions of the flexible polygeneration system are studied
under different product prices and carbon taxes. Case study results show that the
net present values of flexible polygeneration plants are higher than static polygenera-
tion systems for the same oil price and carbon tax, although the capital investments
for flexible polygeneration systems are also higher. The economic improvement of
the flexible operations can be quite significant, e.g., the NPVs of flexible plants are
10%-60% higher than static plants under some market scenarios. With an increase in
operational flexibility, the capital investment, the net profits and the net present value
all increase as well. Hence, this analysis suggests that flexible designs are generally
more profitable than static designs for polygeneration systems when sufficient capital
is available for investment. The optimal product portfolios of flexible systems are
quite different from those of static systems. For example, co-production of different
products, such as electricity and liquids, becomes common in the optimal operation
of flexible systems. The annual COjy emissions of flexible systems can be higher or
lower than static systems depending on the product distributions.

The flexible polygeneration optimization problem is potentially a large-scale non-
convex MINLP with high computational burden. State-of-the-art global optimization
solvers, such as BARON, cannot solve problems with a large number of scenarios in
reasonable times. The nonconvex generalized Benders decomposition (NGBD) algo-
rithm, which exploits the special mathematical structure of the two-stage program, is
developed for efficient solution of large-scale nonconvex stochastic/multiperiod opti-
mization problems. In NGBD, the original problem is reformulated by projection and
dualization. A sequence of nondecreasing lower bounds and a sequence of nonincreas-
ing upper bounds are generated by iteratively solving several subproblems whose sizes
are independent of the number of scenarios, including decomposed primal bounding
problems (PBP), decomposed feasibility problems (FP), decomposed primal problems
(PP) and relaxed master problems (RMP). The global optimal solution is obtained
when the lower and upper bounds coincide. NGBD guarantees finite termination with
an e-optimal solution or infeasibility indication. The CPU time for NGBD is expected

to increase linearly with the number of scenarios. The case study results indicate that
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the decomposition algorithm achieved much shorter computational times compared
to BARON in the polygeneration application.

Several enhancement technologies are incorporated into NGBD for faster conver-
gence, including primal dual information, piecewise convex relaxation and lift-and-
project cuts. In NGBD with primal dual information (NGBD-D), primal dual cuts are
obtained by solving a relaxed dual or Lagrangian relaxation of Problem (PP) and are
then added into Problem (DERMP) for tighter relaxation. By introducing the primal
dual multicuts, the performance of decomposition algorithm is further improved. In
NGBD with piecewise convex relaxation (NGBD-PCR), the domains of variables in
bilinear functions are partitioned into subdomains, and piecewise McCormick relax-
ation is performed for Problem (PBP-PCR) on these subdomains. The relaxed dual
of Problem (PBP-PCR) is then solved to generate enhanced optimality cuts for Prob-
lem (PERMP). With the piecewise convex relaxation technique, a tighter relaxation is
generated that provides improved information for NGBD to converge. In NGBD with
lift-and-project cuts (NGBD-LAP), piecewise convex relaxation is performed, and a
cutting plane algorithm that generates lift-and-project cuts is implemented for solv-
ing Problem (PBP-LAP). Again, enhanced optimality cuts generated from Problem
(PBP-LAP) are introduced to Problem (LERMP). In NGBD-LAP, a certain amount
of cut generation problems (CGP) need to be solved to obtain the lift-and-project
cuts. Note that although all three enhanced decomposition algorithms obtain tighter
relaxations than the original NGBD, they introduce some additional subproblems
that may be difficult to solve, such as Problem (DPP) in NGBD-D, Problems (PBP-
PCR) and (DPBP-PCR) in NGBD-PCR, and Problems (PBP-LAP) and (CGP) in
NGBD-LAP. There is a trade-off between the tightness of the relaxation and solution
times for additional subproblems. In order to introduce the appropriate number of
enhanced cuts for fast solution, some heuristics determining whether or not to solve
the additional subproblems for tighter relaxations are used. For example, in NGBD-
D, Problem (DPP) is only solved when Problem (PP) is feasible and updates the
current upper bound; while in NGBD-PCR or NGBD-LAP, Problems (PBP-PCR),
(DPBP-PCR) or Problems (PBP-LAP), (CGP) are solved at every iteration when
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Problem (PBP) is feasible. The case study results demonstrate that the enhanced
decomposition algorithms reduced the solution time by about one order of magni-
tude compared to the original NGBD. The global optimal solutions of polygeneration
optimization problems can be obtained by the enhanced NGBD in relatively short
times. |

After applying NGBD and enhanced NGBD to the polygeneration application,
energy polygeneration problems with larger numbers of scenarios are studied, includ-
ing flexible polygeneration considering more time periods and stochastic optimization
under the market and policy uncertainties. After more time periods are considered,
the economic performance of the flexible polygeneration system can be slightly im-
proved due to the increase of operational flexibility. When the stochastic optimization
is performed, the optimal design is obtained to achieve the best expected net present
value under 3 oil price and 3 carbon tax scenarios. Note that in this case the basic
NGBD algorithm could not solve this problem in a reasonable time, but the various

enhanced NGBD algorithms could.

8.2 Future Work

8.2.1 Polygeneration Model

Several improvements for the mathematical model of the polygeneration system are
potential subjects of future study.

First, a polygeneration model encompassing a superstructure with multiple tech-
nical alternatives needs to be develop. Recently, several new technologies related to
energy polygeneration have been studied. For example, membrane technology has
been developed for efficient CO, capture [124] and hydrogen separation [11]; solid
oxide fuel cells (SOFCs) have shown great promise in reducing CO, emissions for
electricity production [8]; and the incorporation of natural gas as a third possible
feedstock has also shown economic benefits [9], especially considering the abundance

of shale gas in the U.S. and elsewhere. These novel alternatives may help to achieve
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higher energy efficiency and better economic performance for the energy polygener-
ation process, and need to be incorporated into the future optimization model. In
addition, different conventional technologies need to be compared in the future study,
such as a gasifier with slurry feed vs. a gasifier with dry feed, radiant cooler vs.
quench, Selexol vs. Rectisol for acid gas removal, gas-phase F'T' or methanol reactor
vs. slurry-phase FT or methanol reactor, and iron-based catalyst vs. cobalt-based
catalyst for the FT reactor. Technical and economical parameters for these new tech-
nologies, e.g., conversions and selectivity for reactors, split fractions for separation
units, operating temperatures and pressures and equipment capital costs, need to
be estimated. They can be obtained from process or unit simulations, experimental
data or the literature. After comparing different technologies, an optimal design with
higher profits and lower emissions is expected to be obtained compared to the design
in this work. Note that additional integer variables will be introduced to address
different technical choices, which will increase the computational complexity for the
model. More efficient global optimization algorithms will possibly be required for fast
solution of this larger-scale problem.

Second, the cost of the flexible operation needs to be considered for more accurate
economic analysis. In this work, the performance of all equipment is assumed to re-
main constant under all operating conditions, e.g., constant conversions and efficiency
are assumed for reactors and turbines under different flow rates, respectively. In real
applications, the performance of equipment may drop when operated below its design
capacity. For example, the efficiency of the gas turbine under the off-design mode can
be much lower than under its design mode. A possible way of addressing this issue is
to incorporate some correlations that express equipment performance as a function of
operating conditions or equipment capacity usage. Note that these correlations can
be highly nonlinear and nonconvex functions, and advanced optimization algorithms
might be needed for this new computational complexity. Another cost comes from
the transition between different operational conditions. In this model, operations are
considered to be at steady state at all times, and the transition times are neglected.

However, chemical units (including reactors and separation units) typically require
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some time to change from one steady state to another steady state, and off-spec prod-
ucts may be produced during these times. This profit loss can be estimated by the
models representing change-over performance of unit operations. Dynamic optimiza-
tion algorithms [188, 157] can be developed to find the optimal transition strategy for
flexible operations. In addition, operational reliability suffers when deviating from
steady state because control systems are generally designed to operate best at steady
states and additional manual interventions are normally required to start up, shut
down or change rates. This reliability loss may need to be addressed in future models.

Third, more sophisticated unit operation models may be incorporated in the fu-
ture polygeneration models. For example, linear reactor models in the current model
will be replaced by more accurate nonlinear models, in which reactor conversions
will be expressed by some nonlinear functions of operating conditions (such as molar
compositions and temperatures), instead of being fixed as parameters. Similarly for
separation units, compressors and turbines. In addition, temperatures and pressures
in unit operations, which are fixed in the current model, can be relaxed as decisions
in the future models. If this update is applied to the model, more profitable polygen-
eration systems will be designed, but more computational difficulty is also expected.

Fourth, more detailed energy integration can be addressed. The heat balance cal-
culation in this model may lead to an overestimation of energy efficiency for the whole
system, as temperatures of some heat generation units are lower than those of heat
consumption units and part of heat actually cannot be utilized in the process. Pinch
analysis can be incorporated into the model addressing the detailed heat network
design.

Finally, stochastic optimization for the polygeneration system needs to be further
studied. Uncertainties for more economic and technical parameters will be considered,
e.g., the supply and price of biomass could be quite unstable, and the performance
and capital cost of new technologies are also quite uncertain. Sensitivity analysis
needs to be performed to identify uncertain parameters that potentially have signif-
icant influence on the economic performance of the system. Uncertainties in these

parameters should be addressed in the future models.
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8.2.2 Decomposition Algorithm

Several issues will be addressed in the future development of decomposition algo-
rithms.

First, enhancement technologies can be incorporated into NGBD in a more ef-
ficient and effective manner so that the solution can be further accelerated. So far
some heuristics are employed for determining whether or not to add enhanced cuts
for the relaxed master problem, e.g., primal dual cuts are added only when Problem
(PP) is feasible and update the current upper bound, and piecewise optimality cuts
are added when Problem (PBP) is feasible. These heuristics are developed based on
our previous computational experience, and may not be the optimal choice for the
best computational performance. In the future study, some systematic ways should
be developed for effectively adding those enhanced cuts. For example, in NGBD-D, a
better heuristic may be developed to determine whether to solve Problem (DPP) or
not at each iteration so that this difficult nonconvex NLP is only solved when it can
provide strong primal dual cuts to accelerate the solution; in NGBD-PCR, Problem
(PBP-PCR) and (DPBP-PCR) may be only solved when strong piecewise optimality
cuts are obtained, and this heuristic could significantly reduce the solution time of
piecewise subproblems especially when the number of subdomains is large.

Second, more effective partition strategies should be developed for tighter piece-
wise relaxation in NGBD-PCR and NGBD-LAP. The case study results indicate that
the number of partitioned subdomains impacts the efficiency of NGBD-PCR and
NGBD-LAP. So it will be an interesting work to develop a systematic approach to
improve the selection of this number. The adaptive partition strategy developed in
this thesis has been demonstrated as an efficient approach. In the future work, the
adaptive partition approach can be further improved by incorporating more interme-
diate solution information and introducing more flexibility for domain partitioning.

Third, lift-and-project cuts may be generated in a more efficient way for NGBD-
LAP. The solution time for cut generation problems (CGP) accounts for a large

portion of the total solution time. The computational performance of NGBD-LAP can
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be further improved if fewer Problem (CGP) are solved without losing the tightness
of relaxations. Some heuristics will be compared for this purpose, including solving
Problem (CGP) for all relaxed integer variables vs. for only one variable with the
maximum integrality violation, and solving Problem (CGP) once per iteration vs.
several times per iteration.

Four, a new generation of NGBD addressing continuous complicating variables
could be developed. Convergence of the current NGBD is guaranteed by the Balas
cuts excluding previous examined integer realizations. However, this convergence
property cannot hold for problems with continuous complicating variables, as no
previous visited value can be excluded for continuous variables. Therefore, new ap-
proaches need to be developed to address this issue. One possible way is to apply
the adaptive partition strategy to NGBD-LAP. As more finely partitioned subdo-
mains arc obtained, tighter lower bounding problems are solved, and finally the so-
lution of the relaxed master problem and the primal problem will coincide without
any duality gap. Another way is to introduce the idea of parametric programming
(60, 69, 145, 56, 135, 58] into NGBD-PCR, by which the previously visited regions
for continuous variables can be effectively excluded as done by the Balas cuts.

Finally, parallel computation architectures could be considered for NGBD. Note
that there is no interaction between decomposed subproblems for each scenario.
Hence, parallel computation can be employed for solving subproblems simultane-
ously, and the computational speed can be greatly accelerated if multiple CPUs are

available.
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Appendix A

Detailed Mathematical Model for

Static Polygeneration Systems

A.1 Mathematical Model

A.1.1 Mass Balance
Air Separation Unit

The input rate of each species of air is denoted by:

F250 = ZTair,j Far Vj S Jair (Al)

air,j air

where F3" is the molar flow rate of species j in air, 33" is the total molar flow rate
of input air; z,;; is the mole fraction of species j in air; Ju, = {Ng, Og, Ar} is the
set of species in air.

The mass balances of the ASU are given by:

Fooy = Toxyj Foy » V3 € Jair (A.2)
05 = 90, Fair0 (A.3)
F;Sruuj = Fgf;,j + Fr?;stl:‘j ) Vj € Jair (A4)
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where Fot o and Fii%; are the molar flow rate of species j in the oxygen rich stream

and nitrogen rich stream from the ASU, F3} is the total molar flow rate of the
oxygen rich stream; ZToxy,; is‘the mole fraction of species j in the oxygen rich stream,
Sg is the split fraction of Oy in air to the oxygen rich stream, which are specified
parameters.
The oxygen stream is split for different downstream processes. The mass balance
of the split is denoted by:
Foy = F&5 + Foo + Fou (A.5)

oxy oxy oxy oxy

where F&%, Fo5 and F2% are the total molar flow rates of the oxygen stream sent to

the gasifier, the Claus plant and the auto-thermal reforming reactor in the Fischer-
Tropsch process. All above oxygen streams have the same species compositions as

the oxygen stream from the ASU.

Gasifier

The mass balance in the gasifier is given by:

R [Weoali (1 — Weoal Hy0) MEon) + Whioi (1 — Whio Hy0) M)

w,in oxy,J

gas gas gas as
+ WH,0,i (Weoal Hy0 Moan) + WhioHa0 Migo) + a0 MWh0 Fion + E ni; MW, F&
J

=> ni; MW; F&n Vi € ltoed ; V] € Jogyn
J
(A.6)

And
(1 — Whio,H,0) My = Riss [(1 — Weoat 1,0) Mg + (1 — WhioH,0) M) (A7)

where m2%%, and mf;> are the mass flow rates of coal and biomass fed into the gasifier
respectively, F2° .~ and F2° . are the molar flow rates of species j in the raw syngas

rsyn,j Ooxy,J

produced from the gasifier and the oxygen stream fed into the gasifier respectively,
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F&% is the molar flow rate of the water stream fed into the gasifier, Ry s is the dry

w,in

gas

%% is the conversion of element ¢

mass fraction of biomass in the total feedstock; R
in the gasifier, Weoan,0 and WyioH,0 are the mass fraction of water in the coal and
biomass fed into the gasifier, weear; and wyie,; are the dry mass fractions of element :
in the coal and biomass, which are specified parameters and assumed to be unchanged
throughout the project period; wy,0, is the mass fraction of element ¢ in the water,
MW, is the molar weight of element ¢, and n,; is the number of atoms of element :
in one molecule of species j, which are constants; lj.q = {C, H, O, N, S, Cl} is the
set of elements in the feedstock of the gasifier, Jisyn = {CO, Hy, COz, HyO, CHy, Ny,
Ar, H,S, COS, NH;3, HCl} is the set of species in the raw syngas from the gasifier.

The mole How rates of species in the raw syngas are expressed as:

Ry )
gas /f rsyn rsyn rsyn gas . !
Frsyn,j - |:Rb/f (Rj/key,bio - Rj/key) + Rj/key Frsyn,key 3 \V/] & Jrsyn ) Vkey € Jrsyn,key
,max

(A.8)
where Frgs?,i’key is the molar flow rates of key species in the raw syngas; Ryt max 18
the maximum mass fraction of biomass in the feedstock (= 30% here), R;S/{(Zy and
Ry bio ar€ the ratios of molar flow rates of species j and the key species in the raw

syngas produced from 100% of coal and the coal/biomass mixture with 30% (mass
based) of biomass, which are specified parameters; Jj, , = {Hy, CO,, HyO, CHy,
COS, NH3} C Jigyn is the set of part of species in the raw syngas, Jigynkey = {CO,
H,S, Ny} is the set of key species in the raw syngas. For j € {Hy, COq, HyO, CHy},
key = CO; if j = COS, key = H,S; if 5 = NHs, key = Na. So far, the mass balance

equations for the gasifier are complete.

Scrubber

The mass balance is denoted by:

Fsr _ [sc v] c Jtsyn (A9)

tsyn,j rsyn,j
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- o L e
where Fi o and Fy , ; are the molar flow rates of species j in the raw syngas exiting

the syngas convective cooler and the treated syngas exiting the scrubber respectively;
Jisyn = {CO, Hy, CO,, HyO, CHy, Ny, Ar, HyS, COS} is the set of species in the
treated syngas exiting the scrubber.

COS Hydrolysis Reactor

The mass balance in the hydrolysis reactor is denoted by:

FY =F&  +Sto FS cosy Vi€ Jigyn (A.10)

tsyn,j tsyn,j

where ﬂlg,nyj is the molar flow rate of species j in the treated syngas exiting the COS

hydrolysis reactor; S‘co?ly is the stoichiometric coefficient of species j in the hydrolysis

reaction (2.1).

Selexol Units

The mass balance in Selexol Unit 1 is given by:

l‘ N
ij)}n,j = S;el (Ftcsi'ln,j + Ftcaihl,j) ) vj € Jcs_yn (All)
Pl = Fo. 4+ Fon — Fel o Vi€ Ja (A.12)
Fssfll,Hgs = Tsul,HoS (Fssfll,st + Fssfll,coz) (A.13)

where Fie! o Frell Fo) 5 and FE - are the molar flow rates of species j in the clean
syngas from Selexol Unit 1, the HsoS rich stream from Selexol Unit 1, the treated
syngas from Syngas Cooler 1 and the tail gas from the Claus plant, respectively; S;el
is the split fraction of species 7 to the clean syngas in Selexol Unit 1, Zgy n,s is the
mole fraction of HyS in the HyS rich stream, which are specified parameters; Jesyn =
{CO, H;, CO,, Hy0, CHy, Ny, Ar, HoS} is the set of species in the clean syngas
exiting Selexol Unit 1, Jy = COgy, HyS is the set of species in the HyS rich stream

exiting the Selexol unit. S;‘el is set to be 1 for all species except HjS.
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The mass balance in Selexol Unit 2 is given by:

se2 __ Qse2 co2 .
chyn,j - Sj chyn,j ) V] € Jcsyn (A14)
se2 ___ co2 se?2
Fcar — Lesyn,CO2 — + csyn,CO2 (A15)

where F5c o and Fgy  are the molar flow rates of the clean syngas from Selexol Unit

2 and Syngas Cooler 2 respectively, F5¢? is the total molar flow rate of COy stream
from Selexol Unit 2; S]S-82 is the split fraction of species j to the clean syngas in Selexol
Unit 2, which is a specified parameter. Sj.ez is set to be 1 for all species except CO,.
The mass balance in Selexol Unit 3 is similar.

All above parameters are estimated from the rigorous Aspen simulation models.

Claus Plant

The mass balance is denoted by:

Fiy = Fooyg + Failj + 805" Rifs Fatins V€ Jan (A.16)
1
Is 1 se
ng}’702 - § RIC-IES Fsull,HQS =0 (A17)
Fefsls = R?{lzs Fssfll,st (A.18)

where Focffy ;and FO5 ; are the molar flow rates of species j in the oxygen stream from
the ASU injected into the Claus plant and the tail gas exiting the Claus plant, FCS
is the molar flow rate of elemental sulfur produced by the Claus plant; Rf{lzs is the
conversion of HyS in the Claus reaction, which is a specified parameter; Sto§ls is the

stoichiometric coeflicient of species j in the Claus reaction (2.2); Ji.n = {COs, Hs0,

N, Ar, HoS} is the set of species in the tail gas exiting the Claus plant.
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Water-gas Shift Reactors

The mass balance in WGS Reactor 1 is denoted by:

Pt = Fy®t 4 St0)™ RES Ffoo » Vi € Jesyn/{H20} (A.19)

ngsl _ pwegsl ngsl ngsl ngsl A.20

pd.H0 = TtaH,0 T fwin — fico fta,co (A.20)

where nggfl and Fgffj.l are the molar flow rates of species 7 in the feedstock stream

and product stream of WGS Reactor 1, Fy%' is the molar flow rate of steam injected
into WGS Reactor 1, and R&E" is the conversion of CO in WGS Reactor 1; Sto)*® is
the stoichiometric coefficient of species j in the WGS reaction (2.3).

The product molar flow rates of the WGS reaction is constrained by the following

nonlinear correlation:
wgsl wgs1 wgs wgsl wgsl _
de,Hg de,002 + A de,CO de,HgO =0 (A21)

where A%® is a factor regressed from the simulation results of the detailed WGS
reactor model.

The mass balance of WGS Reactor 2 is similar.

The Hy to CO mole ratio in the product of WGS Reactor 1 is required to be 2,

thus an additional specification equation is given:

wgsl wgsl

There is no product requirement for WGS Reactor 2.

Pressure-swing Adsorption Unit

The mass balance in PSA is given by:

FP2 = FP i € Juyn/{Ha} (A.23)

ail,j csyn,j
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Fon, = (1= S5 Fan (A.24)

csyn,Hq

Fie = Spse e (A.25)

csyn,Ha

where FP* . and FP$

csyn,j ta; are the molar flow rates of species j in the clean syngas fed

into the PSA and the tail gas exiting the PSA, and Fy’f is the molar flow rate of the
pure hydrogen stream produced by the PSA; Si™* is the split fraction of Hy to the
hydrogen product stream from the PSA (or Hy recovery ratio), which is a specified
parameter.

Fischer-Tropsch Synthesis Reactor

The mass balance in the FT synthesis reactor is denoted by:
F% o= (1-R&) Fieo (A.26)

n

fts fts fts H,j fts fts fts fts fts .

Foan, = Fran, — Re E:K'_ )S deO} Rco Sco, Fraco Vi€ Jas
J

QTLCJ
(A.27)
Flftdsj Fffctlbg + "C_ R Sfts ffc‘isco . V)€ Jis (A.28)
»J
F;E;HQO FftSHQO + RE, (1- — 258 ) ff;sco (A.29)
Fis, = Fyy, Vi€ {Ny, Ar} (A.30)

where Fffgsj and Féff ; are the molar flow rates of species j in the feedstock and product

streams of the FT synthesis reactor respectively; R is the conversion of CO in the

FT reaction, and S]fts is the carbon selectivity to species j in the FT reaction, which

are specified parameters; Jys = {CHy, CoHy, CoHg, C3Hg, CsHg, C4Hg, C4Hyg, CeHug,

CgHyg, C16Hsa, Cs3Hes, CO,} is the set of species produced from the F'T reaction.
The feedstock specification for the FT synthesis reactor is given by:

Ff%?002 < T Fffgs (A.31)

CO2q,max
where Fff* and F{{’,, are the total molar flow rate and the CO, molar flow in
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the feedstock stream of the FT synthesis reactor respectively; xfésozmax is the upper
bound of the mole fraction of COy in the FT reactor feedstock, which is a specified
parameter. Fis = > Flis, Vi € Jusa, where Jya = {CO, Ha, COy, H,0, Ny, Ar,
CH,, CoHy, CoHg, C3Hg, CsHg, C4Hg, C4Hyo, CgHyy} is the set of species in the FT

reactor feedstock stream.

Hydrocarbon Separation Unit

The mass balance in the hydrocarbon separation unit is given by:

Fl.gg F;tdsj , Vi € Jig/{CeHisa} (A.32)
B cortzg = (1= Snap Cottna) Fi CoHus (A.33)
FI};:}),CGHM = Sn:p,CeHM FffjscﬁH14 (A.34)
Fnap CgHig = F;ftfcgﬁls de CsHig (A.35)
Fit = Fog cuonas + Fodcrgras (A.36)
Foe = F;?C;aHeg de Ca3Hes (A.37)
Fow = Fodo (A.38)

where th ; and Fr?jp ; is the molar flow rate of species j in the light ends stream and

the naphtha (CgHy4 and CgHig) stream, F is the molar flow rate of the diesel (pure

Ci6Hza) stream, FYS is the molar flow rate of the wax (pure Cs3Hgg) stream, FlS,

is the molar flow rate of the output water (pure HyO) stream, and F§ . is the molar

de
flow rate of species j in the product stream of the hydrocracking reactor; SE ooy,
is the split fraction of CgHy4 to the naphtha stream, which is a specified parameter
estimated from the Aspen simulation model; Ji, = {CH,4, CoHy, CoHg, CsHg, C3Hs,
C4Hg, C4Hyg, CgHyy, CO, Hy, CO,, HyO, Ny, Ar} is the set of species in the light

ends stream.
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Hydrocracking Reactor

Mass balance is given by:

Fy6 caaties = Pwax Faax (A.39)

Fs cottyy = 383 Ruyex Snsp Fuex (A.40)

1S i = o R (1 S15,) P, (A1)

F§§,H2 - Ft?;g +34F5, — 9FS§,08H18 - 17FS§,C16H34 - 34F§§,033H68 (A.42)
de m = (1- RE) FRoy (A.43)

where RRC is the conversion of wax, R is the conversion of H,, and SIS is the

carbon selectivity to naphtha, which are specified parameters.

Auto-thermal Reforming Reactor

The mass balance is established as:

Ferog = (1— R¥ o) Fiftg + chj RAm(1— R YV FR . V)€ Juw (Ad4)

P

NH., . .
F}i‘ffaz (1 - Rirtrf,m) Ff?iglg + Z (nc,j + _gj) Rfftr] (1 - Rgxt; 3) ﬁ}?jt,j , V)€ Janr
J

(A.45)
atr atr | patr atr ;! atr atr atr atr atr :
chti H,O — Fwtm cfn JHa FfdtH2+Z o R : m,j F}dt] chj ert] (1 - Rcrtn j) Ffdt,j ) V] € Jatr
(A.46)

Fico, = Filto, + B3 oo Fitoo + Y _ncy R FAY, Vi€ Ju  (AAT)

J

F;ér] = (1 — R?f;]) (1 — Rfftry) Ff?f; , VJE Jar (A.48)
atr 1 atr atr 1 atr atr atr atr .
0= Foiy 02_—5 Rcrtn,CO thCO 2 Rcztn,Hg Ffdt,Hg_Z (nC] + T) RCIEH‘] Ffdtj ) Vj € Jatr
J
(A.49)
Fs‘gr] Ffilt; + F;E;J , Vj € {Ny, Ar} (A.50)
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where FE%, F2, and F3ly o are the molar flow rates of species j in the feedstock

stream of the ATR reactor, the product stream of the ATR reactor and the oxygen

stream from the ASU injected into the ATR reactor, and F2 is the molar flow

wm

atr
cm,j

rate of steam injected in the ATR reactor; R: . is the conversion of species j in the
combustion reaction, which is defined as a variable dependent on the amount of input
oxygen; Rﬁftfj is the conversion of species j in the steam reforming reaction (after
the combustion reaction), which is a specified parameter; Ju, = {CHy4, CoHy, CoHs,
C3Hg, C3Hg, C4Hs, C4H10_, CeHi4} is the set of hydrocarbon species reacted in the
ATR reactor. For simplicity, we assume all combustible species in the ATR reactor
including CO, H, and hydrocarbons have the same percent conversion, thus R

cm,j

is assumed to be equal for all reactant species, and all R . can be reduced to one

cm,j

variable R3x. RZf% is set to be 1 for all hydrocarbon species except CH.

Excess steam needs to be added to achieve high conversion in the steam reforming
reactor. The appropriate steam injection rate should be determined by the detailed
ATR reactor model. Here, a fixed fraction of input water is assumed to be consumed

in the ATR reactor. Hence, the amount of injected steam is simply calculated by:

atr a atr atr F? Ny, j v patr .
Fp(ti HO — (1 - thr) (Fwtm c:n,Hg dt;b + Z -2 Rgfnj ft > ) Vj c Jatr
(A51)

where R is the water conversion in the ATR reactor, which is a specified parameter.

Methanol Synthesis Reactor

The mass balance in the MeOH reactor is given by:

mes __ Ffl’;l?s mes Smes Stomes fI:llyeCSO _|__ Rmes ( . SQGS) Stogl:?es ;él’ecso , vj E Jmes

pd,j
(A.52)

mes

where Fie and FY5

as 1s the molar flow rates of species j in the feedstock stream

and the product stream of the MeOH reactor respectively; REG is the conversion
of CO in the MeOH reactor, S™* is the selectivity to the main reaction (or mole

m

ratio of CO reacted in the main reaction to total reacted CO); Stoy® and Stogs* are
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the stoichiometric coefficients of species j in the main reaction and the side reaction
respectively; Jpes = {CO, Hy, COq, HyO, CHy, No, Ar, CH;0H, C,HsOH} is the set
of species involved in the MeOH reactor.

COj content in the feedstock of MeOH reactor is constrained by an up limit, which
is given by:

mes mes mes
Fii'Co, < T80, max Fid (A.53)

where Fii* and FjGo, are the total molar flow rate and the CO, molar flow in the
feedstock stream of the MeOH synthesis reactor respectively; zgg, ., is the upper
bound of the mole fraction of CO, in the MeOH reactor feedstock, which is a specified
parameter. Fj® = Zj F3%, V5 € Jmeta, where Jnera = {CO, Hy, COq, HyO, Ny, Ar,

CH,4, CH30H} is the set of species in the MeOH reactor feedstock stream.

Methanol Separation Unit

The mass balance in the methanol separation unit is given by:

Frs o= Fr V) € Juu/{CH;0H} (A.54)
Fl?:nsr,CHsoH = Sﬂsr,CHSOH ;?%H;;OH (A'55)

nT:t = Srrrrllst,CH;;OH ;;?f?:HgoH (A-56)

;nk;s,CHgoH = (1 - Sfr,CHgOH - Sg:t,CHgOH) ;(f%Hc,OH (A-57)
aeg = Foas, Vi€ Jae/{CH3;0H} (A.58)

where Fi0 - and F3®. are the molar flow rates of species j in the unreacted syngas
stream and the higher alcohols stream, and F7s, is the molar flow rate of the methanol
(pure CH3OH) stream; Si oy, on and Sk cu,on are the split fractions of CH30H to
the unreacted syngas stream and the methanol stream, which are specified parameters
estimated from the Aspen simulation model; J,,, = {CO, H,, CO,, CHy, Ny, Ar,
CH30OH} is the set of species in the unreacted syngas stream, and J,. = {CH30H,

H,0O, CoH50H} is the set of species in the higher alcohols stream.
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Gas Turbine

The mass balance is denoted by:

Fiico, = F Lco; + ch,j FES, Vi€ Jge (A.59)

j
Foso, = 2 msy Fiig Vi € Jge (A.60)

j

Fimo = Fiito + ‘;‘ an,j FES, V€ Jge (A.61)

i
Ffﬁfoz = Ff%it,COQ - Z (nc,j +ng; + 211 nu,; — % n07j> Ff%tj. , Vi€ Jge (A62)

j

Fsctfj = Ff%it,;‘ , Vj e {Ng,Ar} (A.63)
3 E;(:HQO = R%tgc 13 f%it,%go (A.64)

where F§5 and F&y; are the molar flow rates of species j in the feedstock stream
and the product stream of the gas turbine combustor; R%t;’ is the excess ratio of O,
in the gas turbine combustor, which is a specified parameter; Jy. = {CO, Hy, CHy,
CyHy, CoHg, C3Hg, C3Hg, C4Hg, C4Hyg, CeHy4, CH3OH, HoS} is the set of combusted
species in the gas turbine combustor.

The high temperature flue gas produced from the gas turbine combustor expands

in the gas turbine, passes through the HRSG, and then is discharged. The mass
balance in the gas turbine and HRSG is given by:

FE =F5, Vi€ g (A.65)
FRE =F% ., Vi€ Jy (A.66)
where Fg;y ; and ng- are the molar flow rates of species 7 in the product stream (or

flue gas) of the gas turbine and the HRSG respectively; Jg = {Na, Oz, Ar, CO,,
H,0, SO3} is the set of species in the gas turbine flue gas.
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The SOy molar flow rate in the flue gas is limited by the following sulfur regulation:

Sg fl gas gas
MWS ITH)SQ2 g RS,max [wcoal,S (1 - wcoal,HgO) Mioal + Whio,S (1 - wbio,HQO) mbio]

(A.67)

i

where Rg ..

is the upper bound of the ratio of the sulfur mass flow rate in the flue
gas to the sulfur mass flow rate in the feedstock of the entire process, which is a

specified parameter.

Gas Coolers and Heaters

In the gas coolers without water output and gas heaters, the mass balance in the

general form is simply given by:

Froi=Fr, Vi€ Jpewy, k€ KeoU K (A.68)
where Fllfl] and Ffut,j are the molar flow rates of species j in the input stream and

output stream of unit operation k respectively; Jspe(k) is the set of species in the unit
operation k, K., = {rc, sc, atrpdco} is the set of gas coolers without water output,
and K, = {rhl, wgslht, wgs2ht, rh2, rh3, atrfdh, nh, gtcwh} is the set of gas heaters.

In the gas coolers with water output, the mass balance in the general form is given

by:

FE, =Fk . V)€ Jopew/{H20}, Vk € Keou (A.69)
FfUtszo = CU&? Frfut ) Vk € Kcow (A?O)
F(icut = Z F(fut,j ) v] 6 ’]Spe(k) y Vk E Kcow (A?l)
J
Fxlxcr,out = E]:l,HQO - F(:Cut,HQO ’ Vk € Keow (A72)

where F% . is the total molar flow rates of the output stream of unit operation k; g
is the mole fraction of water in the output stream of gas coolers, which is a specified

parameter; Kqw = {col, co2, co3, clsc} is the set of gas coolers with water output.
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Compressors and Turbines

For all compressors and turbines, the mass balance in the general form is simply given
by:
Fk — Fk

out,j in,j

V) € Jspe(k) » Vk € Kep U Ky (A.73)
Where K., = {oxyc, clsc, cc, psagtc, atrsce, ligel, lige2, oxycr, unrcl, unrc2, nc, ac}
is the set of compressors, and K, = {sntft, sntgtl, sntgt2, gt} is the set of turbines.
Mixers

In the polygeneration process, the mixers are placed before reactors, blending the

reactor feedstock from different sources. The mass balance in mixers is given by:

Ffléyj = Z F(f:l;t,j , Vj S Jspe(k) , Vk € Ky Vi € Kfed(k) (A74)
k/

where F{ ; is the molar flow rate of species j in the feed stream of unit operation
k; K. = {wgsl, fts, atr, mes, gtc} is the set of reactors requiring feedstock mixer,

Krear) is the set of unit operations providing the feedstock to reactor k.

Splitters

The mass balance in splitters is given by:

FF =S¥ Fr., Vi€ Jyey, Yk €Ky, VK, K € Kouyry (A.75)
FE o= Fk — FF. . Vi€ Jpery, Yk € Ko, VK K" € Kou (A.76)

where S*' is the split fraction of the splitter output stream to unit operation &'; Ko =
{splsynl, splsyn2, splcar, splpsa, spllig, splatr, splunr} is the set of splitters, Kout(k)

is the set of unit operations receiving the output of the splitter k.
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A.1.2 Energy Balance
Gas Coolers and Heaters

The heat generation of the gas coolers without water output is equal to the difference

of input enthalpy and output enthalpy:
Z in,j Z out] T(fut) ) Vj c Jspe(k) y vk € Kco (A??)

where Q’g“ is the heat generation rate of the unit operation k. h; is the molar enthalpy
of species j, which is a function of temperature. T} and T)¥, are temperatures of
the input stream and the output stream of unit operation k respectively, which are
specified parameters. In energy balance calculations, all temperatures except the tem-
perature of gas turbine input stream are specified parameters. h; (Tl’fl) and h; (Tfm)
are the molar enthalpy of species j in the input stream and the output stream of unit
operation k respectively, which will be calculated in Section A.1.3.

The heat consumption of the gas heaters is given by:
Z out] out Z in,j Tk ’ V] € Jspe(k) ’ vk € Krh (A78)

where QF is the heat consumption rate of the unit operation .

Reactors

The heat generation of the reactors in the general form is denoted by:

Z Z F(fl;t] <T(fl;t) Z out] out) 3 VJ € Jspe(k) ) Vk € Krt ) Vkl € Kfed(k)

(A.79)
where K, = {hy, cls, wgsl, wgs2, fts, hc, atr, mes, gtc} is the set of reactors.
The ATR reactor is required to satisfy the auto-thermal constraint:
Q¥ >0 (A.80)

245



The temperature of gas turbine combustor product (or output) stream is a vari-
able, whose value is dependent on the input rates of nitrogen and steam dilution
stream. Its value is limited by:

TEC < Tt (A.81)

out — “max

where T8 is the upper bound of the allowable temperatures of the gas turbine
combustor product, which is a specified parameter estimated from the NETL report.

And the gas turbine combustor is assumed to be an adiabatic reactor:
Qg“ =0 (A.82)

Separation Units

The heat and power consumption in the Selexol units for HyS removal are given by:
QF = QC== Ff . Vk € {sel} (A.83)

EF = BC=" B Vk € {sel} (A.84)

where EF is the power consumption rate in the unit operation k, and Ff is the
total molar flow rate of the feedstock stream of unit operation k. Ff = > Ff .,
Vj € Jopeky. In this case, Fig' = Foh = > Fon i, Vi € Jigyn. QCE™ and ECy™
are the coefficients of the heat consumption rate and the power consumption rate in
the Selexol unit for HyS removal, which are specified parameters regressed from the
Aspen simulation results.

The power consumption in the Selexol units for CO, removal is given by:

EF = EC®* [& Yk € {se2,se3} (A.85)

car

where F* is the molar flow rate of the CO, stream produced from unit operation k;
EC is the coeflicient of the power consumption rate in the Selexol unit for COq
removal, which is a specified parameter regressed from the Aspen simulation results.

Heat consumption in the Selexol units for COy removal is neglected.
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The heat and power consumption in the hydrocarbon separation unit are given
by:
QF = QCe Fof + QCl% Fitco (A.86)

E?S = ECES Fffg,sco (A-87)

where F;ff is the total molar flow rate of the product stream of the F'T synthesis
reactor, and Fffjfco is the molar flow rate of CO in the feedstock stream of the FT
synthesis reactor; QCE, and QCY5; are the coefficients of the heat consumption rate in
the hydrocarbon separation unit, and EC!® is the coefficient of the power consumption
rate in the hydrocarbon separation unit, which are specified parameters regressed
from the Aspen simulation results. F\% = Y. FI$. Vj € Jupa, where Jypa = {CO,
Hy, CO,, HyO, Ny, Ar, CHy, CoHy, CoHg, C3Hg, C3Hg, C4Hg, C4Hyo, CgHia, CsHis,
Ci6Hs4, CasHeg} is the set of species in the FT reactor product stream.

The heat and power consumption in the methanol separation unit are given by:
Qe = QCIA Foa™ + QClB Frico (A.88)

E™ = ECI™ FIes (A.89)

where FJ3* is the total molar flow rate of the product stream of the MeOH synthesis
reactor, and FiJ'%o is the molar flow rate of CO in the feedstock stream of the MeOH
synthesis reactor; QCT3 and QCTR are the coefficients of the heat consumption rate
in the methanol separation unit, and ECY* is the coefficient of the power consumption
rate in the methanol separation unit, which are specified parameters regressed from
the Aspen simulation results. FJ§* = > i F3&%5 V9 € Jmepa, where Jepa = {CO, H,,

COq, H,0, Ny, Ar, CH,, CH30H, C;H5OH} is the set of species in the MeOH reactor

product stream.
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Compressors and Turbines

The power consumption in compressors is given by:

Fik
EF = Ef, = Tk E Ko (A.90)

in,0

where FF is the total molar flow rate of the input stream of unit operation k; Ff ; is

the total molar flow rate of the input stream of unit operation k in the base case, E(’f,o
is the power consumption rate of unit operation k in the corresponding base case,
which are specified parameters. Fif = 7. Fh ., Vj € Jepe(h)-

The power consumption rates in the ASU and gasifier are calculated in the same
way:
Fk
=, Vk € {asu, gas} (A.91)

k
F’in,O

k _ rk
Ec - EC,O

The power generation in turbines except the gas turbine and steam turbine is

given by:
k v P
E; = E;, FE Vk € Ky/{gt} (A.92)

where FF  is the total molar flow rate of the input stream of unit operation k in the
base case, Ego is the power generation rate of unit operation k in the corresponding
base case, which are specified parameters.

The power generation in the gas turbine is denoted by:
Eg‘ = 8 Q8 (A.93)

where E¥' is the power generation rate in the gas turbine and Q%" is the heat con-
sumption rate in the gas turbine; 78" is the mechanical efficiency in the gas turbine,
which is a specified parameter estimated from the Aspen simulation model.

The heat consumption in the gas turbine is given by:

QE = Q% (A.94)
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Q5 = DR by (TE) = DR by (T) » Vi€Ja  (A0D)

j j
where Qg“ is the heat generation rate in the gas turbine, Tf;c is the temperature of the
product stream of the gas turbine combustor; ng is the temperature of the product
stream of the gas turbine, which is a specified parameter estimated from the Aspen
simulation model.

The power generated in the steam turbine is divided into two parts: power gen-
erated from the high quality heat and the low quality heat, whose energy conversion

efficiency arc different. The power generation in the steam turbine is then given by:
sthi __ | sthi ~ysthi

E;tlo _ nstlo Qitlo (A97)

where Eg“‘i and EZ“O are the power generation rates in the steam turbine from the
high quality heat and the low quality heat respectively, Q" and @QS'° are the high
quality heat consumption rate and the low quality heat consumption rate in the steam

sthi and 71° are the energy conversion efficiency of the high quality heat and

turbine; n
low quality heat respectively, which are specified parameters estimated from Aspen
simulation model.

High quality heat only includes the heat generated under relatively high temper-

atures. In this model, it is given by:

Qithi < Q;C + QZC + ng + Qgtrpdco _ tarfdh _ Q\szgslht _ szgs2ht (A98)
where QF°, Q3, (5 and Qgt’pdco are the heat generation rates in the gasifier radiant

cooler, the gasifier convective cooler, the gas turbine flue gas cooler in the HRSG and
the ATR reactor product cooler; Qstfdh ~Qwesiht  Qwes2ht are the heat consumption
rates in the ATR feedstock heater, the heater for WGS Reactor 1 injected steam and
the heater for WGS Reactor 2 injected steam.

Low quality heat is supplied by all other heat generated in the process.
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Heat Recovery Steam Generator

The heat recovery from the gas turbine flue gas in the HRSG is given by:

QF =Y Rl b (T8 - R h (TR Vied  (A%)

J J

where Tg® is the temperature of the flue gas discharged from the HRSG, which is a
specified parameter estimated from the Aspen simulation model.

The heat balance of the whole system is established as:

\

SQE-Y"QF =0, VkeKy, VK € Kq (A.100)
k k!

where Ko, = {rc, sc, wgsl, wgs2, cls, fts, atr, atrpdco, mes, gt, sg} is the set of
unit operations with heat generation and K, = {sel, rhl, wgslht, wgs2ht, rh2,
rh3, hs, atrfdh, ms, nh, gtcwh, gt, sthi, stlo} is the set of unit operations with heat

consumption.

A.1.3 Enthalpy Calculation

The molar enthalpy of each species is expressed as the polynomial function of tem-

perature:

hi(T) =ha; T*+hp; T+ hc;, Vi€ Jspe (A.101)

where hga ;, hg; and hc; are molar enthalpy coefficients, which are specified pa-
rameters regressed from the Aspen Plus property analysis data and are functions of

pressure. Jgpe is the set of all species in the entire system.

A.1.4 Production Rates and Feedstock Consumption Rates

The power generation rate of the whole system is given as follows:

mh = EF -3 EF, VkeKey, VK € K (A.102)
k k!
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where K., = {sntft, sntgtl, sntgt2, gt, sthi, stlo} is the set of unit operations with
power generation and K. = {asu, oxyc, gas, sel, clsc, se2, se3, cc, psagtc, hs, atrsce,
ligl, lig2, oxycr, ms, unrcl, unrc2, nc, ac} is the set of unit operations with power
consumption.

The naphtha production rate (mass based) is given by:

Myop = MWCGHM Fr?:p,CGHM + MWCsHls Frlll;p,Cg}hg (A'103)

nap

The diesel production rate (mass based) is given by:
mgis = MWC16H34 F(?lss (A-104)
The methanol production rate (mass based) is given by:

mp = MWCH;;OH an;lst (A105)

met —

The sulfur production rate (mass based) is given by:
mpP, = MWg F2¢ (A.106)
The CO, sequestration rate (mass based) is given by:

mf:’ar = MWC()2 F (A107)

car

where FZ is the molar flow rate of the CO, stream sent to the CO » compressor.

F = Seeq FIg2 + 22 (A.108)

car car car

where F52 and F®¢ are the molar flow rates of CO; streams exiting Selexol Unit 2 and

car car

Selexol Unit 3 respectively, Sgeq is the split fraction of CO, stream to sequestration.
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The coal consumption rate (mass based) is given by:

m! me (A.109)

coal T coal

The biomass consumption rate (mass based) is given by:
Mo = Mg (A.110)

The water consumption rate (mass based) is given by:
mf, = MWy,o (Z Fo - ZFjgjom) . Vk e Ky, VK € Ky (A.111)
k K

where FF*

w,in

and Fv’j:out are the molar flow rates of the input water in unit operation
k and the output water in unit operation k' respectively; K,; = {gas, wgsl, wgs2,
atrfdh, gtc} is the set of unit operations with water input and Ky, = {col, co2, co3,

clsc, hs} is the set of unit operations with water output.

A.1.5 Capital Costs

The capital costs of feedstock preparing equipments are given by:

gas st
cl=Cl (ﬁfd—> , Vi e {tdh, fdp} (A.112)

where C' is the capital cost of equipment [, m£;® is the mass flow rate of total feedstock
fed into the gasifier;

gas

mES = e 4 s (A.113)

coal

Fl is the total mass (or molar) flow rate of the input stream of equipment [ in the
base case, C} is the capital cost of equipment [ in the corresponding base case, and

sf! is the sizing factor of equipment I, which are all specified parameters.

252



The capital costs of gasification related equipments are given by:

mgas sf*
C'=C} (%) , VIl € {gas, ash,sr,oth} (A.114)
b

where mg} . is the dry mass flow rate of total feedstock fed into the gasifier.

m%cisdry = (1 = Weoal,H,0) Mooa) + (1 — WhioH,0) Mes (A.115)
The dry mass flow rate of gasifier feedstock is limited by:
m?isdry < m&F (A.116)

where m8 is the upper limit of dry mass flow rate of total feedstock fed into the
gasifier or the maximum capacity of the gasifier, which is a specified parameter.

The capital cost of COy compressor is given by:
mP

sfee
C* = CF ( F?Cr) (A.117)
b

The capital costs of equipments in the hydrocarbon separation process are given

by:

mp sf!
Cl:Cé<FfZe> . Vi€ {hs,he) (A.118)

where mg,, is the mass based liquid fuels production rate of the whole process.

mb, = mh, +mh (A.119)

nap

The capital costs of the methanol separation unit are given by:

p sf™ms
o = o (?3“) (A.120)
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The capital costs of the gas turbine and steam turbine are given by:

El sft

C'=C} —f) , VI€{gt,st} (A.121)
Fy

where E;t is the power generation rate in the steam turbine, and

ES = B + B3 (A.122)

The capital cost of the HRSG is given by:

AN
o= ci (%) (4.123)
Fb

The capital costs of the Selexol units for CO, removal are calculated as two parts:
the first part is related to the total molar flow rate of input stream, which is given

by:

!
Fl sf
Ct=C} (F—‘E> , VI € {se2tot, se3tot } (A.124)
and the second part is related to the molar flow rate of the output COq stream, which
is given by:
Fl sf*
Ct=C! ( I;Zr) , VI € {se2car,se3car} (A.125)

where, FL is the total molar flow rate of the input stream of equipment /, and F,, is
the molar flow rate of CO, stream exiting the equipment [.
The capital costs of all remaining equipment in the system can be expressed as
the general form:
LY
C'=C} (F—‘2’> , VI € {asu, hy, sel, cls, wgs1, wgs2, psa, sco, {ts, atr, fto, mes, meo}
(A.126)

The total capital investment of the process is given by:

Cap=» C', VIE L (A.127)
{
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where Cap is the total capital investment; L., = {fdh, fdp, asu, gas, ash, sr, hy, sel,
cls, wgsl, se2tot, se2car, wgs2 sedtot, se3car, cc, psa, sco, fts, hs, he, atr, fto, mes,

ms, meo, gt, st, sg, oth} is set of equipments with capital cost.

A.1.6 Economic Analysis

The total annual cost is:

Cost = Costreq + Costyay + Costoog + Costope (A.128)

tax ccs

where Cost is the total annual cost, Costeq is the cost of purchasing the feedstock,
Costf® is the carbon emissions tax, Coste is the cost of carbon sequestration and

Costepe 1s the operational cost.

The feedstock cost is given by:
Costgeg = (Z P; mé) top, Vq € Feed (A.129)
q

where mg is the consumption rate of feedstock g; qu is the market price of feedstock
q, and t,p, is the annual operating time, which are specified parameters; Feed = {coal,
bio, w} is the set of feedstocks.

The carbon tax is given by:

Coste® = P Emispe (A.130)

tax tax

where Emis,; is the annual net COy emissions; P2 is the carbon tax per tonne of

CO, emitted, which is a specified parameter. CO, emissions are calculated by:

Emisgro = MWeo, [Fao, + (1 — Seq) Fost] top (A.131)
MW
Emispe; = Emisg, — ’M% (1 — Whio,Hy0) Whio.C TES top (A.132)

where Emis,,, is the annual gross CO, emissions. If the carbon tax policy also taxes
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the carbon in the liquid fuels (since they will ultimately be burned in their final use),

the annual net COy emissions are given by:

. ) MW
Emlsnet :Emlsgro - "M“—% (1 - wbiO,HzO) Whio,C m%?s top
c (A.133)
+ MWC02 (6Fr}11asp,C6H14 + 8Fr11]:p,08H13 + 16F(Ilillss) top

The carbon sequestration cost is given by:

Costr = P mp

CCs ccs car

(A.134)

where P is the carbon sequestration fee per tonne COy, which is a specified param-

CCSs

eter.

The operational cost is given by:

Costope = Costi™ 4 Cost¥?: (A.135)

ope ope

where CostfX, is the fixed annual operational cost, which is a specified parameter;

Cost¥ is variable annual operational cost, which is calculated by the linear scaling

ope

up relationship:

gas
m
var __ var fd
Costyne = Costoe, —gas (A.136)
Mg b

where mg, is the mass flow rate of the total feedstock fed into the gasifier in the

Vi

base case, and Cost}

oep is the annual variable operational cost in the corresponding
base case, which are specified parameters.

The revenue is denoted by:

Reve = (Z PP mg> top, Vg€ Prod (A.137)
q

where mp is the production rate of product ¢; P} is the market price of product g,

which are specified parameters; Prod = {ele, nap, dis, met, es} is the set of products.
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The profit is calculated by:

Prog, = Reve — Cost (A.138)

Prope; = (1 — Riax) Progeo (A.139)

where Prog,, and Pro,e, are the annual gross profit and the annual net profit respec-
tively; Ria.y is the tax rate, which is a specified parameter.

The net present value, which is the objective function of this model, is denoted

by:

— 1 1 Rtax Cap 1 ].
NPV = Cap + Pronet - <1 - (1 T T‘)t”> + tdp ; (1 — m) (A140)

where NPV is the net present value of the polygeneration project; r is the annual
discount rate, ¢ is the life time of the project, and t4;, is the depreciation time of the

project, which are specified parameters.

A.2 Parameter Tables
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Table A.1: Mole/mass compositions

Parameter Value
Tair, N, 0.7719
T air, 02 0.2076
L air, Ar 0.0205
Toxy,Na 0.018
Toxy,02 0.95
Toxy,Ar 0.032
Tsul HaS 0.48
T, mex 0.05
T8, ma 01
e 0.0016
Weoal HyO 0.1112
Whio, HyO 0.082
Weoal,C 0.7172
Weoal H 0.0506
Weoal,O 0.0775
Weoal N 0.0141
Weoal,S 0.0282
Weoal,Cl 0.0033
Whio,C 0.476
Whio, H 0.058
Whio,O 0.4012
Whio,N 0.005
Whio,S 0.0008
Whio,Cl 0.001
WH,0,H 0.1119
WH,0,0 0.8881
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Table A.2: Mass/molar ratios

Parameter Value
Ry, /t max 0.3
Ry co 0.756
Rﬁzg/co 0.478
Rgsgl)r;/co 0.27
chsly{j,/co 0.00039
RS%%/HZS 0.0586
BNt/ 0.00406
R;{Sz;lco,bio 0.7825
REZS/CO,bio 0.7145
RrCS();r;/CO,bio 0.3792
Rei, 100 bio 1.56 x 107°
chsgé/ﬁzs,bio 0.05647
RyHiy/N o bio 0.003525
RS ax 0.001
Table A.3: Conversions
Parameter Value
RE” 0.98
RE™ (i £ ) !
R 0.975
R& 0.65
Ry, 0.3333
Ry, 0.7495
R on, 0.96
Rfft,rj (7 # CHy) 1
Ry 0.5
RS 0.33
R§, 0.647
AvE 42.766

259



Table A.4: Efficiency

Parameter Value
e 0.985
pthi 0.4407
o 0.1542
Table A.5: Selectivity

Parameter Value
S&. 0.05
S&m. 0.0005
S& 0.01
S e 0.02
SCons 0.01
SCime 0.02
S o 0.01
S 0.08
S 0.11
S& Hae 0.22
SH e 0.46
Sk, 0.0095
Spes 0.1053
Smes 0.99
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Table A.6: Split fractions

Parameter Value
S 0.94
Sﬁf,js 6 x 1077
S (j # HaS) 1

Sée(%z, 5?3682 0.031
$5e2, 55 (j # CO) 1

Sﬁza 0.9
Sf};nCGHM 0.986
Sﬁsr,cmon 0.031
Sihet,CHsOH 0.959
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Table A.7: Temperatures (°C)

Parameter Value
Trasu 32.2
Tgas 1370
T['C 593
TSC 205
TCOI, TcoZ) eod 39
T Ty Thvg 225
T;slizll 49
Teh 39
Tvs’ls 39.7
Tecsls 189.2
Trhl, Trh2’ Trh3 240
Twes 232
Tgtis 240
j}%ltr 550
Tsér 1000
Tsntf‘c 131.3
Tmgs 240
TaI"ﬁ:S 84.7
Tsntgﬂ’ Tsntgt2 187.5
Tnh 196
e 405
Tr%)fx 1200
7%, 563.3
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Table A.8: Base case flow rates for power consumption/generation (Mmol/hr)

Parameter Value
Fay 29.138
FYs 5.8975
mes 226.97
Felts 0.2931
Fe 11.357
Faio 1

Fgpt 30
FE) 4.7551
2 2.3775
Fos 0.2812
Fee 10
Funrel 19.5507
Fnre? 17.6034
Fad 18.4207
o 19.38
Fx, 110.664

* . the unit is tonne/hr.
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Table A.9: Base case power consumption/generation rates (MW)

Parameter Value

B 72.2496

EZS¢ 11.422

EES 5.17

Egke 1.087

ESh 36.943

EPye® 2.1681

Egtt 26.484

EX! 9.598

EX? 1.1479

EY” 0.1805

ESge 9.7352

Ergret 9.6435

Ergre? 11.8344

ESR® 8.1863

E2G 35.7034

EZ, 364.425

Table A.10: Heat/power consumption coefficients

Parameter Value Unit
QCsesul 3.8496 kJ/mol
ECgesul 0.1061 W-hr/mol
ECsecer 1.6981 W-hr/mol
QCEsy -0.8581 kJ /mol
QCh 9.1778 kJ/mol
EChs 0.0421 W-hr/mol
QCTA 0 kJ/mol
QCTR 39.9528 kJ/mol
ECY® -0.8806 W-hr/mol
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Table A.11: Molar weight (kg/kmol)

Parameter Value
MW¢ 12.01
MWy 1.008
MWq 16
MWy 14.01
MWjg 32.07
MWg¢, 35.45
MWhy,o0 18.01
MWco, 44.01
MWen,, 86.18
MW en,s 114.23
MW, Has 226.44
MWcn,on 32.04
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Table A.12: Coefficients for enthalpy calculations under 5.5 MPa

Component ha hp hc

N, 2.179 x 1076 2.957 x 1072 -1.047

O, 2.143 x 1076 3.16 x 1072 -1.349

Ar -4.263 x 1077 2.172 x 1072 -0.922

CO 2.176 x 1076 3 x 1072 -111.65
H, 1.526 x 1076 2.826 x 1072 -0.577

CO, 4.066 x 1076 4.872 x 1072 -397.65
H,O 1.66 x 1076 4.223 x 1072 -248.06
H,S 3.734 x 1076 4.177 x 1072 -25.069
COS 1.405 x 1076 5.658 x 1072 -148.24
HCI -1.586 x 1077 3.348 x 1072 -95.529
NH; 8.433 x 1076 4.548 x 1072 -50.837
CH3;0H -4.879 x 107° 1.147 x 1071 -219.53
CH, 1.985 x 107° 4.218 x 1072 -77.124
C,Hy4 3.169 x 107° 5.269 x 1072 48.556
CoHg 4.173 x 107° 6.514 x 1072 -88.944
CsHg 3.415 x 107° 9.2 x 1072 11.092
C3Hg 4.634 x 1075 1.061 x 107! -115.16
C,Hg 3.34 x 107 1.391 x 107! -16.869
C4Hio 3.458 x 107° 1.631 x 1071 -145.1

CeHis -1.401 x 1074 4.109 x 107! -235.58
H,0() * 3.54 x 1075 7.663 x 1072 -289.58
C,H;0H -6.327 x 10~* 4.984 x 107! -308.94

*: (1) represents the liquid phase.
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Table A.13: Coeflicients for enthalpy calculations under 3.2 MPa

Component ha hg he

N, 2.489 x 1076 2.906 x 1072 -0.9
O, 2.755 x 1076 3.074 x 1072 -1.109
Ar -3.743 x 1077 2.147 x 1072 -0.778
CO 2.584 x 1078 2.937 x 1072 -111.47
H, 1.289 x 1076 2.849 x 1072 -0.638
CO, 6.39 x 1078 4.483 x 1072 -396.19
H,O 3.587 x 107 3.736 x 1072 -245.22
H,S 6.026 x 1076 3.74 x 1072 -23.128
CH;0H -9.242 x 107° 1.199 x 107! -215.7
CH,4 2.285 x 1075 3.86 x 1072 -76.325
C,H,4 3.582 x 1075 4.873 x 1072 49.689
CoHg 4.802 x 107 5.932 x 1072 -87.356
C3Hg 4.84 x 1078 7.91 x 1072 14.46
C3Hg 5.91 x 107° 9.382 x 1072 -111.72
C,Hg 5.509 x 1075 1.179 x 107! -10.928
C4Hyo 6.085 x 1073 1.375 x 107! -138.08
CeHig 3.814 x 107° 2.503 x 107! -197.68
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Table A.14: Coefficients for enthalpy calculations under 2 MPa

Component ha hs hc

N, 2.62 x 107° 2.883 x 1072 -0.827
(02 2.898 x 107° 3.048 x 1072 -1.011
Ar -2.358 x 1077 2.122 x 1072 -0.683
CO 2.732 x 1076 2.911 x 1072 -111.4
H, 1.305 x 1076 2.847 x 1072 -0.647
COq 7.194 x 1076 4.345 x 1072 -395.64
H,O 4.373 x 1076 3.572 x 1072 -244 .28
CH4 2.311 x 107° 3.813 x 1072 -76.129
CoH, 2.822 x 107° 5.295 x 1072 49.659
CoHg 3.97 x 107° 6.398 x 1072 -87.344
CsHsg 4.2 x 107° 8.272 x 1072 14.769
CsHg 5.229 x 107° 9.733 x 1072 -111.22
C4Hg 5.285 x 107° 1.182 x 107! -9.78
C4Hyo 6.288 x 107° 1.345 x 107! -136.14
CeH1s 8.068 x 107° 2.128 x 107! -187.95
CgHis 9.959 x 10~* -7.626 x 1072 -222.71
Ci6Hsy 4.592 x 107* 4.402 x 1071 -459.54
Cs3Hgs 6.88 x 1074 8.708 x 1071 -822.94
H,O(1) * 3.722 x 107° 7.646 x 1072 -289.63
CH;0H(l) * 1.63 x 10~ 9.512 x 1072 -243.62
CoHsOH(1) * 1.808 x 1074 1.264 x 107! -281.34

*

: (1) represents the liquid phase.
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Table A.15: Coefficients for enthalpy calculations under 1.6 MPa

Component ha hg hc

Ny 2.456 x 107° 2.897 x 1072 -0.84
09 2.453 x 107 3.092 x 1072 -1.062
Ar -1.277 x 1077 2.107 x 1072 -0.641
COq 6.235 x 1076 4431 x 1072 -395.67
H,O 5.07 x 1076 3.461 x 1072 -243.83
SO, 3.409 x 1076 4.93 x 1072 -300.17

Table A.16: Coeflicients for enthalpy calculations under 1 MPa

Component ha hy hc

Ny -1.236 x 1076 2.972 x 1072 -0.818
O, 1.283 x 1076 2.984 x 1072 -0.841
Ar -1.635 x 1076 2.141 x 1072 -0.626

Table A.17: Coefficients for enthalpy calculations under 0.1 MPa

Component ha hg hc

No 2.532 x 1076 2.858 x 1072 -0.711
(O)) 4.584 x 1076 2.903 x 1072 -0.74
Ar -3.414 x 1078 2.082 x 1072 -0.529
CO, 1.245 x 107° 3.873 x 1072 -394.57
H,O 5.152 x 1076 3.316 x 1072 -242.73
H,S 8.474 x 1076 3.356 x 1072 -21.516
SO, 1.162 x 107° 4106 x 1072 -298.01
S() * -3.892 x 107 6.492 x 1072 180.08

: (1) represents the liquid phase.
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Table A.18

: Base case flow rates for capital costs

Parameter Value Unit

Fdh 226.97 tonne/hr
Fi» 226.97 tonne/hr
Fgsu 29.18 Mmol/hr
FE* 201.73 tonne/hr
Fpsh 201.73 tonne/hr
Fr 201.73 tonne/hr
Y 27.34 Mmol/hr
Feet 19.77 Mmol/hr
Foetot | psedtot 38.84 Mmol/hr
Froeeer FgeBcar 10.66 Mmol/hr
Fes 0.3878 Mmol /hr
e, F];vgs? 36.73 Mmol/hr
e 28.18 Mmol /hr
Fee 469.04 tonne/hr
Freo 30.7 Mmol/hr
Fes 87.93 Mmol/hr
Eps 34.18 tonne/hr
Fhe 243.67 tonne/h
Ftr 18.9 Mmol /hr
Fit 57.69 Mmol/hr
Fmes 38.92 Mmol/hr
Fyms 110.35 tonne/hr
Fmeo 61.76 Mmol/hr
e 464.01 MW

F® 274.69 MW

Fet 274.69 MW

Foth 824.21 tonne/hr
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Table A.19: Base case capital costs ($MM)
Parameter Value
Cfdn 36.35
th)dp 58.41
con 195.69
s 234.84
Cosh 45.89
csr 50.37
Cl*;y 7.86
Csel 24.85
Cts)e2tot’ C§e3tot 18.38
Cge2car, Cks)eiicar 36.38
Cls 33.77
Cgvgsl, 03552 15.66
o= 82.02
Cee 38.69
Cieo 19.86
Céts 285.59
Chs 31.82
Che 80.83
Catr 35.33
Cft 104.47
Cimes 94.79
s 66.91
Cmeo 64.56
o 136.37
Cse 56.72
o 66.55
Cgth 279.29
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Table A.20: Sizing factors for capital costs

Parameter Value
offdh 0.85
offdp 0.81
gfasu 0.75
ofees 0.82
gfesh 0.93
of 0.82
Sfhy 0.65
ofsel 0.7
stthot, gfsedtot 0.8
ste2car, ste3car 0.75
ofcls 0.67
wagsl, Sfwes2 0.65
SfPs2 0.7
ofc 0.85
§fseo 0.67
offts 0.72
ofhs 0.7
ofhe 0.7
Sfatr 0.6
offto 0.67
fmes 0.65
ofms 0.7
gfmeo 0.67
SfEt 0.76
o8 0.67
Sfst 0.7
gfoth 0.67
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Table A.21: Maximum capacity (tonne/hr)

Parameter , Value

mess 1042

Table A.22: Economic parameters

Parameter Value Unit

Costlx, 25.061 $MM/yr
mery 824.206 tonne/hr
Costyae 207.295 $MM /yr
Pcar 10 $/tonne CO;
top 7500 hr

Riax 0.4

r 0.12

b 30 yr

tdp 10 yr
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Appendix B

Detailed Mathematical Model for

Flexible Polygeneration Systems

B.1 Mathematical Model

The mathematical model in this paper is similar to the static polygeneration model in
Appendix A, hence only the differences between the current model and the previous

model are described here.

B.1.1 Mass Balance

This section is similar to the mass balance in the previous model (Appendix A.1.1).
Differences are described below.

Replace més) and mg, by méoy , and mi, | respectively, where m&y, , and mg ,
are the mass flow rates of coal and biomass fed into the gasifier in scenario h respec-
tively.

Replace Ry, s by Rysipn, where Ry is the dry mass fraction of biomass in the
total feedstock in the gasifier in scenario h.

Replace FF; and FF by F¥,, and FF, respectively, where Ff;, is the molar flow

rate of species j in the stream r exiting (or entering) unit operation £ in scenario h,

and th is the total molar flow rate of stream r exiting (or entering) unit operation
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k in scenario h.

Replace F*. and F*

w,in w,out

by Fk., , and F  out, Tespectively, where Ff ., and
F¥ .» are the molar flow rates of input water and output water of unit operation k
in scenario h respectively.

Replace F2u; by Fgv ., where 3., is the conversion of species j in the com-
bustion reaction in the ATR reactor in scenario h.

Replace S* by SF, where S¥ is the split fraction of the splitter output stream to
unit operation k in scenario h.

Apply all above related equations to all scenarios (Vh € N;), where N, = {spp,

spo, sup, suo, fap, fao, wip, wio} is the set of scenarios in the project life time.

B.1.2 Energy Balance

This section is similar to the energy balance in the previous model (Appendix A.1.2).
Differences are described below.

Replace QF, QF, E¥ and Ef by Qf,, Qi ,, EF, and E gh, and apply the related
equations to all scenarios (Vh € Ny), where QF,, Q%,, Ef, and Ef, are the heat
consumption rate, heat generation rate, power consumption rate and power generation
rate in unit operation k in scenario h respectively.

All temperatures except T5:, which is the output temperature of the gas turbine

gtc

combustor. Replace TS by T3 > Where Tllt , is the output temperature of the

gas turbine combustor in scenario h, and apply the related equations to all scenarios

(Vh € Np).

B.1.3 Enthalpy Calculation

This section is exactly the same as the enthalpy calculation in the previous model

(Appendix A.1.3).

276



B.1.4 Production Rates and Feedstock Consumption Rates

This section is similar to the part of production rates and feedstock consumption

rates in the previous model (Appendix A.1.4). Differences are described below.
Replace m! and mP by m! , and m? , respectively, and apply the related equations

to all scenarios (Vh € N), where mfm is the consumption rate of feedstock ¢ in

scenario h and mgh is the production rate of product g in scenario h.

B.1.5 Capital Costs

The capital costs of feedstock preparing equipments are given by:
Bes sft
C'=Cl (—_—) , VI e {fdh,{dp} (B.1)

where C' is the capital cost of equipment [, /8% is the mass capacity of the gasifier;

Fl is the mass (or molar) capacity of equipment [ in the base case (which is equal to

F! in Appendix A), C! is the capital cost of equipment [ in the corresponding base

case, and sf' is the sizing factor of equipment [, which arc all specified parameters.
The mass capacity of the gasifier is calculated by:

mES - mES, < mFS, Yhe N, (B.2)

coal,

Meoatn mﬁ?s,h > Cayin m#*,  Vh € Ny (B.3)

coal,

where Cap,, is the lower limit of the flow-rate/capacity ratio, which is a specified
parameter representing the operational flexibility.
The capital costs of gasification related equipments are given by:

_ gas

sf
)
C' =0l ( Pfgy) , VI € {gas, ash,sr, oth} (B.4)

where is the dry mass capacity the gasifier.

(1 - wCOal,HQO) mfz:l,h + (1 - wbio,HgO) m%?;h < mg?; , VhEN, (B5)
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(]- - wcoal,HzO) mgg;,h + (1 - wbio,HQO) mg?'s)h > Camin mg?)s, ) Vh € Nh (B6)

The dry mass capacity of gasifier feedstock is limited by:
Mey < ME’ (B.7)

where M8 is the upper limit of dry mass capacity of the gasifier or the maximum
capacity of the gasifier, which is a specified parameter and is equal to m8&2° in Appendix

A.

The capital cost of COy compressor is given by:

- CC

sf
o = O (’;j) (B.8)
b

where M is the mass capacity of the CO; compressor, which is given by:

mP,, <M, Vhe N, (B.9)
mPp > Camin m,  Yhe N, (B.10)

The capital costs of equipments in the hydrocarbon separation process are given

by:

! L (AT
C'=Cy ?é , V0l & {hs hc} (B.11)

where " is the mass capacity of the hydrocarbon separation unit, which is calculated

by:

mgap,h + mgis,h < mhs ) Vh € Nh (B12)
mgap,h + mgis,h Z Camin mhs s Vh € Nh (B13)

The capital costs of the methanol separation unit are given by:

~ms\ sf™°

m

o = O (— > (B.14)
b ans

where m™® is the mass capacity of the methanol separation unit, which is calculated
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mP,, <™, VYhe Ny (B.15)
mﬁletyh > Camin m™, Vhe N, (B.16)

The capital costs of the gas turbine and steam turbine are given by:

— sft
El
ct=cC} (ﬁ) . VI € {gt,st} (B.17)

where Eé is the power generation capacity of equipment /.

The capacity of the gas turbine is calculated by:
ES, < EZ, VheN, (B.18)

EE, > Cann EE, Vhe N, (B.19)

The capacity of the steam turbine is calculated by:
EMN 4+ EN < EX, VheN, (B.20)

ESN + B3 > Cagn B, Vh €N, (B.21)

The capital cost of the HRSG is given by:

- sfs8

) Est

- () o
b

The capital costs of the Selexol units for CO, removal are calculated as two parts:
the first part is related to the total molar flow rate of input stream, which is given

by:

= st
C'=Ct (ﬁ) , VI e {se2tot, se3tot} (B.23)

and the second part is related to the molar flow rate of the output CO5 stream, which
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is given by:

sf
C'=Ci (?Z) , VI € {se2car,se3car} (B.24)

where % and F} are the molar capacity of equipment [ related to above two parts

of cost, which are given by:

FlL,<Ff{, VYheN, (B.25)
Fion 2 Camn i, VheEN, (B.26)
Féar,h < -113 ) Vh € Nh (827)
Flopn > Comin Ffy, VhEN, (B.28)

where, anh is the total molar flow rate of the input stream of equipment [ in scenario
h, and F!, , is the molar flow rate of CO; stream exiting the equipment [ in scenario
h.

The capital costs of all remaining equipment in the system can be expressed as

the general form:

Fl sf
c'=Cl (F) , VIl € {asu, hy, sel, cls, wgs1, wgs2, psa, sco, fts, atr, fto, mes, meo}
b

(B.29)

where F' is the molar capacity of equipment [, which is calculated by:
FlL,<F', VheN, (B.30)
Flp > Camn F', VREN, (B.31)

The total capital investment of the process is given by:
Cap=Y C', VIE L (B.32)
!

where Cap is the total capital investment; L., = {fdh, fdp, asu, gas, ash, sr, hy, sel,
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cls, wgsl, se2tot, se2car, wgs2 se3tot, sedcar, cc, psa, sco, fts, hs, he, atr, fto, mes,

ms, meo, gt, st, sg, oth} is set of equipments with capital cost.

B.1.6 Economic Analysis

The total annual cost is

Cost = Costreq + Costioy + Costeag + Costope (B.33)

tax ccs

where Cost is the total annual cost, Costgq is the cost of purchasing the feedstock,
Cost$2r is the carbon emissions tax, CostS: is the cost of carbon sequestration, and

Costepe is the operational cost.

The feedstock cost in given by:

Costieq = Z Occuy, (Z P, mfbh) top, Vq€ Feed, Vh € N}, (B.34)
h q

where !, is the consumption rate of feedstock ¢ in scenario h. P, is the annual
average market price of feedstock ¢, t,, is the annual operating time, and Occuy, is
the fraction of occurrence of scenario h, which are specified parameters. Feed = {coal,
bio, w} is the set of feedstocks.

The carbon tax is given by

Cost{™ = P2 Emispe, (B.35)

tax tax

where Emis,e is the annual net CO, emissions; P2 is the carbon tax per tonne of

CO, emitted, which is a specified parameter. CO, emissions are calculated by

Emisgo = MWco, »_ Ocew, [Fabo,  + (1= Seqn) Fisty] top ,  Vh € Ny (B.36)
h

MW o,

Emis, = Emis,,, —
ne gro MWC

z : gas
(1 — ’wbio‘Hgo) Wpio,C Occuh mbio’h top s \V/h € Nh
h

(B.37)
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where Emisg,, is the annual gross CO, emissions. If the carbon tax policy also taxes

the carbon in the liquid fuels, the annual net CO, emissions are given by:

N[VVCO2
MWc

gas
(1 — Wi H;0) Whio,C E Oceuy, My, p, top

h

Emispe; =Emisgr, —

+ MWCO2 Z OCCUh 6Fnap CGH14 h '+_ 8Fnap CSHls h “I‘ 16Fdls h) op > Vh/ E Nh
h

(B.38)

where F.% is the molar flow rate of CO, in the gas turbine flue gas in scenario
fi,CO2,h g
h, F£2, is the molar flow rate of CO; stream exiting Selexol Unit 2 in scenario h,

Fhs , and Fhs

g, CoHia, nip CaHys,h OT€ the molar flow rates of CgHy4 and CgHig in the naphtha

stream exiting the hydrocarbon separation unit in scenario h, respectively, and Fj ,
is the molar flow rate of the diesel stream exiting the hydrocarbon separation unit in
scenario h, mbloh is the mass flow rate of biomass fed into the gasifier in scenario A,
and Sgeqn is the split fraction of CO, stream to sequestration in scenario . whioH,0
is the mass fraction of water in the wet biomass, and wy. ¢ is the mass fraction of C
in the dry biomass, which are specified parameters.

The carbon sequestration cost is given by:
Cost& = P21y " Ocew, mb,,, ,  Vh € N, (B.39)
h

where mf_, is the CO, production rate in scenario h; Pgy is the carbon sequestration

car, ccs
fee per tonne CO,, which is a specified parameter.
The operational cost is given by:

Costope = Cost™™ 4 Cost!™ (B.40)

ope ope

where Cost{y, is the fixed annual operational cost, which is a specified parameter;
Costyar is variable annual operational cost, which is calculated by the linear scaling
up relationship:

Costy2, = Costo. ZOccuh % (B.41)

ope ope,b
fd b
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where mf}), is the mass flow rate of the total feedstock fed into the gasifier in the
base case, and Cost: |, is the annual variable operational cost in the corresponding
base case, which are specified parameters.

The revenue is given by
Reve = Z Occuy, (Z P;h m‘;,h> top, Vq € Prod, Vh € N, (B.42)
h q

where mg’h is the production rate of product ¢ in scenario h. P; , is the market price
of product q in scenario h, which are specified parameters. Prod = {ele, nap, dis,
met, es} is the set of products.

The profit is calculated by:
Prog,, = Reve — Cost (B.43)

Proge, = (1 — Riax) Progro (B.44)

where Prog,, and Pro,e; are the annual gross profit and the annual net profit respec-
tively; Riax 1s the tax rate, which is a specified parameter.
The net present value, which is the objective function of this model, is denoted

by:

1 1 Ri. Cap 1 1
NPV = -C et — | 1 — R B.4
ap + Proget . ( a +r)tlf> + - ( a _+_'r)tdp) (B.45)

where NPV is the net present value of the polygeneration project; r is the annual
discount rate, ¢ is the life time of the project, and tq, is the depreciation time of the

project, which are specified parameters.

B.2 Parameter Tables
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Table B.1: Base case flow rates for capital costs

Parameter Value Unit
Fidn 226.97 tonne/hr
Fédp 296.97 tonne/hr
Fosu 29.18 Mmol/hr
Fee 201.73 tonne/hr
Fesh 201.73 tonne/hr
By 201.73 tonne/hr
F’é‘y 27.34 Mmol/hr
Fsel 19.77 Mmol/hr
[Froedtot | frsedtot 38.84 Mmol/hr
[Fsezcar | frscacar 10.66 Mmol/hr
Fls 0.3878 Mmol/hr
EFyest e 36.73 Mmol/hr
FP 28.18 Mmol/hr
Fee 469.04 tonne/hr
Fpeo 30.7 Mmol/hr
s 87.93 Mmol/hr
Fbs 34.18 tonne/hr
Fhe 243.67 tonne/h
Fa 18.9 Mmol/hr
Efte 57.69 Mmol/hr
Fymes 38.92 Mmol /hr
Fms 110.35 tonne/hr
Fmeo 61.76 Mmol/hr
F# 464.01 MW
Fre 274.69 MW

s 274.69 MW
Feth 824.21 tonne/hr
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Table B.2: Base case capital costs ($MM)

Parameter Value
Cfdn 36.35
le)dp 58.41
Case 195.69
CBes 234.84
Cash 45.89
Csr 50.37
Cll)ly 7.86
Cel 24.85
C[s)e?tot) Cts)e3tot 18.38
Cts)char’ Cls)escar 36.38
o 33.77
Ctv)vgsl’ q\)vgs? 15.66
o 82.02
cee 38.69
Ciseo 19.86
Cits 285.59
Cps 31.82
Che 80.83
Catr 35.33
Cifto 104.47
Cmes 94.79
Cms 66.91
Cpmeo 64.56
Cgt 136.37
ng 56.72
ot 66.55
Coth 279.29
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Table B.3: Sizing factors for capital costs

Parameter Value
gffdb 0.85
offdp 0.81
ofasu 0.75
Sfees 0.82
Sfash 0.93
SfST 0.82
thy 0.65
stel 0.7
stthot , ste?)tot 0.8
gfse2ear  gfsedcar 0.75
Sfcls 067
wagsl ’ SfWg52 0.65
fpsa 0.7
ofcc 0.85
gfsco 0.67
Sffts 0.72
ths 0.7
thc 0.7
Sfatr 06
Sffto 0.67
gfmes 0.65
gfms 0.7
gfmeo 0.67
ngt 0 76
o8 0.67
stt O . 7
Sfoth 0 67
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Table B.4: Maximum capacity (tonne/hr)

Parameter Value

Fges 1042

Table B.5: Economic parameters

Parameter Value Unit

Costlx, 25.061 $MM /yr
My 824.206 tonne/hr
Costyat 207.295 $MM /yr
pear 10 $/tonne COq
top 7500 hr

Riax 0.4

T 0.12

tie 30 yr

tdp 10 yr

287



288



Nomenclature

Sets
Feed set of feedstocks
1 set of elements
J set of species
J set of species
K set of unit operations
L set of equipment
Ny, set of scenarios
Prod set of products
Variables
C capital cost
Cap capital investment
Cost cost
E. power consumption rate
E, power generation rate
Emis CO, emissions
F molar flow rate
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hgte molar enthalpy of the gas turbine combustor product

m mass flow rate

mt feedstock consumption rate

mpP production rate

NPV net present value

Pro profit

Qe heat consumption rate

Q¢ heat generation rate

Ry ¢ dry mass fraction of biomass in the total feedstock in the gasifier

Rt conversion in the combustion reaction in the ATR reactor

Reve revenue

S split fraction

Tfﬁf output temperature of the gas turbine combustor
Parameters

n energy conversion efficiency

Aves factor for the conversion in the WGS reactor

Cy capital cost in the base case

Costfix, annual fixed operational cost

Costyne b annual variable operational cost in the base case

E.p power consumption rate in the base case

Eqp power generation rate in the base case

EC. coefficient of the power consumption rate

Iy total mass (or molar) flow rate of the input stream in the base case

Fy molar flow rate in the base case

F mass (or molar) capacity in the base case
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Occu
Pf
pp
P

PC&I‘

tax

QC,

Rb /f,max
Rtax

atr
er
Ra.tr

W

cls
RHQS

fl
RS,max

fts
RCO
Reas

gtc
Rg,

molar enthalpy

molar enthalpy coefficient

molar enthalpy cocflicient

molar enthalpy coeflicient

upper limit of dry mass flow rate of total feedstock fed into the gasifier
mass flow rate of the total feedstock fed into the gasifier in the base case
upper limit of dry mass capacity of the gasifier

molar weight

number of atoms in one molecule

frequency of occurrence

feedstock price

product price

CO, sequestration fee

carbon tax

coefficient of the heat consumption rate

annual discount rate

maximum dry mass fraction of biomass in the total feedstock in the gasifier
tax rate

conversion in the steam reforming reaction in the ATR reactor

water conversion in the ATR reactor

H,S conversion in the Claus plant

upper limit of the ratio of sulfur mass flow rate in flue gas to the feedstock
CO conversion in the FT reactor

conversion in the gasifier

excess ratio of Oy in the gas turbine combustor
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Rhc
Rrsyn

rsyn
Rbio

wgsl
RCO

asu
S8,
Sfts

he
Snap

Shs

nap

Sms

met

ms
S unr

psa
S,
Ssel
SseQ
ScF
sf

Sto

Tgtc

max

conversion in hydrocracking reactor

ratio of molar flow rates of species in the raw syngas produced from coal
ratio of molar flow rates of species in the raw syngas produced from
the coal/biomass mixture with 30% of biomass

CO conversion in WGS Reactor 1

split fraction of O, in air to the oxygen rich stream in the ASU

carbon selectivity in the FT reactor

carbon selectivity to naphtha in the hydrocracking reactor

split fraction to the naphtha stream in the hydrocarbon separation unit
split fraction to the methanol stream in the methanol separation unit
split fraction to the unreacted syngas stream in the methanol separation unit
split fraction of Hy to the Hy product stream in the PSA unit

split fraction in Selexol Unit 1

split fraction in Selexol Unit 2

scale factor for the price of product

sizing factor

stoichiometric coefficient

temperature

upper limit of the gas turbine combustor output temperature
depreciation time of the project

life time of the project

annual operating time

mass fraction

mole fraction
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Superscripts

ac air compressor in the gas turbine
ash ash handling unit

asu air saparation unit

atr autothermal reforming reactor
atrscc ATR product compressor

atrfdh ATR feedstock heater

strpdco ATR product cooler

car carbon

cc CO, stream compressor

cls Claus unit

clsc Claus unit tail gas compressor
co gas cooler

col Syngas Cooler 1

co2 Syngas Cooler 2

cod Syngas Cooler 3

fao fall off-peak time

fap fall peak time

fdh feedstock handling unit

fdp feedstock preparation unit

fix fixed part

fl flue has

fto other equipment in the F'T process
fts Fischer-Tropsch synthesis reactor
gas gasifier
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gt
gte
gtcwh

ligel
lige2
meo

mes

nc

nh

oth
0XycC
OXycr
psa
psagtc
rc

rhl
rh2

gas turbine

gas turbine combustor

gas turbine combustor water heater
hydrocracking reactor

hydrocarbon separation unit

COS hydrolysis reactor

unit operation

unit operation

unit operation

equipment

Light Ends Compressor 1 in the F'T process
Light Ends Compressor 2 in the F'T process
other equipment in the MeOH process
methanol synthesis reactor

methanol separation unit

Ny stream compressor

N, stream heater

other equipment in the process

O, stream (to the gasifier) compressor

O, stream (to the ATR reactor) compressor
pressure-swing adsorption unit

PSA tail gas compressor

syngas radiant cooler after the gasifier
Syngas Heater 1

Syngas Heater 2
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rh3
rsyn
SC

SCo
sel
se2
se2car
se2tot
sed
sedcar
sedtot
secar
sesul
Sg
sntft
sntgtl
sntgt2
splatr
splcar
spllig
splpsa
splsynl
splsyn2

splunr

Syngas Heater 3

raw syngas stream

syngas convective cooler after the gasifier

other equipment in the syngas cleaning process

Selexol Unit 1

Selexol Unit 2

the part of Selexol Unit 2 related to the molar flow rate of CO, stream

the part of Selexol Unit 2 related to the total molar flow rate of input stream
Selexol Unit 3

the part of Selexol Unit 3 related to the molar flow rate of COy stream

the part of Selexol Unit 3 related to the total molar flow rate of input stream
Selexol unit for CO4 removal

Selexol unit for HyS removal

heat recovery steam generator

syngas turbine before the F'T process

Syngas Turbine 1 before the gas turbine

Syngas Turbine 2 before the gas turbine

splitter for the ATR product in the F'T' process

CO, stream splitter

splitter for the light ends in the F'T' process

spliter for the PSA

Syngas Splitter 1 (to liquid production branch) in Syngas Cleaning Process
Syngas Splitter 2 (to power production with CCS branch) in Syngas Cleaning
Process

splitter for the unreacted syngas in the MeOH process
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spo spring off-peak time

Spp spring peak time

ST scrubber

st steam turbine

sthi steam turbine for the high quality heat
stlo steam turbine for the low quality heat
suo summer off-peak time

sup summer peak time

unrcl Unreacted Syngas Compressor 1 in the MeOH process
unrc2 Unreacted Syngas Compressor 2 in the MeOH process
var variable part

wgs water gas shift reactor

wgsl Water Gas Shift Reactor 1

wgs2 Water Gas Shift Reactor 2

wgslht WGS Reactor 1 steam heater

wgs2ht WGS Reactor 2 steam heater

wio winter off-peak time

wip winter peak time
Subscripts

air air stream

alc higher alcohol stream

atr autothermal reforming reactor

bio biomass

ca capacity

car COq
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ccs
cm
co
coal
Cow
cp
csyn
dis
dry
ec
eg
ele
eq
es

fd
fed
feed

ftfd
ftpd
tts
fue
gro
gt
gtc

carbon capture and sequestration
combustion reaction

gas cooler without water output
coal

gas cooler with water output
compressor

clean syngas stream

diesel

dry feedstock

unit operation with power consumption
unit operation with power generation
electricity

equipment

elemental sulfur

feedstock stream

feedstock

feedstock

flue gas

feedstock of the F'T reaction
product of the F'T reaction

FT synthesis reaction

liquid fuels

gross

gas turbine

gas turbine combustor
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h scenario

hyd Hjy rich stream

1 element

in input stream

¥ species

k unit operation

key key species

lig light ends

m main reaction

max upper limit

mefd feedstock of the MeOH reaction
mepd product of the MeOH reaction
mes methanol synthesis reactor

met methanol

min lower limit

nap naphtha

net net

nit N, rich stream

ope operational

out output stream

OXy O, rich stream

pd product stream

q feedstock or product

qc unit operation with heat consumption
qg unit operation with heat generation
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unr

rf
rh
rsyn
rt
rtf

seq
spe
spl
sul
tail
tax
th
tsyn

wax
wi

WO

unreacted syngas stream
stream

steam reforming reactor

gas heater

raw syngas stream

reactor

reactor with feedstock mixer
side reaction

sequestration

species

splitter

H,S rich stream

tail gas stream

tax

turbine

treated syngas stream

water

wax stream

unit operation with water input

unit operation with water output
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