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b SECTION 1

ENERGY USE IN THE PROCESS INDUSTRIES

1.1  BACKGROUND

The U.S. has experienced rapid growth and development over a

very short time span. This exponential surge has made it the

most energy-intensive country in the world today. With only

six percent of the world's population, our society accounts for

nearly a third of the world's energy consumption. The economic

benefits of our industrialized society are reflected in the

nation's standard of living -- one of the world's highest. The

U.S. Gross National Product (U.S. GNP), one of the leading

economic indicators of the growth and wealth of a nation, is

found to be closely related to the country's energy consumption,

as shown in Figure 1. From 1950 to 1970, the U.S. GNP increased

from $285 billion to $1 trillion -- a threefold increase. Clearly,

much of America's wealth is directly related to its energy

usage.

A look at the country's consumption habits reveals that they

rely heavily on oil and natural gas (Figure 2). In fact, 75 per-

cent of all energy consumed in this country is produced from these

fossil fuels. Just 60 years ago, coal was used for 75 percent

of the nation's energy needs. Today coal supplies only 18 percent

of our energy. The remaining 7 percent is supplied essentially

by hydro-electric and nuclear sources.
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b
A review of overall energy consumption by the major users in

the U.S. (Figure 3) shows that industry, of course, is the

largest consuming sector with about half of its energy used to

produce process steam. A look at how fossil fuel is consumed

by industry (Figure 4) presents another indication of where

industry's energy dependence lies.

Energy is usually classified as either primary--energy used in

manufacturing--or feedstock--energy inherent in the raw material

consumed in production. For instance, ammonia production uses

not only natural gas as an energy source but also as a raw

material. Together primary and feedstock energy make up the

ultimate energy used by industry. (On the overall energy scene,

however, feedstocks account for only about 4 percent of the

nation's gross energy usage.)

Comparing energy consumption with the U.S. reserves of fossil

fuels (Figure 5) reveals a gross imbalance between use and

supply. In 1973 it was estimated that proven domestic oil and

gas reserves, even with only a 5 percent increase in demand

per year, would be depleted in about 10 years. To supply

enough energy, the U.S. today is forced to import almost 50 per-

cent of the crude oil it uses as well as continue to rely on

shrinking supplies of natural gas, despite increasing demand.

The crisis nature of this imbalance was not evident until the

oil exporting nations in the Middle East withheld crude oil

from the world market from October 1973 to March 1974. Be-

cause of this embargo, crude oil prices took a dramatic rise

(Figure 6).
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b.
The industrialized world, relying on a seemingly unlimited supply

of oil--paying only for the extraction and processing and

ignoring the value of the oil itself--was faced with a crisis

overnight. Fuel prices, once based on domestic availability,

were now dependent on imports from emerging nations of uncertain

economic and political intent.

U.S. industry, which previously based production on supply and

demand, was forced to add a third market factor--energy and

resource limitations. Prediction of future supplies and prices

of fuel became elusive, because so many interdependent and inter-

factors affected the energy situation.

Just as environmental movements have made us aware of the inter-

dependence existing in nature, so too the energy crisis has

shown us the delicate interplay of social, political, and

economic forces of an evolving world. Middle East policies,

licensing of nuclear power plants, leasing of off-shore oil

areas, and strip mining controversies are just a few of the

factors that reflect the complexity of the changing energy

c-£:t- Clation-.-     --  -- -

1.2  INDUSTRIAL ENERGY CONSERVATION

Conservation spems to be the raest immediate step available to

mitigate the energy problem. Current estimates of potential

energy conservation for industry (which are little more than

educated guesses in most cases)  are 10 to 15 percent. Even
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b these conservative figures would cut the projected energy

demand by 1980 to the equivalent of 26 million barrels of oil

per day. Many industries may be able to achieve much higher

reductions. For the next few years, energy conservation will

free up more fuel per dollar spent than any known new tech-

nology.

The basic goal of industrial energy conservation is to produce

the product at lower energy costs per unit of production. This

is a broader concept than minimizing fuel and power usage.  A

good conservation program also will look for improvements in

raw material usage, such as switching to less energy intensive

feedstocks and the use of more readily available energy sources.

In effect, a good conservation program is the reoptimization of

a facility that was designed in a time of cheap energy.

Energy conservation programs follow the same basic management

rules of any engineering project. The program must be system-

atic, bearing in mind that improvements eventually must be

sold to management on the basis of economics.

In energy conservation programs, the use of improved process

control is always in competition with the purchase of more

efficient process hardware. Management quite often feels more

comfortable with projected returns from improved hardware.

In this presentation, the basic progress of an energy conser-

vation program in the process industries will be outlined and
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I
then related to improved process control. Some basic guidance

in selecting the most promising applications will be given,

with emphasis placed on structuring energy conservation projects

so that this can be most readily sold to top management. Finally,

there will be a discussion of where we now stand regarding the

use of improved control technology for energy conservation.

1.2.1  ENERGY CONSERVATION IN THE PROCESS INDUSTRIES

Most energy conservation opportunities in the process industries

fall within three cateogries:

•  Low investment improvements - which can be quickly

implemented and have low cost and a quick payout.

These are sometimes called the basic housekeeping

projects, since they represent the quick fixes that

result from changes in operating practices. Examples

of these projects are additional insulation, stopping

stream leaks, and setting controller set points at

more energy efficient values.

e  Moderate investment - These types of projects involve

the addition of auxiliary equipment to recover or re-

cycle energy, but still do not require any major pro-

cess changes. Examples of these types of changes

(which will be discussed in detail shortly) are the

addition of heat recovery systems and improved control

systems on existing equipment.
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•  Large investment changes - these involve large modi-

fications or replacement of existing process equip-

ment. They involve a complete rethinking of some

areas of the process. Changes in manufacturing tech-

nology or the complete revamping of the entire process

control system would fall within this class.

1.2.2  LOW INVESTMENT CHANGES

Although perhaps the entire range of energy conservation options

should be considered, inevitably it is the low investment changes

that are examined and implemented first. For the process in-

dustries, there are certain steps which follow in sequence.

Although these steps can be easily listed, obtaining the data

to apply them to a specific process can be surprisingly difficult.

The first step is always to determine just how far the plant

has strayed from the original design conditions. Even though

the plant was originally designed at conditions far from optimum

at today's energy prices--it is often true that years of opera-

tion have taken it even further from the point of good energy

practice. One of the most informative steps that can be taken

in the initial phase of an energy conservation project is to

examine the actual performance of each part of the process in

relation to the original design. This will lead you to a bettek

understanding of the heat and material balances for each part

of the plant. This step usually makes it clear sometimes in a

shocking manner, just how little you really know about the
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energy characteristics of the process system. This step

naturally leads to the correct data collecting program and the

installation of the proper monitoring equipment. Some examples

of what will be found follow:

•  Steam pressures are higher than design - This could

indicate fouled reboiler heat exchange surfaces, excess

reflux, flush valve leakage, or even leakage through

the tubes of the heat exchanger.

•  Equipment controlled at much tighter specifications

than actually required - This could result in higher

needed product quality in distillation columns which

requires extra reflux and in turn extra energy which

must be applied through increased steam usage.

•  Leaking water valves, pump seals, steam traps and

lines and process lines - A leaking water valve into

a distillation tower, dryer, or evaporator will sig-

nificantly increase the energy usage. For example,

a 1/4-inch valve can pass approximately 12 gpm of

water into the process. One gpm of water leakage

into the process can increase the heat load by 5 per-

cent if this water is being evaporated. An average

leakage of 1 gpm water into the heating or process

side would increase the annual cost by $16,200 per

10 million Btu of process heat.
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  Likewise, steam vents from tracing lines, inoperable

steam traps, and pipe leaks cause considerable loss

of energy. For example, a leak from a 1/2-inch steam

trap or the equivalent of an 1/8-inch diameter tube

could pass over 100 pounds of process steam per hour

to the atmosphere. A plant with 10 such leaks would

lose 8.8 million pounds of steam to the atmosphere.

•  Fouling of heat exchanger surfaces - This contributes

to energy costs by increasing pumping costs. The

power usage for the pump drives increases as a function

of the total head (pressure) developed by the pump.

If the flow rate is constant and the total head in-

creases by 10 percent, the power consumption likewise

will increase.

Fouling of heat exhanger surfaces and cleaning cycle

frequently should be reviewed. As the heat transfer

rates decrease, the capacity of the plant is main-

tained by increasing the temperature difference

between the process side and the cooling/heating side.

Unless this temperature variant is recovered, the plant

is wasting energy.

Monitoring of the fouling frequency of every heat ex-

changer can show justification for reducing the clean-

ing cycle time.

1-12



I •  Heat losses from poor insulation - Today's energy

costs require a reevaluation of insulation require-

ments for process equipment and utility lines beyond

what had previously been required for personnel pro-

tection and high temperature heat losses. Extensive

use of insulation for equipment and process and

utility lines above 150'F should now be considered.

'   Figure 7 illustrates this point. An exposed surface

of 100 square feet at 200'F would have a heat loss

of approximately 50,000 Btu/hr. One inch of insulation

reduces the heat loss by 90 percent and annually

would save the equivalent of 410,000 pounds of steam.

At today's steam costs this is a savings of $1,400

per year, as compared to $310 four years ago. With

ambient air temperature at 50'F, the heat loss would

be 50 percent higher.

•  Unnecessary power consumption - It has been common

practice to oversize motors for pumping or conveying

to prevent overloading. However, motors operate at

best efficiency under full load conditions and good

power factor.  Measuring the amperage and voltage

under load conditions and analyzing the power factor

and horsepower requirements for each motor may indicate

that the local installation of capacitors to maintain

<                a suitable power factor will decrease electrical costs,
increase the load handling capability of the plant's
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electrical system, and increase long-term operation

of the motors. In the case of pumps and compressors,

reference to vendor rating curves after measuring the

flow rate and total head developed will give the

I required horsepower; if the measured value of the head

is significantly higher than design, the pump may be

improperly aligned, plugged, or the temperature of

the operating area may be too high. Any reduction in

motor or mechanical efficiency directly increases

the power costs and energy usage.

A plant operating with a power factor in the range of

0.90 is said to have a reasonably high power factor.

At this level, 90 percent of the total current in the

transmission lines produces working power, whereas a

second plant with a 68 percent factor has 22 percent

less usable power. The savings in costs of electricity

would be achievable to the second plant if it increased

its power factor. The savings are derived both from

reduced energy costs for total kilowatt-hours and

also the power-factor penalty clause for reactive

power. The savings in this case would reach 10 percent.

Additional areas to examine include:

0  Scheduling use of electrical equipment to reduce peak

6
load demand
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I  Shutting down idle heating or cooling.equipment

•  Minimizing use of excess reactants

o  Maintaining vacuum equipment in good condition.

Corroded ejectors requires more steam.

•  Using lower pressure of steam and air pressure.

1.2.3 NEED FOR IMPROVED INSTRUMENTATION

As conservation studies are conducted, it usually will become

apparent that the measurement and recording of data relevant

to an energy program is difficult. In many existing industrial

plants, instrumentation and recorders for flow, temperature,

and pressure measurements have never been installed or become

damaged and have not been replaced after the initial start-up

of the system.

The initial survey for the plant can be conducted using portable

equipment once the areas requiring routine surveillance

«    have been identified. Since the maintenance of the energy

savings and recording and evaluation of system efficiencies

would involve considerable labor/technical manpower to obtain

the measurements, instrumentation must be provided. The in-

stalled costs of the instrumentation can range from $25 to $35

for a pressure gauge to $3,500 to $4,000 for recorders and

controllers.

For each process step and for such auxiliary equipment as pumps,

there is a minimum amount of instrumentation that will permit

the evaluations to be made. Although it is impossible to

generalize for each process step, there is some basic
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I instrumentation which is always necessary and would help to

identify the variability for many of the areas previously -

described. For these general users of energy, the minimum

instrumentation will include:

•  Steam users - pressure and temperature gauges,

inlet and outlet

•  Pumps and compressors - pressure gauges, inlet and

outlet

•  Mechanical seals - throttling valves, rotameters to

measure seal flush flow rates, inlet and outlet

e  Process and utility streams - temperature and pres-

sure gauges; in some cases, particularly energy inten-

sive processes flow and temperature recorders for heating

and process streams should be considered; water flush

lines and fuel rates to boilers should be metered.

The acquisition of the instrumentation normally will be justified

by the energy/raw material savings and the reduction in manpower

Costs. It is also the initial step in the study to evaluate

computer control. Without an analysis of the variability of the

process and its control and process characteristics, computer

application cannot be determined. In addition, much of the

surveillance instrumentation needed to maintain the system at

the best performance level also will be applicable to the com-

puter application.

It can be seen that the items normally implemented under these

first efforts to conserve energy are basically mechanical and

operating modifications that do not offer any major immediate
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        opportunities for computer control. However, it is extremely

important that the engineer interested in applying computer

control to the manufacturing facility take an active interest

in this first phase of the plant's energy conservation program.

It is here that the energy conservation potential for the follow-

ing programs which do have great potential for computer control

are put in perspective. The understanding of where the energy

is being used, the factors affecting the control of this energy,

and the data needed to arrive at correct methods for allotting

energy, are all formed at that stage. This background will be

invaluable for designing a practical control scheme at a future

date.

1.2.4  MODERATE INVESTMENT CHANGES

Once the basic housekeeping tasks have been accomplished and the

plant is rid of the more obvious process functions where energy

is being wasted, it is time to examine some improvements which

require a more sophisticated level of analysis.

Although these proposed steps do not yet require a complete re-

thinking of the manufacturing process itself, they do require a

rather complex analysis of the areas where energy is leaving the

process in comparison to where it is being supplied.

Since most process industry plants have scores of streams enter-

ing and leaving and containing energy at various levels of

availability, the computer now becomes an important tool both

for analysis and for control.
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b The major items to be examined are discussed in the following

paragraphs.
-

1.2.5  CONDENSATE HEAT RECOVERY

Condensate heat recovery can be used in four basic ways to

reduce energy usage:

(1) Preheating. a process stream

(2) Flashing condensate to generate steam

(3) Use as hot water

(4) Boiler make-up water

The first three uses normally occur near where the condensate

is being produced and are easily employed since the quality of

the condensate is not critical to the heat recovery. In many

cases, the optimal use of condensate will include a combination

of the two systems. The amount of recoverable energy depends on

the pressure of the condensate.

Condensate also can be used to generate additional steam. This

will depend upon the initial pressure of the condensate and the

pressure of the steam required for a user. To illustrate the

situation, assume that 30 psig condensate is available and a

need for 5 psig steam is found. In this instance (Figure 8),

5 percent of the condensate will be flashed and then fed to an

exchanger to preheat the feed from the storage tank. Every

100 pounds of condensate used would save 5 pounds of steam.

For large plants where local uses for the condensate cannot

             match the amount of condensate available, return  of  the  con-

densate to the steam generator is applicable. The fuel savings
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for steam or power generation are achieved by reducing the

amount of energy required to preheat make-up water. The conden-

sate system will include extensive piping, pumping stations,

insulation to prevent heat loss, and quality monitors or con-

densate purification systems to prevent impurities from entering

the boilers. If the condensate is returned to the boiler at

180'F where originally 70'F make-up water had been used, a fuel

energy savings of 129 BTU per pound of boiler feed water

(assuming boiler efficiency of 85 percent) is achieved. The

fuel savings will be 9-1/2 percent for a boiler generating

150 psig steam.

1.2.6  PROCESS HEAT RECOVERY

Process heat recovery is often applied in a similar manner as

condensate heat recovery. For this approach, such options as

feed/product heat exchange, vapor/feed heat exchange, and

flashes can be considered.

Figure 9 shows the application of a feed/product heat exchanger

installed to reduce the steam requirements by 75 percent for

preheating the feed and to decrease water usage by 86 percent.

Generally, the cost for this type hardware will be higher than

the equivalent condensate heat recovery systems, since the heat

transfer rates are lower. Back-up heating and cooling systems

also must be installed for start-up and in the event of loss

of flow from one stream. Vapor from one system might be used

to supply heat to another by means of heat cascading. Savings

in thermal energy and water are achieved although one system

becomes dependent upon the other.
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1.2.7  FUEL CONSERVATION FOR POWER AND UTILITY GENERATOR

The previous methods all have one thing in common--energy con-

servation after the steam, electricity, and water have been

supplied. Many methods are available for reducing the direct

use of fuel.  Some of these methods are:

•  Recovery of flue gas heat for preheating the boiler

feedwater and space heating.

•  Upgrading package boilers by installing combustion

controls to reduce excess air. For each 10 percent

reduction in excess air, the boiler efficiency is

increased by 1 percent.

o  Replacing electric motors with steam turbines where

high-pressure steam and a use for the low pressure

exhaust are available.

•  Optimization of standby times for furnaces and heating

equipment to minimize energy losses during start-up

and shut-down where savings from 10 to 40 percent are

possible.

1.2.8  IMPROVED PROCESS CONTROL

The application of higher level control falls somewhere between

the ranges of moderate and a high investment change depending

upon the process. With the introduction of microprocessors and

the decrease of computer costs, the exact price ranges depend

upon each application and the extent to which computer control

is applied. Using computers to control each individual process
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can be a moderate charge. Using a computer to interact with

all the process steps for complete plant control and optimiza-

tion is a high investment charge.

1.2.9  HIGH INVESTMENT CHANGES

1.2.9.1  Process Modifications

In almost all cases the incorporation of high-investment im-

provements to existing plants will require an alteration of the

process and changes in the operating conditions. The retrofit

costs will usually be difficult to estimate and the effects on

the on-stream time and product quality are more complex than

any of the previous studies. However, the savings in energy

and raw materials are, likewise, much higher.

Some of the major changes for the process industries where the

total investment costs are likely to exceed $100,000 will

include:

•  Mechanical recompression of overhead vapors for

reuse of heating medium at higher pressures and

temperature

•  Use steam pressure reduction to generate power            -

•  Supply of both steam and power from power plants

to industrial plants

Incineration of waste products to generate steam

and power
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•  Stripping, distillation and evaporation process

modifications, such as adding additional effects and

increasing heat transfer areas to utilize low pressure

steam.

•  Conversion of vacuum generating equipment from steam

jets and barometric-direct contact condensers to

surface condensers and mechanical vacuum pumps

•  Repair/replace refractory material for furnaces and

heaters

•  Conversion of batch to continuous processes

1.2.10 HIGHER LEVEL COMPUTER CONTROL

Any computer control system that entails installation of a

medium-sized mini or larger computer is likely to be viewed by

management as a major investment. And any computer control

project aimed at coordinating two or more unit processes is

likely to require a computer of that size. The economic justi-

fication for such a project will rest ultimately on considerations

that may include energy savings but are not restricted to them.

For example, assume that energy accounts for 5 percent of pro-

duct value, profits amount to 5 percent value, and a computer

control scheme is estimated to increase yield by 1 percent,

increase throughput by 10 percent, and reduce energy input per

unit of throughput by 2 percent. Then it is reasonable to infer

reduced energy costs per unit of product of about 3.5 percent

and increased profits, due only to improved yield and throughput,
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of about 11 percent, or an overall improvement of about 14.5

percent. All of these benefits are attributable to the com-

puter control project, but only about 1/7 was caused by reduc-

tions in direct energy inputs.
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                                -  SEC
TION 2

ENERGY SAVING APPLICATIONS

2.1 OVERVIEW

Industry consumes approximately 37 percent of the total energy

in the United States. More specifically, the following

industries consume 28 percent of the total energy:

•  Chemicals

•  Petroleum

e  Primary metals

•  Food

e  Paper

•  Stone, clay, glass, concrete

Some of the more energy intensive unit operations found in

these industries include:

•  Distillation

Drying

•  Furnace combustion

•  Steam generation

•  Evaporation

In the past, most energy saving recommendations have been for

improved hardware - heat exchangers, more efficient trays, and

packing for distillation columns. Many times these recom-

mendations were based on the preliminary assumption that
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the existing process was operated efficiently. This is not

always the case.  There are many situations in the process

industry where energy is lost through inefficient operation.

Additional hardware will not improve the energy efficiency in

these situations, in fact, it may often make matters worse.

Applied computer technology has proven how effective it can be

in conserving energy in some areas. The computer can provide

reductions in energy both directly and indirectly through

improved yeild, increased throughput, and reductions in the

production of off-specification material. Although the majority

of the applications seem to be in the areas of monitoring and

control, process analysis is another application that also

has much potential for energy conservation. Process analysis

includes steady state and dynamic simulation, and equipment

rating and design. Process analysis is further enhanced by

computational speed and accuracy, the two most significant

characteristics inherent to computer technology.

This section will point out some general areas where there is

potential for applied computer technology to assist in energy

conservation:

o  Process monitoring

Process analysis

•  Process control

•  Process optimization

2-2
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2.2 PROCESS MONITORING

2.2.1  GENERAL

Process monitoring sometimes can be the most crucial ap-

plication in a process computer system. This is especially

true in new applications where the necessary data and ex-

perience are not available to proceed directly into closed-

loop computer control. A learning period is usually needed to

define the operating characteristics of the process from col-

lected data, i.e., it is the pre-cursor to higher applications

of computer technology.

Process monitoring also can be an end in itself.  In fact, it

has been used many times as a means of centralizing all the

pertinent process data at one location - the operator's con-

sole or CRT. The availability of current data upon demand in

the proper units (not as a percent of full-scale as is often

the case with analog display devices) is very useful to the

operator and can result in both direct and indirect energy

savings. This is shown in the following two examples.

2.2.2  BOILER LOAD DISTRIBUTION

In this first example, the operator conserves energy by

utilizing a process monitoring system. The efficiencies Of

three steam boilers as a function of their load in pounds of

steam generated per hour is shown in Figure 2-la. The range
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rate of 50,000 pounds per hour. The fuel cost would be ap-

in efficiency in most boilers can be attributed to their

        mechanical configuration, rated capacity, operation, and

maintenance procedures. In this case, the efficiency is

directly related to the pounds of steam generated per pound of

fuel.

The·cost of fuel per 1000 pounds of steam generated, again,

versus the boiler capacity, is shown in Figure 2-lb, which

indicates the economic efficiency of the boilers. Boiler load

is usually determined by the steam header pressure. As the

pressure in the steam header drops, the boilers automatically

respond to the demand of the steam header pressure controller.

In an automatic control system, this load demand would be dis-

tributed equally among the three boilers. For example, if the

boilers were required to create steam at the rate of 150,000

pounds per hour, the load would be equally distributed among

the three boilers as shown by the solid vertical line in

Figure 2-1-b. Each boiler would be generating steam at the

proximately $560 per hour.

An alternate and more efficient approach would be to let the

operator determine the boiler allocation based on his prior

knowledge of the boiler efficiencies. This technique is re-

presented by the dashed line in Figure 2-lb. In this case,

the operator has established a line-up where boilers number

one, two, and three generate 50,000, 30,000, and 70,000

2-5



pounds per hour, respectively, satisfying the 150,000 pound

  demand. The fuel cost is now $475 per hour.

Although the operator-allocation method does not yield the op-

timum strategy, it can reduce fuel costs by $85 per hour in

this case, yielding an annual savings of approximately

$680,000.

2.2.3  FOULING OF HEAT TRANSFER SURFACE

The fouling of a heat transfer surface is usually a gradual

process depending on the type of service and the fluid veloci-

ty. Fouling is generally more prevalent in vaporizers, be-

cause of the non-volatile mineral substances that tend to de-

posit on the heat transfer surfaces as the volatile fluid is

vaporized.

Fouling also can be an expensive problem in terms of both en-

ergy comsumption and maintenance. The effects of fouling on

the rate of heat transfer and the cost of steam generation are

shown dramatically on Figure 2-2. A process monitoring system

can detect the extent of surface fouling by tracking the grad-

ual rise in the ratio of the pounds of fuel required per pound

of steam generated. For example, even a small increase in the

fouling resistance (0.001 to 0.002) can represent a loss of

approximately $200 per hour in fuel costs for No. 2 oil.

2.2.4  LOAD-SHEDDING TO AVOID PEAK DEMAND

A typical industrial electric bill usually consists of several

items:
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•  Fuel adjustment

I  Power factor

•  Peak power demand

•  Energy consumption

The user has no real control over the first two items. The

fuel adjustment may vary from month to month and is determined

by the cost of fuel to the power company and by the percentage

of power generated by other methods (e.g., nuclear, hydro,

etc.). The power factor depends on the types and efficiencies

of motors and other electromagnetic equipment in the plant.

However, the user can minimize peak power demand and total en-

ergy consumption through some form of energy management.

Industrial customers are charged by their electric utility

companies for maintaining sufficient capacity to meet their

requirements during times of peak usage. Usually, the highest

power demand interval during the month is used by the utility

company to assess the demand portion of the bill. A demand

interval is usually 15, 30, or 60 minutes, depending on the

utility.

Figure 2-3a shows the highest daily demand intervals for a

period of one month. Figure 2-3b shows the daily energy used

by the plant. A process monitoring system may be interfaced

directly to the plant's demand recorder (the source of Figure

2-3a) and kilowatt hour meters (Figure 2-3b). In this way,

the operator can detect an approaching peak demand situation.
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At this point, the operator may start to turn off or "shed"

         low priority or nonessential consumers (auxiliary equipment,

air conditioning system, etc.) until the rise in demand is

brought under control and maintained below the maximum

allowable demand limit.

Load-shedding can result in reductions of both the demand

factor and the total energy consumption for the month. The

extent of the savings will depend on the number of consumers

that may be shed at any one time without adverse effects to

the process.

The success of any energy conservation program will depend on

the accuracy and the quality of the data collected by the

process monitoring systems. Another advantage of process

monitoring is that once the computer has been installed, it

now becomes practical to run plant tests in other areas that

might lead to further savings in energy. However, the most

important point to remember from this section is that process

monitoring leads to a better understanding of a process, and

this will usually reveal other energy saving opportunities.

2.3  PROCESS ANALYSIS

2.3.1  GENERAL

Process analysis is the manipulation of data for the purpose

of achieving a deeper understanding of a system. One aspect

of process analysis is the correlation of observable phenomena

(dependent process variables) with independent variables (see
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Figure 2-4) in an effort to reasonably predict the process

         behavior or response to changes in operating conditions. The

data used in process analysis may be that which is actually

measured (through process monitoring) or derived by theoreti-

cal means. Consequently, process analysis, unlike process

monitoring and process control, may be carried out indepen-

dently of the process (i.e., off-line) in another computer, or

directly on-line. On-line process analysis is also a function

that is usually. included in most process monitoring and pro-

cess control computer systems.

The potential for energy conservation through process analysis

seems to be the most underrated of all applications of com-

puter technology. Perhaps the reason is that any savings in

energy derived through process analysis are generally achieved

indirectly and may, therefore, be attributed to other factors.

Process analysis may take several forms, and among these are:

•  Process simulation

•  Equipment rating and design

•  Estimation and correlation of better physical property

data

2.3.2  PROCESS SIMULATION

Process simulation is an engineering tool used for the design

and optimization of chemical processes. Mathematical models

have been developed that explore both the steady state and

dynamic behavior of many processes. If fact, there are some

2-11
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simulation systems available today that employ a building-

         block approach. These systems are composed of a collection of

mathematical models for the various unit operations (dis-

tillation, heat transfer, reaction, etc.) which may be con-

figured by the user or arranged in such a way that a complete

process may be simulated at one time, including recycle

streams and product specifications. Before proceeding any

further, it must be emphasized that the development of these

simulators would have been virtually impossible without the

computational speed and accuracy of the digital computer.

Process simulation offers many benefits. For example, it is

far cheaper and much easier to incorporate actual process data

into a simulation model in order to determine the reboiler

duty necessary to maintain product quality when changing to a

new feedstock, than to build a pilot plant and actually try

out the new feedstock. Simulation is a convenient way of

investigating new design concepts.

In the area of energy conservation, simulation is an invalu-

able tool. One extension of simulation is synthesis. Syn-

thesis is the systematic configuration of a process through

the application of advanced simulation techniques enhanced by

certain pertinent heuristics. It has been applied to the con-

figuration of separation processes and heat integration.

The problem of synthesizing optimum heat exchanger networks

dates back to the 1960's. The purpose of heat exchange

2-13



integration or synthesis is to find the structure or layout

that will minimize the necessary incremental investment and

operating costs for the system. Basically, a system is com-

posed of the major processing unit, a heat exchange network,

and an auxiliary heat supply or removal system. Figure 2-5 is

an example of the technique of process synthesis applied to a

110,000 barrels per day pre-heat exchanger train in a crude

unit. Figure 2-5a is the existing unit and Figure 2-5b is the

newly synthesized network. Note the high degree of complexity

of the integrated network. A benefit analysis of the

integrated system is shown on Table 2-1.

Heat integration is rapidly becoming a popular means of con-

serving energy. Feed pre-heating through highly integrated

heat exchanger networks, like the one shown in Figure 2-5b are

becoming more common. Although, as mentioned previously, the-

se techniques have been known for some time, they had not been

accepted by industry until recently due to the complexi-

ties involved in designing and controlling such a network.

However, even a small improvement in a high throughput process

can mean a substantial savings in energy.

Perhaps the most valuable asset of today's process simulators,

as opposed to earlier discrete simulation models, is their

ability to show the various interactions among the individual

components in a process. This is absolutely necessary when

designing a stream-lined, efficient, carefully integrated

process free of estimates and safety factors.
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                                   Table 2-1

Benefits of Process Synthesis in Heat Exchanger Integration

Original System Synthesized System

Heat Transfer Area 114,000 ft2 163,100 ft2

Recovered Heat 298xl06Btu/hr 342x106Btu/hr

Furnace Duty 240x106Btu/hr 196x106Btu/hr

Reduced Duty 44x106Btu/hr

Reduction 18.3%

Fuel Savings* $1.22 Million

Investment $1.85 Million

Simple Payback 1.5 Years

*  $3.30/106Btu

T. Umeda, J. Itoh, K. Shiroko, "Heat Exchange System

Synthesis", (CEP July, 1978)
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         Process simulation has one inherent weakness, however, i.e.,the results are only as good as the data, specifically, the

physical property data. This dependency will be discussed in

the foliowing section.

2.3.3  PROCESS DESIGN AND BETTER DATA

Equipment rating and design are other extensions of process

simulation. One effective way to reduce energy consumption is

through tighter process design. In the past, critical,

energy-intensive equipment usually was designed following a

series of rough estimates and questionable rules of thumb.

This was done because the parametric study of an equipment

item of any degree of complexity had to be accomplished by

hand which consumed considerable time. This problem has been

solved in part by today's advanced simulation techniques.

The ability to save energy effectively through better process

design is related directly to the accuracy of the transport

and thermodynamic data available. This problem has been al-

leviated to some extent by the increasing physical property

data base available for pure components. However, since most

processes obviously involve component mixtures, the physical

properties are heavily dependent on estimation methods.

The design of heat exchange equipment is particularly suscep-

tible to errors in physical properties, as can be seen in

Table 2-2. The effects of a f 40 percent error in den-

sity, viscosity, thermal conductivity, and heat capacity on
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                                   Table 2-2

The Effects of Physical Property Errors on the Calculation of

A Heat Transfer Coefficient

Actual conditions:

Density (lb/ft3) = 53.10

Viscosity (lb/ft-hr) =  1.16

Thermal Conductivity (Btu/ft-hr-°F) =  0.089

Heat Capacity (Btu/lb-°F) =  0.435

Tube I.D. (ft) =  0.061

Flow Velocity (ft/sec) =  5.0

Heat Transfer Coefficient (Btu/ft2-hr-°F) = 349

Heat Transfer Coefficient
Physical Property (-40% Error) (+40% Error)

Density 232 457

Viscosity 444 298

Thermal Conductivity 249 437

Heat Capacity 294 390
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the heat transfer coefficient are shown. Elimination of

         unnecessary overdesign also results in lower pumping costs and

tighter energy control, as well as initial investment savings.

Overdesign in heat exchangers usually is incorporated into

tube length, since in order to maintain a reasonable flow

velocity through the exchanger, the effective tube

cross-sectional area should not be increased. Consequently,

for a constant tube cross-sectional area, more surface area

results in longer tubes, not more tubes. This leads to higher

pressure drops and pumping costs.

Reliable physical properties also are important in the design

of transfer systems. Figure 2-6a and 2-6b show the effects of

density and viscosity on the horsepower requirements of a

transfer system. In this case, design errors caused by inac-

curate physical properties (specific gravity and viscosity)

may result in the over-specification of pumps and motors.

When this happens, additional resistance to flow must be in-

troduced into the system either through an orifice plate or a

throttling valve in order to maintain the flow at the de-

sired rate. This results in needless waste of energy because

of the greater pressure drops in the system.

As was mentioned previously, although physical properties are

generally available for pure components, they are not for mix-

tures. Therefore, mixture properties must be either measured           <

or estimated. Measuring all the necessary physical properties
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of the pertinent streams in an existing process is virtually

  impossible. Even at conditions of steady state, the infinite

mixture compositions possible with only a small number of

components makes estimating them the only realistic

alternative. Highly complex programs for predicting both

transport and thermodynamic properties of both pure components

and mixtures in both the liquid and vapor states are available

today along with data correlation and regression programs.

High quality physical property data is essential for the

simulation of any nonideal system, in particular

multi-component distillation.

2.4  PROCESS CONTROL

2.4.1  GENERAL

Process control is probably the most common application of

computer technology in the process industry, because benefits

derived through process control can be more easily predicted

and quantified than those from process monitoring and an-

alysis. Consequently, although the initial investment is

greater, the economic justification of a computer process con-

trol system is usually easier.

One of the characteristics of computer control is fast, stable

response to proces-s upsets. Manual process control, by con-

trast, generally tends to be conservative. Even an experi-

enced operator sometimes will tend to overcompensate when cop-

ing with a process upset through manual control. In addition,
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the operator can only assimilate a limited amount of current,

         relevant process data at any one time, which may cause him to

be overcautious. A computer is not limited in this sense;

therefore, production will usually increase significantly by

operating closer to the higher limits allowed by the equipment

constraints. Many times energy savings attained through

process control are the result of another major improvement.

For example, in the continuously stirred tank reactor in

Figure 1-3, improved temperature control possible with a

computer could shorten the required residence time and could

also improve the yield. As a result, throughput will be

increased along with the production of sellable product.

Although the energy requirements may increase slightly because

of the increased throughput, the actual energy per unit of

product will decrease. This is an example of how computer

control can result in indirect energy savings while providing

other benefits (in this case, greater throughput and a higher

yield).

There are some situations where tight computer control can

lead to direct energy savings. This will be highlighted in

the following two examples.

2.4.2  FUEL TO AIR RATIO CONTROL

In order to achieve perfect combustion in a boiler or incinera-

tion process, the exact stoichiometric amounts of fuel and air

2-22

..



(oxygen) must be present. If the process is starved for oxy-

         gen, excessive amounts of carbon monoxide and unburned hydro-

carbons will be present in the stack emissions. However, when

the opposite is true, i.e., when there is an excess of combus-

tion air, although the quantities of hydrocarbon emissions are

markedly reduced and virtually eliminated, energy is wasted

heating air that will not be used in the combustion. The

production of nitrogen oxides also is favored by excess of

combusiton air. Therefore, a fine balance exists between air

pollution and energy conservation.

Figure 2-7 shows the effects of excess combustion air on the

cost of steam generation with number 2 and number 6 fuel oils.

It is evident from this figure that the percent excess air

should be maintained as close to stoichiometric as possible.

This may be done by controlling the fuel to combustion air

ratio. A microprocessor monitors the quality of combus-

tion through the flame characteristics and the concentration

of pollutants like carbon monoxide and hydrocarbons in the

stack emissions. It then adjusts the fuel-to-air ratio as

close to stoichiometric as possible, while minimizing the emis-

sion of pollutants through the stack.

The process industries now own and operate about 8,000 large

boilers (those which produce 100,000 to 500,000 pounds of

steam per hour) and 27,000 small boilers (producing less than

100,000 pounds of steam per hour). These boilers usually are
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fueled with natural gas and oil; Therefore, reduction of the

  fuel requirements for steam generation would have a major im-

pact on the overall pattern of industrial energy consumption.

Control of excess combustion air has been demonstrated to

yield substantial savings in energy. The savings for a

well-operated system are usually about 2 percent. However,

most systems are not well-instrumented, and, therefore, the

savings in these situations could be significantly greater.

Figures 2-8 and 2-9 propose two control schemes for waste

incinerators based on the continuous monitoring of the percent

combustibles and percent oxygen in the stack emissions. The

percent 02 is an indication of the present excess combustion

air and is used to trim the fuel-to-air ratio. The percent

combustibles is an indication of burner efficiency.

The control scheme shown in Figure 2-8 is a conventional ana-

log strategy found in many incineration systems. The purpose

of this scheme is to control the incinerator exit temperature

by manipulating the fuel and air flows. The fuel-to-air ratio

is set by the oxygen concentration in the incinerator ef-

fluent. The high and low selectors assure that when the tem-

perature is above set point, the fuel rate is reduced be-

fore the air, and when the temperature is below the set point,

the air is increased before the fuel. This prevents damage to

the incinerator refractory. The same strategy may be

implemented with a process computer (see Figure 2-9). In

6
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addition, the amount of combustibles in the effluent

(indicated by the combustibles analyzer) may be used by the

computer to adjust the temperature set point. High effluent

temperatures decrease the amount of combustibles in the ef-

fluent. Note the reduction in the required analog

instrumentation as a result of implementing this control

strategy with a process computer.

2.4.3 DISTILLATION COLUMN CONTROL

Distillation is probably the most modeled, most common, and

best understood unit operation in the chemical and petroleum

processing industries. It is also the most energy intensive.

Much has been written about distillation column control,

therefore, the actual mechanics are beyond the scope of this

manual.

The purpose of distillation is to separate a mixture of two or

more volatile components with different vapor pressures or

boiling points. Many times the column will be operated in

such a way as to separate one specific component from the rest

of the mixture. Since the purity of the product defines its

market value, it is necessary to insure that it is within the

required specification.

Figure 2-10 shows the effect of recovering methane from a feed

stream consisting of several compounds. Recovery is defined

as the amount of methane separated from the original feed
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stream (i.e., recovered from the feed). Many times columns

are operated so that the recovery will be higher than required

by the specifications. This is a very wasteful practice in

terms of energy consumption.

There are two main conclusions to be drawn from Figure 2-10:

0  Energy consumption (reboiler duty) rises exponentially

with product recovery.

e  It is economically advantageous to operate the column as

close to the required specifications as possible.

Computer control of the column can make this possible. The

computer continuously monitors the concentration of the de-

sired component in both the feed and product streams through

continuous analyzers. By calculating the ratio of the quanti-

ty of methane in the product stream to that of the feed

stream, the computer can determine the percent recovery. The

percent recovery is then compared to the required specifica-

tion. If the percent recovery is above the specification, it

increases product draw rate; if it is below the specification,

it decreases it.

Another energy saving technique for distillation columns is

floating pressure control. This concept states that the col-

umn pressure should be allowed to float within a reasonable

range aiming towards minimum pressure whenever possible.
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Traditionally, columns have been operated at a constant pres-

sure. The reason for this is that product composition or

quality was usually inferred by the temperature of a certain

point on the column (usually some specific tray liquid tem-

perature, see Figure 2-11). Thermodynamics, states that tem-

perature and composition of a mixture are related if the pres-

sure is held constant, thus reducing the number of degrees of

freedom. (Column pressure is usually controlled by flooding

the condenser.)

This is no longer necessary today with the recent advances in

continuous analytical instrumentation, such as gas chromato-

graphs. Although the analyzer indicator (AI) in Figure 2-11

does not give a continuous reading (it may take as long as

several minutes for the chromatograph to sample a stream and

process the sample) through supervisory computer control,

these periodic composition readings are smoothed so that

changes in the distillate rate to compensate for disturbances

are made gradually. This results in a product composition

analysis that is independent of column pressure.

Floating pressure control is particularly useful when sepa-

rating light hydrocarbons. By operating at a lower pressure,

the relative volatility of the key components (ideally, the

ratio of their vapor pressures) will increase. As a result,

the internal reflux necessary to effect the separation will

also decrease. This will reduce the reboiler duty (Btu per lb
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of product) required and lower the temperature profile of the

column. Floating-pressure control is an ideal application for

a process computer because of the degree of sophistication of

the technique.

2.5  OPTIMIZATION

An optimum process is operated under the best possible con-

ditions allowed by the equipment constraints in order to

achieve certain objectives. Optimization in the strictest

sense often involves complex mathematics because of nonlinear

relationships among the key operating parameters of most

processes. One common approach in optimization is to

linearize these relationships within the operating range and

to apply linear programming techniques to arrive at some sort

of optimum conditions. Although linearization introduces a

degree of approximation into the optimization, it simplifies

the mathematics considerably and the results are usually quite

good. There are other optimization methods such as dynamic

programming, etc.

Optimization is not limited necessarily to achieving the de-

sired product quality for the lowest cost. Sometimes the

available fuel or steam supply is limited, or the re-

frigeration or cooling water system is overloaded. In these

situations, it may be appropriate to optimize or minimize the

consumption of the limiting resource.
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Like process analysis, process optimization may be done on-

line or off-line. Whether on-line, or off-line, the results

of the optimization then become the controller set points.

There are various levels of application in process optimiza-

tion:

•  Unit operation

•  Process

•  Plant

Any effort towards ultimate plant optimization should follow

the above sequence of implementation.

In Paragraph 2.2.2, the problem of efficient boiler load al-

location to reduce the cost of steam generation was solved

through process monitoring with operator intervention. This

particular application lends itself very well to optimizing

control. A detailed mathematical model describing the

efficiency of each boiler as a function of the load along with

a relationship between steam costs and fuel costs can be used

to optimize the load allocation. The control algorithm then

converts the boiler line-up into the appropriate process set

points.

Although near optimum performance is possible in small plants

through monitoring and direct operator intervention, the

problem is no longer trivial in large utility complexes such

as the one shown in Figure 2-12. Here, the problem of boiler
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load allocation to meet the changing steam rate demands is

further complicated by the following:

Multiple boilers with varying efficiencies supplying

steam at various pressure levels

•  The fuel used by the boilers may be generated internally

as off-gas or it may represent a portion of the feedstock

(e.g. ammonia plants). It may also be purchased from

several alternate fuels.

•  Some of the high pressure steam produced may be used to

drive turbines and generate part or all of the power re-

quirements

As a result, the boiler load allocation will depend not only

on the demand rate but also on the availability of certain re-

sources.

One approach is real-time optimization with the objective of

minimizing the utility department's variable costs. The

mathematical model consists of the following:

•  An equation expressing boiler efficiency as a function of

load and fuel type

•  Turbogenerator performance curves

•  A steady state heat and material balance for the

utilities system

The optimizing algorithm is based on a linear programming

solution. Nonlinearity is eliminated by linearization over a

specific range of operating conditions. The optimization
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yields the operating conditions (controller set points) which

will result in the minimum total cost of purchased fuel and

electric power, cooling water, and make-up water.

Typical utility bills for a chemical processing plant range

from $20 to $100 million per year. This optimi2ation can re-

sult in a five percent savings in the cost of utilities or

$1.0 million to $5.0 million per year.

Optimizing control is undoubtedly the most sophisticated and

complex application of computer technology in the process in-

dustry. It is also the most demanding in terms of capital

investment and development effort. True optimizing control is

usually based on feedforward control. This implies that the

mathematical model of the process be considerably rigorous in

predicting steady state conditions and possess dynamic ele-

ments as well. This requires a thorough understanding of the

process.

One final thing should be mentioned in this section, and that

is frequency of optimization. On-line (or off-line) optimiza-

tion programs are not run continuously as are process control

algorithms. Once an optimum set of operating conditions has

Been defined by the program, it need not be run again until

the operation departs appreciably from these conditions. As

might be expected, this happens more often on a local or unit

operation level than on a plant level. One example of this
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would be a change in the feedstock to an ethylene plant. This

might occur once a month.  At this time, the plant level opti-

mization model would be run in order to determine the best

production rates and product splits based on market demands,

operating costs, etc. Due to the obvious complexity of these

plant-size models, they are usually linear programs. On a

more local level however, the optimization program might be

run three or four times a day. An example of this would be

the optimization of the distillation train following a crack-

ing furnace.

Optimizing control is a very attractive application, but it

usually lends itself more to very large processes with high

throughputs and a high degree of interaction than to the smal-

ler processes.

2.6  A FRAMEWORK FOR ANALYSIS

There are many ways that changes in the operating conditions

can influence the energy consumption and productivity of an

industrial process. At this point, a framework will be

introduced within which these influences can be analyzed.

The key variables of a process may be represented as shown in

Figure 2-13. Some commonly used terms concerning process

peformance can be defined as follows:

(1)  Y = (P+R)/(M+R) [YIELD]: Product plus recycle per
unit of raw materials plus
recycle
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(2) T = M+R [THROUGHPUT]: Raw material and recycle

                                             processing rate

(3)  E = P/U [ENERGY EFFICIENCY]: Product per unit of

energy

From the relation, E=P/U, it is apparent that the energy

efficiency of a process can be improved by any changes in the

operating conditions that will:

I  Increase P while U remains constant

•  Decrease U while P remains constant

•  Increase P more than U or decrease U more than P

U can be reduced by more careful direct management of the

energy flows in the process - more insulation, strict

maintenance of heat exchangers subject to fouling, recovery of

waste heat, etc.

P can be increased by increasing yield (Y) or throughput (T),

decreasing recycle (R) or a combination of all three since,

Y = (P+R)/(M+R)

then, P=y (M+R) -R

(4) or, p=y.T-R

i.e., P is the arithmetic product of yield (Y) and throughput

(T) minus recycle (R).
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Yield can be increased by reducing recycle (R) or losses (L).

Both of these improvements can be realized through better

control.  If the process is already operating at capacity, a

reduction in the recycle (R) will also increase the throughput

(T). This model is fundamental to correct energy accounting

for a process. It is also fundamental to a more general

assessment of the quantitative benefits of improved process

control.

The effect of changes in yield (Y), throughput (T), energy

(U), and losses (L) on the overall energy efficiency of the

process, i.e., the product per unit of energy (E) may be shown

approximately by:

(5)     E         Y       T        U        L
--- = --- + --- -   ---  -   ---

E            Y         T          U          L

Any change in the energy efficiency of a process is the result

of the sum of changes in yield, throughput, energy, and

losses. (Reductions in energy and losses are algebraically

negative and hence contribute positively to energy efficiency,

as expected).

To illustrate, consider the data reported in Figure 3-2.

Typical changes because of computer applications are:

• Variability - 34 Percent

•  Fuel consumption - 5 Percent

•  Yield             +  2 Percent

• Production + 10 Percent

 il
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Variability is secondary. Its reduction probably contributed

significantly to increased production and yield, but, in it-

self, it is not a final effect.

Changes in production are directly proportional to changes in

throughput (See Equation 4). Therefore, the term P/P may be

substituted for T/T in Equation 5. This leads to an es-

timate for the change in the process energy efficiency of:

E            Y            P          U
--- +  ---   -  ---

E                       Y                      P                    U

E

(+2) + (+10) - (-5)
E

E
+17

E

This illustration is not intended to suggest that the reports

on which Figure 3-2 is based were strict and consistent in

their use of the terms yield (Y) and production, nor that ev-

ery one of them reported all four variables shown in the

figure.  Major departures in both respects are probably the

norm rather than the exception. However, the numbers shown as

averages are typical and do occur simultaneously in many re-

ported case studies. The principal point of this section is

that the proposed model is useful for putting the various ef-

fects in perspective and for inferring their combined impact

on energy efficiency.

 I
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SECTION 3

SPECIAL GUIDANCE FOR DEVELOPING SOFTWARE
FOR THE PROCESS INDUSTRIES

3.1 INTRODUCTION

Several aspects of developing computer systems for the process

industry are sufficiently different from those in developing

operating or management information systems in other industries

to warrant special attention. Failure to give attention to these

points resulted in the massive failure of computer systems to

perform adequately in the late sixties. This section outlines

these points.

3.2 SOFTWARE RELIABILITY

The process industry software will be used to operate extremely

expensive and complex manufacturing facilities which process

large amounts of sometimes dangerous materials continuously.

These facilities normally require long periods to start up or

shut down and interruptions in production or large variations in

operations can be very expensive. Software for the process

industries must be extremely reliable. If it is not, dangerous

conditions might be created. This requires a high degree of

pretesting. The customer cannot be allowed to discover "bugs,"

as is common in most commercial software.
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3.3 COMPLEXITY OF THE PROCESSES INVOLVED

One of the major shortcomings of computer specialists new to

the process industries is the failure to recognize the complexity

of many chemical plants. A large number of high non-linear

variables are involved in any accurate description of a process

industry plant.  It is very common to underestimate this com-

plexity and attempt to devise models or control systems which

do not adequately reflect the real operation.

This can be overcome by working closely with a plant engineer

who is thoroughly familiar with plant operations, and by observing

the plant operations very closely.

 I
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SECTION 4

SUMMARY

The process industries provide many opportunities where computers

can be used to assist in the reduction of energy use. The areas

are:

I  Monitoring

e  Analysis

•  Control

e  Optimization

Since the process industries consist of a variety of combinations

of specialized technology, the plants are not suitable for "mass

produced" software which would be broadly applicable.

Software development for this industry requires a careful step-

by-step analysis of specific applications in close cooperation

with industry specialists. Once installed and operating, however,

the continuous high throughput nature of manufacturing in those

indudtries creates a situation where applied computer technology

can provide very large returns on investment

4-1


