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(ABSTRACT)

This thesis discusses topics in the field of process engineering that have received
much attention over the past twenty years, process integration and optimization of
energy and environmental systems. It emphasizes the applications of three
commercial software tools for process integration, ADVENT, HEXTRAN and
SUPERTARGET, that are readily available to academic users at low costs.

Specifically, Chapter 1 presents an overview of the basic concepts used in
process integration of energy systems. Chapter 2 compares the use of single and dual
temperature-of-approach methods to synthesize energy-optimum and minimum-cost,
heat-exchanger networks (HENs), and shows how to implement them using three
software tools. Chapters 3 and 4 demonstrate how to optimize the energy recovery in
petroleum refinery distillation systems via process integration. Chapter 3 presents an
extension to a case study of heat integration of a vacuum distillation system. Chapter
4 describes the detailed synthesis, retrofit and optimization of HENs for a system of
atmospheric and vacuum distillation towers, and it represents the first process
integration and optimization study of a complex process in petroleum refineries using
all three commercial software tools.

Chapter 5 presents, through four progressive tutorial examples, a recent
conceptual method developed in the field of process integration of environmental
systems applied to wastewater minimization and to the design of distributed effluent

treatment systems.
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1.1 Background on Process Integration

A. Introduction

Process Integration (PI) technology refers to the chemical engineering principles and
practice for systematically integrating the use of materials and energy. The
technology was initiated in the late 1970s for more systems-oriented and integrated
approaches in process plant design and retrofit (revamp) for saving energy and
increasing profits, and an important early development was the pinch design method
for heat-exchanger networks (HENs). Significant advances of the PI technology in
the 1990s have greatly broadened its applications to include emission control, waste
reduction and wastewater minimization, etc. A comprehensive review of those new
applications and their technical principles appears in Linnhoff (1994).

PI technology enables the user to answer a number of important questions
relating to both retrofitting (revamping) of existing process designs and improving the

new design process (Morgan, 1992). Examples include :

® What is the minimum achievable energy consumption of a process?

What is the most economic mix of utilities?

How should we modify a process to improve its energy efficiency?

® What are the minimum CO, and SO, emission levels from a process?



In particular, the latest generation of PI technology enables the user to set
design targets for fuel, cogeneration, emissions and cooling in a proposed plant site
prior to the actual design (Dhole and Linnhoff, 1993). This a priori design targeting
based on PI technology represents a significant breakthrough in the process of
engineering design.

How important is the PI technology to chemical engineering design? In a
September 1992 article, entitled "Use Process Integration to Improve Process Designs
and the Design Process", Steven Morgan states that : "At the M. W. Kellogg Co., we
firmly believe that PI technology is ’just good process design’ and every process
engineer should understand and know how to use these tools" (Morgan, 1992).

This work involves the applications of PI technology to energy and
environmental systems, particularly the energy integration and optimization in
petroleum refineries, and the wastewater minimization and treatment. In this section,
we discuss the key concepts and the basic terminology of process integration and
pinch analysis, following much of the introductory discussion given by Fien (1994).
We shall use these concepts and the terminology frequently in the following chapters
and they are of fundamental importance for understanding the working of structured
heat integration and for reading relevant literature on process integration and pinch

analysis.



B. Heat Integration

Before we proceed with the discussion of a specific case study on process integration,
it is helpful to review some of the basics of pinch analysis. Pinch analysis is one
important application of process integration, that refers to the so-called pinch concept
we will discuss shortly. The published booklet User Guide on Process Integration for
the Efficient Use of Energy (Linnhoff et al., 1982) presents a good discussion of the
early development of pinch analysis. Linnhoff (1993) gives a state-of-the-art
overview of the field of pinch analysis, to which he and his co-workers have made
important contributions. Berntsson (1993) edits the latest proceedings of the
International Energy Agency Workshop on international experiences and future
opportunities of process integration. Smith’s latest design text (1995) emphasizes the
fundamentals of process integration.

As a brief "definition" : heat integration of a process is concerned with
transferring heat from hot process streams (which are to be cooled down) to cold
process streams (which are to be heated up) in order to reach the desired hot- and
cold-stream temperatures and to minimize the load on external utilities, such as steam,
cooling water, or refrigeration, thereby reducing operating costs.

We can achieve heat integration through heatr-exchanger networks (HENS).
Pinch analysis was developed to aid us in designing those networks with the lowest

overall annual network costs. These overall costs include the amortized capital



investments and the annual utility costs of the networks.

C. Composite Curves

One of the most important tools in pinch analysis is the temperature-enthalpy (T-Q)
diagram containing composite curves (Linnhoff et al., 1982). For each industrial
chemical process, we can construct a kot composite curve and a cold composite curve.
At any process temperature, the hot composite curve represents the total enthalpy
available from the combined hot process streams, while the cold composite curve
represents the total enthalpy required by the combined cold process streams. We
demonstrate the construction procedure in Figure 1.1. By placing the two curves in
the same T-Q diagram (Figure 1.2), we can visualize the maximum achievable extent
of process-to-process heat transfer, by finding the enthalpy interval across which the
hot composite curve overlaps the cold composite curve (shaded in Figure 1.2). The
sections of the curves that do not overlap (the "enthalpy gaps") give us the minimum
heating and cooling requirements that we will have to fulfill using external utilities.

In Figure 1.2, we use interval temperatures on the vertical axis. We calculate
these interval temperatures by introducing a so-called minimum-approach temperature
(MAT) : we subtract 2*MAT from all hot-stream temperatures and add 2*MAT to
all cold-stream temperatures. Thus, actual hot-stream temperatures are 2*MAT

higher than their interval temperatures, and actual cold-stream temperatures are
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1A*MAT lower than their interval temperatures. By using interval temperatures, the
composite curves actually touch each other at the pinch. Interval temperatures offer a

very useful temperature scale for heat integration.
D. The Pinch

The position of the composite curves relative to each other is determined and
represented by the minimum-approach temperature (MAT or AT,,,), which is the
minimum vertical distance anywhere between the two curves, when using real
temperatures on the vertical axis. At this point of closest approach, we have a so-
called pinch (Umeda et al., 1978 ; Linnhoff et al., 1979). This pinch is the key
concept after which the methodology that we present here was named.

An important implication of the pinch is that in order to reach the minimum
utility consumption, we must not apply any heating utilities to process streams or
sections of streams below the pinch temperature, and that we must not apply any
cooling utilities to process streams above the pinch. At the same time, to ensure the
minimum utility consumption, we should try to avoid the transfer of heat across the
pinch (called cross-pinch heat exchange). In other words, we should avoid heat-
exchange matches between a hot stream on one side of a pinch and a cold stream on
the other side of that pinch. This clearly indicates the importance of the pinch

(Linnhoff and Hindmarsh, 1983).



E. Targeting

Before we can start to effectively and efficiently design a network that will give us the
lowest annual costs, we need to do two things :
1) determine the optimum process-to-process heat transfer (= the optimum
overlap of the composite curves) ;
2) determine the optimum "utility placement".

We briefly discuss each of these below.

1. Optimization

Since the enthalpy axis in the T-Q diagram does not represent an absolute scale, we
can manipulate the overlap between the composite curves by shifting the curves
horizontally towards or away from each other. By shifting the composite curves
closer together, we increase the enthalpy interval for process-to-process heat transfer,
or the extent of heat integration. In doing so, however, we also decrease the average
temperature difference between the hot and cold streams and therefore the driving
force for heat transfer. This leads to a higher overall need for heat-exchanger area.
Thus, while saving on the cost of external utilities, we raise the capital cost of

equipment ; we clearly have a trade-off.



To find the optimum distance between the two composite curves, or the
optimum MAT, we perform fargeting (Linnhoff and Ahmad, 1990). We calculate
estimates of the total annual network cost for a certain range of MATS, to find the
MAT at which the sum of annual energy cost and annualized heat-exchanger area cost
is at a minimum. Figure 1.3 shows a plot of the area cost (ACOST), the energy cost
(ECOST), and the total annualized cost (TCOST) versus the MAT (DELTA TMIN),
as obtained in ADVENT. The optimum MAT is later used for defining heat-
exchange matches between hot and cold streams. Theoretically, to obtain the lowest
overall annual network cost, we should not let the temperature difference between a
hot and cold stream in a heat exchanger come below the MAT.

For retrofitting an existing HEN we can perform retrofit targeting (Tjoe and
Linnhoff, 1986) to find the optimum targets for improving or retrofitting the network.
Here, we would consider the payback period of the project by estimating the
investment costs required for additional heat-exchanger area and finding the maximum

energy savings possible.

2. Utility Placement

After finding the optimum MAT, it is time to fill the so-called enthalpy gaps. We do
this by introducing appropriate utilities. We can distinguish between two extreme

cases : those in which we can freely choose the temperatures of all heating and

10
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cooling utilities (e.g., grass-roots designs) and those where we have to make use of
existing steam levels and cooling media (e.g., retrofitting). Often, we will be
somewhere between these extremes. In any case, it is important to choose utility
temperatures and loads so as to minimize overall costs. In fact, we are dealing here
with a trade-off very similar to the one we discussed above. High-pressure steam, for
instance, will give greater temperature driving forces and therefore cheaper heat-
exchange equipment, but is usually more expensive per unit of energy than low- -
pressure steam. Utility level and/or load optimization is therefore required (Parker,
1989). The same is true for refrigeration utilities.

Selecting the right utility for the right duty is called utility placement, and it is
best visualized using the grand composite curve (GCC) for a process. Figure 1.2
gives an example of a GCC in relation to the composite curves for the same process.
The GCC is simply a representation of the horizontal distance between the two
composite curves and shows the net heat flow at every temperature level within the
process, at the MAT chosen. It gives us, in one overview, the process pinch and the
room and options that we have for placing different types of utilities.

The easiest utilities to place are constant-temperature utilities, like evaporating
refrigerants or condensing steam. We represent these in the GCC by horizontal lines
at the appropriate temperature levels. We represent variable-temperature utilities,
like hot oil, flue gas or cooling water, using lines with a slope : hot utilities have a

positive slope while cold utilities have a negative slope. We can find examples of all

12
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these types of utilities in Figure 1.4, where they are appropriately labeled. Finding a
good (i.e., minimum-cost) fit between utility representations and the GCC profile is

sometimes referred to as profile matching (Liu, 1995).

a. Pockets

Pockets (see Figure 1.4a) are another feature of the GCC worth mentioning. Streams
(or parts of streams) enclosing a pocket can always be fully integrated via process-to-
process heat transfer with each other. This follows because : (1) the GCC segment
forming the lower edge of the pocket and having a positive slope represents process
streams with a heat deficit (i.e., a net heat sink) ; while (2) the GCC segment
forming the upper edge of a pocket and having a negative slope represents process
streams with an equal heat surplus (i.e., a net heat source). Pockets can therefore

"take care of themselves" and do not need the "help" of external utilities.

b. Heat Pumps., Heat Engines and Distillation Columns

GCCs also play an important role in understanding the correct (or "appropriate")
placement of such pieces of heat-exchange equipment as heat pumps, heat engines and
even distillation columns. Since each of these is made up of a heating section (e.g.,

the reboiler in a distillation column) and a cooling section (e.g., the condenser in a

14



distillation column), we represent them on a GCC diagram in a simplified manner
using rectangles. We can try to fit these rectangles inside enthalpy gaps or even
pockets, as demonstrated in Figure 1.4b (Townsend and Linnhoff, 1983 ; Smith and

Linnhoff, 1988).

F. Network Design

After finding the optimum targets for our process-integration project, we can begin
the design of a heat-exchanger network (HEN). Using the Pinch Design Method
(Linnhoff and Hindmarsh, 1983), it is now relatively easy to construct a network that
meets the predetermined targets. Connecting a hot and a cold stream via a heat
exchanger, we call "making a match".

Design evolution attempts to eliminate certain inefficiencies in existing network
designs. Such inefficiencies, caused by suboptimal matches, may unnecessarily raise
the number of heat-exchanger units or the total heat-exchanger area of the network
and established techniques exist to recognize and remove incorrect matches.

For a detailed discussion of the heuristic and evolutionary design of HENs, we
refer the reader to the textbook chapter by Liu (1987) and the latest design text by
Smith (1995). Specifically, the reader needs to become familiar with the following

concepts that are relevant to the present case study :

15



® Representing a HEN design problem by a temperature-interval or a grid diagram
(Liu, 1987, pp. 178-180 ; Smith, 1995, pp. 160-184) ;

® Determining the minimum heating- and cooling-utility requirements and the pinch
point by the problem table (Liu, 1987, pp. 182-186 ; Smith, 1995, pp. 174-179) ;

® Finding the most probable minimum (i.e., quasi-minimum) number of units
(including exchangers, heaters and/or coolers) (Liu, 1987, pp. 186-189 ; Smith,
1995, pp. 213-216) ;

® Synthesizing an energy-optimum (i.e., minimum-utility) and minimum-cost, initial
HEN by the thermodynamic matching rule and the pinch-design method (PDM)
(Liu, 1987, pp. 189-196 ; Smith, 1995, pp. 363-372) ;

® Using stream splitting and bypassing in HEN synthesis (Liu, 1987, pp. 196-200 ;
Smith, 1995, pp. 372-381) ; and

® Improving an initial HEN by evolutionary rules and by path/loop breaking (Liu,
1987, pp. 200-219 ; Smith, 1995, pp. 389-394).

In addition, the reader can find a similar, but less detailed, discussion of the

preceding concepts in the textbook by Douglas (1988, pp. 216-261).

G. Process Integration

Karp et al. (1990) mention that traditionally, considerable effort is devoted to

optimizing the overall cost or energy performance of individual unit operations, but

16



that even the best unit operations can add up to a poor process if linked together
inappropriately. Moreover, unit operations that are optimized in isolation may be
suboptimal in the context of the overall plant.

Pinch analysis therefore optimizes entire systems, or even fotal sites (Dhole
and Linnhoff, 1993). It exploits beneficial interactions among unit operations and
identifies where changes to configuration, operating conditions and/or equipment
selection will be truly beneficial to the specific system as a whole. Figure 1.5
illustrates the difference between the traditional procedures for development of
process designs and the "pinch analysis approach"”. Figure 1.6 shows the steps for
heat integration in more details.

In general, process-integration (PI) technology refers to the chemical-
engineering principles and practice for systematically integrating the use of materials
and energy in process plants. The principles of heat integration, discussed above,
have recently been extended to other PI areas. Applications now include, for
instance, emission control (Smith and Delaby, 1991), waste reduction (Rossiter et al.,
1993) and wastewater minimization (Wang and Smith, 1994).

It has been demonstrated that pinch analysis can often produce the better
design, mainly because it allows the designer to estimate, a priori, a process featuring
minimum capital investments, minimum utility consumption, minimum waste and
emissions, etc., and it gives the designer a heuristic helping hand in achieving such a

design.
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H. Commercial Software Tools for Process Integration

This work applies three PC-based, commercial software tools for process integration,

ADVENT, HEXTRAN and SUPERTARGET. These software packages are readily

available to academic users at low costs.

1.

ADVENT

ADVENT is available from Aspen Technology, Inc., 10 Canal Park, Cambridge, MA

02141 ; phone number (617) 577-0100, and FAX number (617) 577-0303.

ADVENT works on PCs and mainframes and requires an "interactive UNIX"

environment (UNIX version 3.0 or later). The minimum hardware requirements are :

at least 8 MBytes of RAM capacity ;

at least 100 MBytes of hard-disk space ;

a math coprocessor (386 only) ;

an ESDI, RLL, or IDE hard-disk controller (if you have a SCSI controller,
confirm that it is supported by the operating system) ;

a standard EGA or VGA graphics adapter ;

a standard mouse (LOGITECH, Microsoft, MSC Technologies, PS/2 and

compatible mice are supported).
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Abstract

This study develops improved grass-roots and retrofit designs of heat-exchanger
networks (HENs) for a typical vacuum distillation system in petroleum refineries
using a commercial process-integration software tool, ADVENT by Aspen
Technology, Inc. that is readily available to academic users at low costs. The
original problem definition comes from ADVENT Examples Manual (1993). The
vacuum distillation system consists of : (1) a vacuum fractionator that produces five
products of increasing boiling-point ranges, namely, low-pressure fuel gas, light-
vacuum gas oil (LVGO), heavy-vacuum gas oil (HVGO), slop wax (SLOP), and
vacuum residue (VRES), and incorporates three pumparound streams ; and (2) a HEN
that includes a fired heater for final heating of the crude oil prior to entering the
fractionator.

The primary objective of this case study is to clearly demonstrate the following
steps for grass-roots and retrofit designs of HENs in petroleum refineries : (1) data
extraction (stream and utility data, economic data, exchanger data, stream
simplification and segmentation, and process constraints) ; (2) problem representation
(grid diagram, composite curves, and utility models) ; (3) utility and retrofit targeting
(minimum utility requirements and area targets, pinch location, and the ratio of target
area to existing area called area efficiency) ; (4) utility placement (utility mix,
approach temperature, utility loads) ; (5) minimum-approach temperature (MAT)
optimization (minimizing the area cost, energy cost, and total annualized cost at an
optimum MAT) ; (6) grass-roots and retrofit designs of HENs and utility systems ;
and (7) evaluation of design economics.

This study shows the importance of using a small temperature increment in
carrying out the AT, ;, optimization for minimizing the total annualized costs of
HENS, and of modeling the fired heater as a furnace rather than a common heat

exchanger. For grass-roots design, we find the optimum AT, ;, to be 23°C, instead of
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24°C as reported in the ADVENT manual. In addition, when correctly modeling the
fired heater as a furnace, the optimum AT, ;, becomes 19°C. Considering the fired
heater as a common exchanger, as done in the ADVENT manual, results in an error
of $1.3 million in the total capital investment of the resulting HEN and of $1.9
million in utility consumption. We report an improved grass-roots HEN design at
AT, of 19°C.

This study also develops an improved retrofit HEN design. We clearly
introduce and graphically illustrate the concepts of the area-efficiency methods for
retrofit targeting of existing HENs. In addition, we clarify many of the steps that the
ADVENT manual takes during data extraction, and HEN design and retrofit. We

also correct many errors that are present in the manual.

3.1 Problem Introduction

In petroleum refining, crude vacuum distillation is used in conjunction with distillation
to recover as much as possible the distillable oils that are in the bottoms of the
atmospheric tower. Figure 3.1 shows a typical vacuum distillation process built in the
1970s. The distillation process yields five products from the top to the bottom of the
tower : light-vacuum gas oil (LVGO), high-vacuum gas oil (HVGO), slop wax
(SLOP), vacuum residue (VRES) and a small amount of overhead (low pressure) gas
in the vacuum fractionator. LVGO and HVGO are both split into two streams that
are sent to storage or to the oil hydrodesulfurization (HDS) unit. The vacuum in the
tower is maintained by means of a three-stage ejector system employing high-pressure
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steam.

A fired heater is necessary to heat the atmospheric residue stream to its
maximum allowable temperature. The stream then enters the flash zone of the
column and starts to distillate. The bottom of the column is maintained at a constant
temperature with a pumparound stream PA3 in order to prevent cracking and
polymerization. A sufficient reflux is obtained with pumparound streams PA1 and
PA2 which remove heat from the column. Distillates are condensed to LVGO and
HVGO. Note that Figure 3.1 does not show the cooling of HVGO by boiler-feed
water and cooling water before going to storage, since these coolers are not included
in the present project for simplification. VRES and SLOP are extracted from the
bottom of the column and cooled down by process streams and cooling water to

90°C.

3.2 Investigation Objectives and Approach

Crude vacuum distillation systems require a large amount of energy, compared to the
ordinary distillation systems. For that reason, energy optimization has always been
sought. This case study attemps to apply a commercially available software tool,
ADVENT of Aspen Technology, Inc., to carry out energy integration and

optimization of an existing vacuum distillation system.
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The original problem definition comes from ADVENT Examples Manual
(1993) and it involves two design tasks : (1) a grass-roots design at minimum total
annualized cost ; and (2) a retrofit design of the existing network at a given payback
period. The main objective in the ADVENT manual is to teach the user how to use
the different features of the software tool to reach feasible and attractive grass-roots
and retrofit networks, rather than to present the ultimate network design. Hence, our
first objective is to go over the steps described in the manual and present, when
necessary, the minimum background and heuristics to fully understand the solution of
the problem. Mistakes that may occur in the manual are also to be corrected.
Finally, in order to better model the fired heater, our own design, unlike the one in

the manual, incorporates Heat and Power model.

The detailed approach in case of the grass-roots project involves the following
steps :
® extract, from the flowsheet of the distillation unit and the tables in the manual, the
stream, utility and economical data ; simplify the process as much as possible.
® proceed to stream segmentation, given the segment breakpoint temperatures.
® carry out design targeting of the heat-exchanger network to find the optimum AT, ;,
at the minimum total annualized cost ; complete the minimum energy requirements.
® design a maximum-energy-recovery (MER) network which utilizes, if possible, the

minimum number of units ; reconsider the actual total annualized cost of the network,
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since it may differ from the target.

® try "design evolution" to improve the area distribution and lower the capital
investment.

® run the Heat and Power model applied to furnace calculations ; extract first the
furnace data required ; target the network with the Heat and Power model ; and place

utilities and design the optimum MER network.

In case of the retrofit network project, we carry out the following tasks :
® identify the AT,,;, of the existing network.
® proceed to network design at this AT, value to enter the characteristics of the
existing network necessary for retrofit targeting.
® retrofit the network based on the constant-area-efficiency method ; the targets
(AT,,,, additional area needed, incremental capital cost, utility cost savings...) are to
be obtained for a payback period of approximately two years.
® find the minimum utility requirements and design the retrofit network at the AT,
that yields a payback period of about two years.
® calculate manually the real capital investment needed.
® improve the retrofit network by running Heat and Power Model applied to the fired
heater ; only utility savings calculations are to be done, and the capital cost remains

constant from the previous case.
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3.3 Data Extraction

The main objective here is to extract the stream, utility and economic data of the heat-
exchanger network, from the flowsheet of the distillation unit (Figure 3.1). In order
to simplify the problem, we do not consider product streams HVGO and LVGO as
part of the heat-integration problem, since they are both cooled and sent to storage or

to the oil hydrodesulfurization (HDS) unit.

A. Stream and Utility Data

The stream and utility data are extracted from the ADVENT manual and are
summarized in Table 3.1. For the petroleum streams, we enter their average specific
gravity, °API at 15.6°C, and their Watson characterization factor, UOPK. We can
relate these factors to their specific gravity at 15.6°C and their average boiling point

as follows (Watkins, 1979) :

specific gravity, 15.6°C = (131.5 - °API) / 141.5 3.1)

average boiling point, °R = (UOPK * spec. grav.)’ (3.2)

with the conversion factor (°R -460-32)*5/9 to convert from °R to °C.
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Table 3.1. Stream and utility data.

a. Stream data

Stream name Stream T, Tuge °API UOPK  Specific  Average boiling

ID [°C] [°C] gravity point [°C]
Cold stream
Atmospheric residue ARESD 60 410 9.607 11.600 0.86 11.24
Hot streams
Top pumparound PAl 115 45 25.843 11.571 0.75 3.40
Middle pumparound PA2 280 135 16.479 11.634 0.81 7.86
Bottom pumparound PA3 360 280 -0.502 11.207 0.93 14.46
Slop wax SLOP 375 90 -0.502 11.207 0.93 14.46
Vacuum residue VRES 360 90 -0.502 11.207 0.93 14.46
Stream name Stream Flowrate Flowrate Heat-transfer film

ID [kg/sec] [kg/hr] coefficient [kW/m?.°C]
Cold stream
Atmospheric residue ARESD 66.02 2.3767 ES 9.23E4 T + 0.26
Hot streams
Top pumparound PAl 30.84 1.1102 ES 1.26E-3T + 0.38
Middle pumparound PA2 56.172 2.0222 ES 1.26E-3T + 0.38
Bottom pumparound PA3 10.011 3.604 E4 8.97E-4 T + 0.056
Slop wax SLOP 1.833 6.60 E3 8.97E-4 T + 0.056
Vacuum residue VRES 19 6.840 E4 8.97E4 T + 0.056
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b. Utility data

Utility name Utility L.D. Ty, Ty  Heat-transfer film  Heat capacity
[°C] [°C]  coeff [kW/m?%.°C]  [kJ/kg.°C]

Furnace flue gas FLUElL 1908 400 0.10 1.005

Cooling water CwW 25 40 2.0 4.1868

B. Economic Data

‘We present here the economic data required to calculate the annual capital and utility
costs. The utility costs are obtained by the following unit costs, given the energy
consumption costs : 0.00108 $/kW.hr for cooling water and 0.0126 $/kW.hr for flue
gas. We also consider an annual operating time of 8400 hr/yr, and an equipment
lifetime of 3.5 years.

The installed cost of heat exchanger is then entered in ADVENT (UHXERCST

file) in the following form :

Scale X Size . @ponent

BaseCost= BCsAdjx [Mobil+ RefCostX ( RefSi
efSize

] (3.3)

where :
"BaseCost" is the purchase cost in the "base year" (before escalation)

"BCsAdj" is the base-cost adjustment factor
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- "Mobil" is the mobilization cost

- "RefCost" is the purchase cost at "RefSize"

- "Scale" is the over/under design factor applied

- "Size" is the heat-exchange area in m? of the unit that is to be costed
- "RefSize" is the reference size

- "exponent" is the exponent

For this case study, Equation (3.3) is simplified to a more convenient form as

follows :

Installed Cost = $2,400 * (Size in m?)®" 3.4)

The economic method to carry out the total annualized cost is the following :

TAT = Ecost + CANST / N 3.5)

where :
- "TAT" is the total annualized cost [$/yr]
- "Ecost" is the energy cost [$/yr]
- "CANST" is the capital cost [$]

- "N" is the amortization period [yr]
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C. Exchanger Data

Table 3.2 summarizes the data of existing heat exchangers. For multipass shell-and-
tube heat exchangers, we require the maximum area per shell (550 m?) and the mean
temperature-difference correlation factor for multipass exchanger, F;. We use 1-2
shell-and-tube exchangers, that is, exchangers with one shell pass and two tube
passes. In ADVENT, we can also enter the X, factor, instead of the F; factor. Let

us explain the definitions of these two factors, and how they are related to each other.

1. F;_Factor

For a shell-and-tube exchanger, its area is given by the following equation :

Qo
A = .
U.LMTD . F, 3.6

F; is a correction factor, which is so determined that, when it is multiplied by the
logarithmic-mean temperature difference (LMTD) for a single-pass countercurrent
exchanger, the product F; * (LMTD) represents the true mean temperature
difference of an equivalent multipass exchanger.

F; is a function of the number of shells in series, the number of tube passes,

the capacity ratio, R, and the thermal efficiency P. R and P are defined as follows :
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Table 3.2. Operating data of existing heat exchangers.

Heat- Shell side Tube side

exchanger  Stream T,  Tuge Stream T, Toarger Heat duty Area

name name [°C] [°C] name [°C] [°C] [kW] [m?]

E201 VRES 280 204.3 ARES 60 95 4727 205

E202 PA2 280 135 ARES 95 232 20200 2175

E203 ARES 232 283 VRES+ 360 280 8346 1240

PA3

E204 Air - - PAl 115 45 4450 -

E207 VRES+ 204.3 90 Cw 25 40 6475.7 -
SLOP

H201 FLUEL 1908 400 ARES 283 410 29530 -

Note : 204.3°C (in italic font in the table) is the correct value of the temperature of stream VRES
leaving exchanger E201 and entering exchanger E207. In the ADVENT manual, however, this
temperature is given as 193°C, which is thermodynamically infeasible (refer to Section 3.4.B.1.b.). In
addition, 6475.7 kW in E207 (in italic font in the table) is the correct value of the heat duty of stream
VRES+SLOP entering E207 at 204.3°C and leaving E207 at 90°C. The value of 5650 kW in the
ADVENT manual refers to an inlet temperature of VRES+SLOP of 193°C.

R = capacity ratio = W_ /W, = (T, - T,*) / (T.* - T.) (3.7

P = thermal efficiency = (T ,* - T.) / (T, - T (3.8)

where T,, T *, T,, and T, * are the cold inlet, cold outlet, hot inlet, and hot outlet
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temperatures, respectively, as shown in Figure 3.2.

Graphical representation of F; as a function of P and R, for given numbers of
shell in series and tube passes, is available in the literature. Figure 3.3 shows, for
example, F; = f (P,R) for a 1-2 shell-and-tube exchanger.

The choice of F; is very important, since a wrong estimate may lead to an

infeasible exchanger design. The choice of F; is based on the following heuristic :

® Heuristic 3.1 : For given values of thermal efficiency P and capacity ratio R,
choose the number of shells N such that : (a) the mean temperature-difference (MID)
correction factor Fy is larger than 0.8 ; and (b) Fy is not sensitive to small changes in
values of P and R. The latter implies that a small change in thermal efficiency P

results in only a small change in Fr (Liu, et al., 1985).

Stream temperature T
T A
Th
Hot stream
TC m’

Figure 3.2. Temperature profiles along the length of a shell-and-tube exchanger.

Tc*

Exchanger length
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Mean temperature-
difference correction
factor Fr

A

1.0
0.9
0.8
0.7
0.6

Capacity ratio
R=1

R=100 |R=20 \R=10 \R=3

0.5 Thermal efficiency P

Figure 3.3. F;-P-R diagram of a 1-2 shell-and-tube exchanger.

p ,
0 P1=0.53 |: p2=0.59 1.0 P1=042 P2=048
E2

(a) infeasible exchanger design (b) feasible exchanger design

Figure 3.4. Choice of optimum F; factor.
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Figure 3.4 illustrates this heuristic. Indeed, in Figure 3.4a, a small change of
P (from P1=0.53 to P2=0.59) leads to a tremendous change of F; (from F;1=0.7 to
Fr2=-00). Assume that the design at P1 has an area Al. Since at P2, F; is infinitely
low, the area of the design at P2 becomes zero, according to Equation (3.6).
Therefore, the design at P1 is infeasible.

In Figure 3.4b, however, a small change of P (from P1=0.42 to P2=0.48)
leads to only a small change of F; (from F;1=0.9 to F;2=0.84). Therefore, the

design at P2 still has a feasible area, and the design at P1 is feasible.

2. Xp_Factor

Instead of entering the F; factor in ADVENT, we can also use the X, factor. Let us
refer to the previous Fr representation, as a function of P and R, for a given 1-2 heat
exchanger (Figure 3.5), to define this factor (Trivedi, et al., 1987 ; Ahmad, et al.,
1988 ; Ahmad and Smith, 1989 ; Smith, 1995, pp. 431-432). We see that for a given
value of R, there is an asymptotic maximum value of the thermal efficiency P, when
the mean-temperature-difference correction factor F; tends to approach minus infinity.
We call this asymptotic value "P ", which is the theoretical maximum thermal
efficiency of the 1-2 exchanger, for a given R. Such an exchanger is, of course,
infeasible. However, we can define a factor X, that satisfies the following equation

(Mittson, 1984 ; Ahmad, et al., 1988 ; Smith, 1995, pp. 431-432) :
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0.5

R=10

0 P=Xp*Pmax
0<Xp<1

Pmax

Figure 3.5. X, factor and F-P-R diagram of a 1-2 shell-and-tube exchanger.

Fr
1.0
Frl 0\ R=10
f P2
0.5 v b
0 Pl | Pmax 1.0
F2 :1
v PI=Xpl * Pmax |

(a) infeasible exchanger design

Figure 3.6. Choice of optimum X factor.

R=10

 Pmax

P1=Xpl * Pmax

(b) feasible exchanger design
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P=X,*P__ 0< Xp<1 3.9)
with

P - 2 (3.10)

™ R+1+RT+1

P.. is a function of R only, as given by Equation (3.10), and X, is a user-supplied
value. P is then the thermal efficiency of the exchanger to design.

X, is chosen according to the following heuristic :

® Heuristic 3.2 : Choose a X, factor such that a small change of the thermal
efficiency P leads to only a small change of the mean temperature-difference (MTD)

correction factor Fy.

Figure 3.6a shows, for example, a too high X, factor : a small change in P leads to a
large change in F;. The exchanger is not feasible, since it would have a zero area at
P2. On the other hand, Figure 3.6b shows a good X, choice, resulting in a feasible

exchanger design.

3. Correlation between F; and X, Factors

From Equations (3.9) and (3.10), X, factor can be expressed as a function of P and
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R. X, is a user-supplied value. Therefore, we find the value of P as a function of R,
for a given X, factor. Figure 3.7 shows, for example, the curve X,=0.9 in the
F;-P-R diagram. Different X, curves would give a more complete graphical

correlation between F; and X.

In this problem, X, is equal to 0.85, which gives a F; of 0.8.

1.0

0.9 Xp=0.9

0.8
0.7

0.6 R=100 |R=20 \R=10 \R=5

0.5

0 0.1 0.5 1.0

Figure 3.7. Graphical correlation between F; and X, factors.
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D. Simplifications of the Existing Problem

We consider that hot streams slop wax (SLOP), vacuum residue (VRES) and bottom
pumparound (PA3) may form only one hot stream, total vacuum residue (TVR), to
simplify the present case study since they represent the same °API, UOPK and heat-
transfer film coefficient. The heat duty of the resulting stream TVR is the sum of
those of constituent streams : between 360 and 280°C, the heat loads of the three
streams are summed up ; between 280 and 60°C, only SLOP and VRES are taken
into consideration. In addition, the segment between 375 and 360°C may be deleted,
since its duty is very small (76.1 kW, see Table 3.4) compared to the total

duty between 360 and 90°C (14,830.3 kW). The simplified stream data appear in

Table 3.3 below.

Table 3.3. Simplified stream data with stream TVR=VRES+PA3+SLOP.

Stream name Stream T,y T °API UOPK  Flowrate Heat-transfer film

L.D. [°C]1 [°C] [kg/sec] coeff. [kW/m?.°C]

Cold stream
Atmospheric residue  ARES 60 410 9.607 11.600 66.02 9.23E4 T + 0.26

Hot streams

Top pumparound PAl 115 45 25.843 11.571 30.84 1.26E-3 T + 0.38
Middle pumparound PA2 280 135 16.479 11.634 56.172 1.26E-3 T + 0.38
SLOP+VRES+PA3 TVR 360 90 -0.502 11.207 Variable 8.97E4 T + 0.056
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E. Stream Segmentation

Stream segmentation is used in ADVENT to gain accuracy in target and design
calculations when streams have non-constant heat capacities (i.e. a nonlinear
temperature-heat duty relationship). Thus, we decompose a stream with a non-
constant heat capacity into several segments with constant heat capacities. We apply
segmentation in the following cases : phase change, variable stream flowrate,
temperature-dependent heat capacity and chemical change. In this case study, streams

ARES, TVR and PA1 are segmented for the following reasons :

® a phase change may occur for stream ARES at 288°C ; above this temperature,
ARES is in a two-phase region.

® hot stream TVR has a variable flowrate with respect to temperature because it is
the combination of three different streams.

® ARES, TVR and PA1 have wide temperature ranges so that a linear fit of the heat
capacities between the two extreme temperatures may not match well the actual non-

linear heat-capacity curve.

The method used in ADVENT is so-called safe-side linearization, i.e. hot
stream must be hotter than its segmented version and cold stream colder than its

segmented version as shown in Figure 3.8a. Figure 3.8b shows an error that
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Ten}perature
J

Hot stream

Actual cold stream
N

N\ Segmented version

Enthalpy

(2) no error at pinch ; sate-side rule respected

Temperature
[}

Hot st
Error at pinch

Enthalpy

(b) error at pinch ; safe-side rule violated

Figure 3.8. Characterization of the safe-side rule for stream segmentation.
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may occur if the safe-side linearization rule is not followed. In this temperature-
enthalpy diagram, the hot composite curve crosses the cold composite curve (dashed
line) ; so, any heat exchanger designed at the pinch will be infeasible. On the other
hand, if the safe-side linearization rule is followed (Figure 3.8a), the heat exchanger
is guaranteed to be feasible.

Table 3.4 summarizes the segments of each stream, the reasons why each

stream is segmented, and the duty of each segment.

Table 3.4. Stream segmentation.

Stream Segment Flowrate Heat duty Motives of segmentation
Toupply [CCI-Toagee [°C]  [kg/sec] kW]

PA1l a. 115-70 - 2930.3 Wide temperature range
b. 70-45 - 1519.7 Wide temperature range
Total stream 115-45 - 4450 -

ARES a. 60-130 - 9088 Wide temperature range
b. 130-220 - 13483.1 Wide temperature range
c. 220-288 - 11529.1 Wide temperature range

and phase change

Total stream 60-288 - 34100.2 -
TVR a. 375-360 1.833 76.1 Variable flowrate
b. 360-280 30.844 6419.2 Variable flowrate
c. 280-193 20.833 4181.1 Variable flowrate and
wide temperature range
d. 193-90 20.833 4230 Wide temperature range
Total stream 375-90 - 14906.4 -
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Several comments are to be made about this table. First of all, the
segmentation of ARES stops at 288°C, instead of 410°C, which is the real target
temperature. The reason is that below 288°C, ARES is a single-phase stream. We
calculate the duty of ARES above 288°C manually, given the total duty of the stream
and the duty of the segments. The total duty is equal to the sum of heat loads of
exchangers E201, E202, E203 and H201. It turns out that the total duty is equal to
62,800 kW (see Table 3.2), so that the duty between 288 and 410°C is 28,700 kW.

If we want to segment ARES from 60 to 410°C, instead of to 288°C, using
ADVENT, the total duty of different segments becomes 57,680 kW, instead of
62,800 kW, as seen before. The reason is that ADVENT does not take into account
a change of phase at 288°C so that the duty calculations below and above 288°C are
identical.

The results of Table 3.4 must be compared with those of the ADVENT
manual (Table 3.5). For streams PA1 and ARES, their duties are slightly different
from one table to the other, but the total duty of the stream remains constant. On the
other hand, for stream TVR, duties in both tables are quantitatively different. After
segmentation, the duties given in the ADVENT manual are much higher for various
segments than those in Table 3.4. We note an abnormality when running |
"segmentation” in ADVENT that may explain this difference. Whenever we select
"liquid phase" for a stream - which is required for this case study - it becomes a

liquid-vapor phase after segmentation. Since duty calculations are not the same for a
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Table 3.5. Stream segmentation results according to ADVENT manual.

Stream Segment Heat duty
Tauppiy [°Cl-Tearger [°Cl (kW]
PAL a. 115-70 2914.8
b. 70-45 1535.1
Total stream 115-45 4449.9
ARES a. 60-130 9472
b. 130-220 13489
c. 220-288 11139
Total stream 60-288 34100
TVR a. 360-280 8346.2
b. 280-193 5435.4
c. 193-90 5767
Total stream 360-90 19548.6

liquid-vapor phase and for a liquid phase, this may explain the difference.

Another comment concerns the duties of streams after segmentation (Table 3.4
from this work and Table 3.5 from the ADVENT manual) and their corresponding
values extracted from the existing exchanger data table (Table 3.2). After
segmentation, PA1 reaches a total duty of 4,450 kW (Table 3.4), which is exactly the
duty of exchanger E204 (Table 3.2). Stream TVR shows once again a difference :
we encounter TVR in exchangers E201 (4,727 kW), E203 (8,346 kW) and E207

(5,650 kW) for a total duty of 18,723 kW (according to Table 3.2), instead of
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14,906.4 kW and 19,548 kW in segmentation Tables 3.4 and 3.5, respectively.
Finally, since our results and those from the manual are relatively close to

each other (except for stream TVR), we shall use the segmentation results in Table

3.5. By doing so, we can compare, on a same basis, the grass-roots and retrofit

designs from this work and those from the ADVENT manual.

3.4 Results and Discussion

A. Grass-Roots Network Design

1. Targeting

The objective of this section is to determine the energy and capital investment

targets ; in other words, we want to find the annualized cost of utility mix, the heat-
exchanger network area, the minimum number of shells (or units) and the capital
annualized cost. Running "Optimization" in ADVENT allows us to find the optimum

AT_. with the minimum total cost.

min
Prior to presenting any results, we need to make a few corrections to the

ADVENT manual. First of all, on page 1-24 of the manual, an arbitrary AT, of

13°C for 1-2 exchangers is chosen, although all the subsequent diagrams in the
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manual refer to a AT, equal to 24°C for 1-2 exchangers. We present here the
corrected diagrams at a AT,;, of 13°C. Second, on page 1-38 of the manual, the
maximum area per shell is changed from 550 (page 1-24) to 700 m? and F;=0.85
also replaces Xshell=0.85 (or X, as defined previously). All this case study takes
into account a maximum area of 550 m? per shell and a Xshell value of 0.85 which

corresponds to a value of Fr=0.8062.

a. Utility Placement

Turning to targeting, the first thing to do is to place utilities so that the composite hot
and cold streams be in heat balance. We see from the composite stream curves
(Figure 3.9) that the heating and cooling duties to add are about 25,000 kW and
5,000 kW, respectively. We then use the option "Autoplace Utility" in ADVENT to
get a balanced composite curve. From the utility data report (Table 3.6), the heating
and cooling duties added are 23,794 kW and 5,192 kW, respectively.

We note that the grand composite curve also does not display the utility and
the pinch temperature value, as shown in Figure 3.10a. On the heat-balance curve,
shown in Figure 3.10b, we can check that flue gas and cooling water added satisfy
the following heuristics :

® 1o cooling above the pinch

® 1o heating below the pinch
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Table 3.6. Utility target report at AT,;,=13°C.

Delta Tmin 13.00000 o
Pinch T Delta T (Real)
Pinch temperature(s): 1901.5 C 1498.0 c
273.5 o} 13.0 Cc
31.5 C 20.0 c
Total Hot utility used 23793.77 kW
Total Cold utility used 5192.277 kW
Minimum total 1-1 area 7424.893 m2
Pros/Pros 1-1 area 6504.636 m2
Minimum total 1-2 area 8432.899 m2
Pros/Pros 1-2 area 7491.792 m2
Minimum number of units )
Minimum number of shells 19
Energy cost 2565437. Uss/yr
Exchanger 1-1 capital cost 693302.0 uss/yr
Exchanger 1-2 capital cost 1049295. Uss/yr
Total 1-1 cost 3258739. UsSs/yr
Total 1-2 cost 3614732. Uss/yr
Utility Summary
Utility Heat Duty Tsupp Ttarg DTcont Cost
kW c Cc C Uss/yr
FLUE GAS 23793.77 1908.0 400.0 6.5 2518332.87
cw 5192.28 25.0 40.0 6.5 47104.34
Utility Flow Rate Pressure Pros/Util 1-1 area Pros/Util 1-2 Area
kg/sec psia m2 m2
FLUE GAS 15.69986 Missing 555.3760 571.6384
CW 82.67694 14.69595 364.8805 369.4682
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b. AT,,, Optimization

It is now possible to attempt a AT,;, optimization since proper utilities are included
and the problem is heat-balanced. We select the "Manual Optimize" option in
ADVENT in order to determine the utility targets (Q, i, and Q. i), the utility-cost
target (Ecost), the heat-exchanger network area target (1-1 Area or 1-2 Area, using
exchangers with one shell pass and one tube pass, and with one shell pass and two
tube passes, respectively), the area-cost target (1-1 Acost or 1-2 Acost), the total
capital investment (1-1 Tcost or 1-2 Tcost), the minimum number of shells (Shells),
and the minimum number of units (Umin), as functions of AT, .

We see from Table 3.7 that the minimum total capital investment is reached at
a AT, of 12°C in case of single-pass (1-1) heat exchangers and of 24°C in case of
multipass (1-2) heat exchangers.

The minimum number of units is equal to six. It comes from Equation (3.11)
for three hot streams, one cold stream, one heating and one cooling utility. This
equation should give a minimum number of units of five (3 hot streams + 1 cold
stream + 1 heating utility + 1 cooling utility - 1). The difference is due to the fact
that no exchanger can be designed across the pinch. Therefore, the equation should
be applied twice : once above the pinch and once below. Above the pinch, the
minimum number of units is equal to two since we have one hot stream, one cold

stream, and one utility ; below the pinch, four units are necessary. The final
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Table 3.7. AT, optimization data with a AT, increment of 2°C.

DTmin QHEmin QCmin 1-1 Area 1-2 Area
(of kw kW m2 m2
2.000000 21991.88 3390.381 15402.68 17486.86
4.000000 22319.49% 3717.998 12227.94 13949.39
6.000000 22647.11 4045.616 10472.61 12048.70
8.000000 22974.73 4373.233 9286.481 10543.64
10.00000 23302.35% 4700.851 8406.855 9242.503
12.00000 23629.96 5028.469 7718.024 8774.922
14.00000 23957.58 5356.086 7158.854 8049.138
16.00000 24285.20 5683.704 6693.154 7422.926
18.00000 24612.82 6011.321 6296.585 7064.520
20.00000 24940.43 6338.939 5954.787 6598.678
22.00000 25268.05 6666.557 5657.820 6222.291
24.00000 25595.67 6994.174 5397.295 5906.669
26.00000 25923.29 7321.792 5168.159 5623.262
28.00000 26250.90 7649.409 4962.744 5493.195
30.00000 26578.52 7977.027 4777 .447 5230.594
DTmin E Cost 1-1 ACost 1-2 ACost 1-1 TCost
c Uss/yr UssS/yr Uss$/yr UsS/yr
2.000000 2358378. 1172452. 2153947. 3530829.
4.000000 2396025. 992932.9 1713235S. 3388958.
6.000000 2433672. 888106.5 1481285. 3321779.
8.000000 2471319. 814476.2 1300110. 3285795.
10.00000 2508966. 758161.4 1152745. 3267128.
12.00000 2546614. 712902.2 1095385. 3259516.
14.00000 2584261. 675325.0 999445.3 3259586.
16.00000 2621908. 643398.1 927861.1 3265306.
18.00000 2659555. 618717.1 880311.4 3275272.
20.00000 2637202. 591465.2 823109.8 3288668.
22.00000 2734850. 570076.2 789029.1 3304926.
24.00000 2772497. 551051.7 745462.4 3323549.
26.00000 2810144. 534105.9 719532.8 3344250.
28.00000 2847791. 518734.7 692981.1 3366526.
30.00000 2885438. 504715.5 668966.0 3390154.
DTmin 1-2 TCost Umin Shells

c Uss/yr

2.000000 451232S. 6.000000 38.00000

4.000000 4109259. 6.000000 30.00000

6.000000 3914957. 6.000000 26.00000

8.000000 3771430. 6.200000 23.00000

10.00000 3661711, 6.000000 21.00000

12.00000 3641999. 6.900000 20.00000

14.00000 3583706. 6.000000 18.00000

16.00000 3549769. 6.000000 17.00000

18.00000 3539867. 6.000000 16.00000

20.00000 3520312. 6.000000 15.00000

22.00000 3523879. 6.000000 15.00000

24.00000 3517959. 6.000000 14.00000

26.00000 3529677. 6.000000 14.00000

28.00000 3540772. 6.000000 13.00000

30.00000 3554404. 6.000000 13.00000

.
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