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Introduction

Many chemical processes do not take place at ambient temperature or pressures. In order to reach these non-
ambient conditions, utilities will have to be used to raise or lower temperatures and compress gases. (Towler,
Towler/UQOP) Utilities often contribute 5 to 10% of the price of a product, and may come from public or private
utility companies or on-site plants. For purchased utilities, costs depend on consumption, while for company-
owned utilities, there will be both capital and operating costs. They include things such as steam for heating,
electricity, cooling water, refrigeration, fuels such as natural gas, wastewater treatment, waste disposal, and landfill.
Steam is often the largest utility cost. Cogeneration unit can supply electricity accompanied with different steam
pressures. (Seider 2009)

Electricity

Electricity is used to power many different kinds of equipment. It has many advantages: it is efficient (> 90%),
reliable, available in a wide range of power, shaft speeds, designs, lifetimes, convenience, costs, and maintenance.
It is generally used up to 200 hp, and sometimes over 10,000 Hp. In chemical process plants, the electricity
demand is generally determined by the work or energy required for compression, pumping, air cooling, lights, and
many other items. This electricity often times is purchased from local electricity providers, but many plants
generate their own electricity via sophisticated processes.

Electricity is rarely used as a primary heat utility in large-scale chemical plants for a variety of reasons. The main
disadvantages of using electricity as a heat utility are as follows (Towler 2012):

= Heat from electricity is two to three times more expensive than heat from fuels. This is attributed to
the lack of efficiency when creating heat from electricity.

= Electrical heating units are expensive, require high maintenance, and must comply with strict safety
regulations.

= FElectrical heating units are unsafe compared to steam heating units. In steam systems, the physically
steam controls the temperature, whereas in electrical heating units temperature is controlled by
temperature controllers, which can fail or burn out.

The use of electricity carries with it some hazards depending on the environment. Extra care must be taken when
using electrically-powered equipment in areas which may have combustible fluids, vapors, or dust, and where
liquids may be present. (Seider 2009 pg 606)
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Conventional Power Station

In general, most electricity is generated from a conventional coal-fired process, whether it be on-site or purchased
from a provider. Coal-fired processes have been used to create electricity throughout history, and technological
advances have increased its efficiency and use worldwide. In a coal-fired steam station—much like a nuclear
station—water is turned into steam, which in turn drives turbine generators to produce electricity. There are several
variations on how to create energy from coal, but here are the basics of how a coal-fired process works:
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General Coal-Fired Process Diagram (Duke Energy Company)

» Heat is created:

Before the coal is burned, it is pulverized to the fineness of talcum powder. It is then mixed with hot
air and blown into the firebox of the boiler. Burning in suspension, the coal/air mixture provides the
most complete combustion and maximum heat possible.

= Water turns to steam:

Highly purified water, pumped through pipes inside the boiler, is turned into steam by the heat. The
steam reaches temperatures of up to 1,000 degrees Fahrenheit and pressures up to 3,500 pounds per
square inch, and is piped to the turbine.

s Steam turns the turbine:

The enormous pressure of the steam pushing against a series of giant turbine blades turns the turbine
shaft. The turbine shaft is connected to the shaft of the generator, where magnets spin within wire coils
to produce electricity.

» Steam is converted back to water:

After doing its work in the turbine, the steam is drawn into a condenser, a large chamber in the
basement of the power plant. In this important step, millions of gallons of cool water from a nearby
source (such as a river or lake) are pumped through a network of tubes running through the condenser.
The cool water in the tubes converts the steam back into water that can be used over and over again in
the plant.

= Repeat:

The cooling water is returned to its source without any contamination, and the steam water is returned
to the boiler to repeat the cycle.
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Advantages & Disadvantages of Coal-Fired Energy Production

Advantages & Disadvantages of Coal-Fired Power Stations

Advantages

Disadvantages

Coal-fired processes are reliable during
peak and off-peak times and blackouts are
extremely rare.

The burning of coal releases green house
gas emissions and harmful substances
such as mercury, sulfur dioxide, selenium,
and arsenic.

The energy produced is affordable
compared to other energy sources because
coal is cheap and abundant compared to

other fuels.

Mining coal destroys environments for
both wildlife and humans by causing
pitting of the earth.

The production and use of coal as fuel is

Coal-fired processes produce millions of

tons of waste that cannot be reused,

widespread, so the technology is
contributing to waste disposal problems.

constantly advancing to become more
efficient.

Advantages and Disadvantages of Coal-Fired Processes (Seider 2008)

Gas-Turbine Cogeneration Process

When generating energy on-site, many plants use a gas-turbine cogeneration process. The thermal efficiency of a
gas-turbine process is in the range of 70-80% while conventional power stations, such as coal-fired processes, have
a 30-40% efficiency. The lower efficiency in more conventional power stations is attributed to wasted heat in the
exhaust steam in the condenser. One example of a gas-turbine process is outlined in the following figure. Figure
3.1 is a gas-turbine cogeneration process with a heat recovery steam generator (waste-heat) boiler.
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Gas-Turbine Cogeneration with a heat recovery steam generator boiler (Towler 2012 Fig 3.1)

Overall, the process illustrated is not much different from a coal-fired process. The main differences are that the
cogeneration process creates both electricity and a heat utility, and cogeneration processes use natural gas instead
of coal. Many of the advantages and disadvantages are similar to those of the coal-fired process, but the
cogeneration has a much higher efficiency, creates heat to be used in another process, and uses a more volatile and
expensive fuel. The main advantage of cogeneration over coal-fired energy production is that heat is not wasted. In
coal-fired processes, heat is released and wasted during electricity generation. Cogeneration captures some, if not
all of the byproduct for heat, which is an extremely useful utility that will be discussed in subsequent sections. In
summary, the cogeneration plant is superior to the coal-fired process because of its higher efficiency and ability to
create a useful heat utility.

Obviously any engineer would design the cogeneration plant to meet at least the energy requirement necessary for
plant operation, but cogeneration plants often times are designed to exceed the plant electricity requirement to
drive another source of capital. Many describe this scenario as a "make or buy" scenario (Towler 2012). This
scenario provides chemical producers leverage when negotiating contracts with outsourced electricity providers
and this allows plants to purchase electricity at a wholesale price. This is a huge advantage of considering on-site
electricity production because electricity is needed in relatively high quantities for all chemical plants. Being able
to minimize electricity costs, or even profit off of electricity production is a huge economical consideration that all
plants employ.

Process Heating

The key objective of this section is to discuss how processes are heated. Heating utilities are necessary for proper
usage of distillers, reactors, condensers, and several other integral types of equipment. More specifically, steam,
fired heat, and hot oil/specialized heat transfer fluids will be discussed in the following subsections.

Steam
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Steam is the most commonly used heat utility used in chemical plants, and as a result understanding how it is used
is essential in the study of Utility systems. Steam is used both as a process fluid (feedstock, diluent to absorb heat
of reaction, heating agent, and stripping agent in absorbers and adsorbers ) and utility. It can be used to drive
pumps and compressors, ejectors (for producing a vacuum), and heat exchangers. As one can clearly see, steam is a
versatile, and useful utility.

Here are a few advantages of using steam as opposed to other methods of process heating (Towler 2012):

= By controlling the pressure of the steam, one can control the temperature at which the heat is released.
Having a strong control over the temperature is essential in several processes. =

= Steam is an efficient heat source because the heat of condensation of steam is very high. Meaning that
there is is high output per mass of utility at a constant temperature.

= Heat exchangers that use steam are relatively cheap because condensing steam has a high heat transfer
coefficient.

= Steam is nonflammable, nontoxic, and inert to several process fluids.

Chemical plants generally have a network of pipelines exclusively for providing steam. These networks generally
have steam at a low pressure, a medium pressure, and a high pressure. The image below illustrates a basic steam
system.
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(Towler 2012 Fig 3.2)

In the diagram above, boiler feed water at a high pressure is preheated and fed to other boilers. These other boilers
superheat the steam to create a high pressure and high temperature steam stream. The steam is superheated past the
dew point to account for heat loss in the pipelines. A portion of the high pressure steam is used for process heating
in areas of the plant that require high temperatures. The rest of the high pressure steam is turned into medium
pressure steam by valves and steam turbines. The medium pressure steam is then used to heat medium temperature
processes and to form low pressure steam. The low pressure steam can be used to heat low pressure processes and
it can be expanded in condensing turbines to create shaft work and energy. In summary, steam can be used for an
innumerable amount of action items in a plant. High pressure, medium pressure, and low pressure steam can all be
used as a heat source. Low pressure steam has utilities in creating electricity and it also has several other uses.
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Fired Heat

In many cases, processes in a plant require a heat source stronger than high pressure and temperature steam. That is
when fired heat is used, which is generally at temperatures above 523K. Streams can be heated directly in the
furnace tubes or via a hot oil circuit or heat transfer fluid, which will be discussed in detail in the next section.
Most fired heaters use natural gas as fuel because it burns cleaner than fuel oil. A cleaner burning fuel is always
advantageous due to environmental and safety concerns. Furthermore, natural gases usually result in less wear and
tear in burners and fuel lines.

Depending on the application of the fired-heater, different design specifications can be implemented to make the
fired-heater as efficient as possible. The basic construction of a fired heater starts with a cylindrical chamber that is
lined with with refractory bricks. The stream that is to be heated flows through tubes inside of the furnace. These
tubes can be arranged in several different arrangements such as, around the walls of the furnace, or in horizontal or
vertical banks (Towler 2012). The figure below illustrates the basic construction of the fired-heater and varying
tube arrangements.

Convection N
bank :

/ Radiant
coil
Radiant

I / tubes

Radiant
tubes

=

(b) (c)

Basic Fired-Heater Diagrams (Towler 2012 Figure 19.66)

Fuel is burned to heat the entire furnace, and the heat transfer occurs from the combustion gases inside of the
furnace across the tubes that are filled with our desired stream. The heat transfer between the tubes and the furnace
1s accomplished primarily via radiation. Modern designs take advantage of convective heat transfer by adding a
smaller section on top of the fired-heater where the combustion gases flow over banks of tubes as seen in (c¢) in the
figure above. Heat transfer can be further improved via convection by adding fins or pins in the combustion
section.
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The cost of fired heat can be calculated by the cost of fuel fired. Natural gas and heating oil are traded as
commodities and prices can be found at many online trading sites or business news sites (i.e.,
www.cnn.money.com). Past historic prices for forecasting can be found in the Oil and Gas Journal or from the U.S.
Energy Information Adminstration (www.eia.gov).

Fuels

Fuel is burned in utility facilities such as boilers, electricity generation, and cogeneration, and can be in solid,
liquid, or gas form. It can also be burned to provide heating for a process or stream or to drive pumps and
compressors. The fuel is usually burned with excess air to ensure complete combustion.

A way of quantifying the amount of heat generated is by using the heating values. Higher heating value (HHV) and
the lower heating value (LHV) are used. The heating is the total heat evolved by complete combustion of a fuel
with dry air with both at 60 °F and the flue gas after combustion brought back down to °F. If the water vapor in the
flue gas is not condensed, we obtain the LHV. If the water vapor is condensed, the value of heat evolved is a bit
higher, and this is the HHV. Heating values for solids and liquids are usually on a per-mass basis, and gases on a
per-volume basis. A specified amount of heating cannot be met with the amount of fuel calculated using only the
HHYV. There will be heat losses, the flue gas temperature will be greater than 60 °F, and water in the flue gas will
typically be vapor. (Seider 608)

Hot Oil/Specialized Heat Transfer Fluids

Specialized heat transfer fluids and hot oil circuits are used as heat sources when steam and fired heat is not
appropriate. Specialized heat transfer fluids and hot oil circuits are extremely versatile in that they can be used in
the temperature range of 323K to 673K. This range however is quite variable. For hot oils, the upper temperature
limit is gauged based off of the thermal decomposition of the oil and coking/fouling of heat exchanger tubes.

Hot oil circuit systems are most commonly used when the plant has several small temperature heating requirements
because it is more economically sound. Rather than having several fired heaters heat each small temperature
requirement, it is much more economical to have one fired heater heat the hot oil and circulate that oil through each
of the process to meet all of the heat needs. Hot oil systems are also generally favored over high pressure steam in
processes that involve high pressure differentials between the process stream and high pressure steam. Hot oil
systems are favored in this scenario because of safety concerns. If the steam were to leak, the pressure drop could
cause serious safety issues.

Mineral oils are the most commonly used heat transfer fluids, and one prominent example is Dowtherm A.
Dowtherm A is a combination of 26.5 wt% diphenyl in diphenyl oxide (Towler 2012) and is extremely thermally
stable. These mineral oil systems generally require high flow rates.

Process Cooling

Cooling Water

Cooling water is used to cool and/or condense streams. Cooling water is usually circulated between process heat
exchangers and a cooling tower. Water is cooled during downward motion by contact with air blown upwards,
which can bring the water temperature to come within ~ 5 °F of air’s wet-bulb temperature. Approximately 80% of
the temperature reduction is due to evaporation of the cooling water and heat transfer to the surrounding air. Water
can also be cooled in spray ponds and cooling ponds. Both work by providing high area for water to exchange heat
with air. Water in cooling towers is lost through drift and blowdown, and makeup is usually 1.5 to 3% of the
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circulating rate. If a large natural body of water is nearby, it can be used as a source of cooling water and
discharged downstream. This water is usually filtered to remove salts and impurities that may lead to fouling, but it
1s not treated.

Refrigeration

Cooling water can usually be used to cool a stream to ~ 100 °F. Air can only cool to ~ 120 °F. Air may be used in
places where water is scarce or more costly to transport. To cool or condense streams below 100 °F, a refrigerant is
typically used. Chilled brine can also be used, but is less common.

Until 1995, CFC Freon R-12 (dichlorodifuloromethane) and HCFC Freon R-22 (chlorodifuloromethane) were
commonly used refrigerants. However, the chlorine atom in the molecules caused the depletion of the ozone layer.
The U.S. Clean Air Act Amendments of 1990 went into effect in 1995, and the production of these refrigerants has
since stopped or been greatly reduced.

Cost estimates are based on ton-day of refrigeration, where a ton is the heat that needs to be removed to freeze 1
ton per day of water at 32 °F. Substitutes have since been developed. R-134a is often used in place of R-12.
According to the EPA, R-134a is not combustible at ambient conditions, and is essentially non-toxic under 400
ppm, and is not ozone-depleting. (Seider pg 607)

Energy Efficiency

One of the chief concerns in selecting and designing process utility systems for heating and cooling is how to
achieve the most energy efficient design. There are countless means by which plants lose energy, two of the
foremost being through the mixing of different temperature or pressure streams and through the disposal of
warmed cooling water. (Seider, 2009) Proper utilities design can help mitigate each of these losses as well as many
others. The energy efficiency of a plant will depend primarily on the heating and cooling methods that are being
used and the overall system design itself. These two parameters are important in determining how well energy is
transferred to the desired media as well as how well that energy is recovered and recycled.

Hot Utility Efficiency

As mentioned above, the most commonly used utilities for process heating in large scale processes are steam, fired
heat, and hot oil heaters. Of these, steam is the most commonly used. Electricity, while efficient at creating power,
is not a viable source of heat in large industrial processes. Common ranges of heating efficiency for these three
methods are displayed in Table 1. (Towler and Sinnott, 2012; Broughton, 1994)

Table 1: Process Heating Efficiencies
Process Heating Method Typical Efficiency

Steam (via coal boiler) 72%
Steam (via gas boiler) 73%
Steam (via oil boiler) 75%

Fired Heat w/ Convective Section |85%
Fired Heat w/o Convective Section | 60%
Hot Oil Heaters/Vaporizers 80-85%

Steam
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As steam is so popular for heating purposes, it is useful to analyze the numerous ways in which losses can occur in
steam systems. There are five primary sources of inefficiency and heat loss in the generation and distribution of
steam throughout a process plant:

= The heat content of boiler exhaust gas

= Incomplete combustion of boiler fuel

» Radiant losses from the boiler exterior

= Blowdown losses

= Distribution losses (pipe transport, steam traps, etc.)

The first four of these losses take place at the boiler and contribute to the heating efficiencies seen in Table 1 for
steam created with coal, gas, and oil. Several methods can be used to minimize these losses, one of the foremost
being the control of air-to-fuel ratio in the boiler. This ratio must be managed by weighing losses due to
uncombusted fuel against losses due to the heat content of excess exhaust gas. (Broughton, 1994)

% HEAT LOSS IN FLUE GASES

% TOTAL AIR

Air-to-fuel ratio relationship with heat losses (Broughton Fig 2.3)

The air-to-fuel ratio can be optimized using a feedback process controller. The control system will analyze the
oxygen content of exhaust air and adjust the incoming air flow rate to achieve a set percentage of excess air. While
desired excess oxygen will vary depending on the type of fuel, it is consistently seen that in the minimum loss-
range a 1% increase in excess air will result in a 1% decrease in efficiency. ("Oxygen Control")

In addition to air-to-fuel ratio management, steam heat losses at the boiler can be mitigated via energy recovery,
which is discussed in further detail below.

Outside the boiler, losses in distribution of steam throughout facilities can decrease energy efficiency by a
significant amount. This can cause up to a 60% increase in losses, but typically results in an overall steam
efficiency of 50-55% (down from approximately 75% at the boiler). (Broughton, 1994) There are several ways that
this issue can be addressed. First and foremost are steam metering systems, which can be used to monitor heat
supply to separate sections of the process facility, check efficiency of fuel use, and determine which processes in a
given plant have the highest steam requirements. Another method of minimizing transport losses is to decentralize
steam generation systems. It can be advantageous to have numerous smaller boilers rather than a single centralized
boiler so that steam does not have to travel as long of distances to reach its destination.

Cold Utility Efficiency

https://processdesign.mccormick.northwestern.edu/index.php?title=Utility_systems&printable=yes 10/24


https://processdesign.mccormick.northwestern.edu/index.php/Utility_systems#Energy_Recovery

10/15/2018 Utility systems - processdesign

Efficiency in cooling processes depends more on the method used, and by extension the amount of coolant needed.
Water and air utility efficiencies depend primarily on the fluid flow required to maintain the system at a desired
temperature, while powered refrigeration utilities (for colder processes) have efficiencies at approximately 60%--
but ranging up to 90%--of Carnot cycle efficiency, a metric of ideal refrigeration efficiency. (Towler and Sinnott,
2012) Cooling systems represent by definition a loss of energy from the main process to the utility stream, and as
such it is often useful to find other uses for the heated media before discharge.

Energy Recovery

Recovery and recycle of energy is perhaps the most important aspect of creating an energy efficient plant design,
and it is important for process engineers to fully consider possibilities for heat recovery in order to aid in economic
viability.

Process Heat Exchange

Heat exchanger networks are a very common energy recovery method in industrial processes. These networks most
frequently allow energy from heated product streams to be transferred to feed streams that must be brought up to
process temperature. (Biegler, 1997) More information on the function and design of heat exchanger networks can
be found on the heat exchanger wiki page. The following are several examples of energy recovery via heat
exchange that are used in industrial processes.

In distillation columns the bottoms and distillate effluents have the potential for energy exchange. Though the
condenser at the top of the column cannot supply its waste heat to the reboiler due to their respective temperatures,
the effluent streams can supply heat to the feed via a feed-effluent exchanger. This reduces the utility requirements
to raise the feed to column temperature. (Biegler, 1997)

Feed sterilization, commonly used in the food industry, is a
common application for heat recovery through process
stream heat exchange. In this application, the feed must be
heated for a certain amount of time to kill any biological
contaminants, after which it can be used to heat the new raw
feed for sterilization. This reduces energy demands on the
steam heater and thus reduces cost. (Towler and Sinnott,
2012)

Steam
heater

Feed sterilization schematic. (Towler and Sinnott Fig.

In multi-vessel batch processes it can be advantageous to 330)

exchange heat as the process fluid is being transferred
between vessels. Like the previous examples, this reduces the
utility needed to bring the colder feed up to process temperature, thus reducing costs. (Towler and Sinnott, 2012)
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Multi-vessel batch heat exchange schematic
(Towler and Sinnott Fig. 3.31)
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Utility Regeneration

When recovery of waste heat via transfer to other process streams is
inconvenient or impossible, energy efficiency can still be improved through
the regeneration of utilities. This is commonly done through the regeneration
of steam by removing heat from exiting streams or from highly exothermic
reactions. Waste heat in exiting streams can be removed via heat recovery
steam generators (HRSGs), and is most often used on exiting gas streams. Heat
recovery from reactions is a viable option when the reactor temperature will be
at 150 C or above, as this will create steam at high enough pressure to be used
in other processes. (Towler and Sinnott, 2012)

-.: P o pe
Industrial modular HRSG

In the case of steam, waste heat and water treatment losses can be recovered

from the utility generation process itself. One of the most common ways to do this is with an economizer. As seen
in the schematic below, economizers have heat exchangers fit to the exhaust gas flow in order to transfer waste heat
from these gases to the incoming boiler feed water. This can result in fuel energy savings of approximately 15% for
typical excess air percentages in steam boilers. (Broughton, 1994; "Economizers")
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Economizer schematic ("Economizers") and economizer energy recovery correlations (Broughton Fig 2.2)
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Additionally, there are still more opportunities for recovery in steam
generation processes. One typical case is the use of waste heat to preheat air
entering the boiler. Optimistically, this can result in a 5% improvement in heat
recovery for the system. Another method is the recycle of steam condensate
back to the boiler. This has two main benefits: it retains the heat still present in
the condensed steam and it retains the pretreatment chemicals added to the
steam. (Broughton, 1994)

- RLER PUEL BV

Furthermore, there is opportunity for energy recovery in the expansion of
compressed gas through a turbine to create electricity, a process that can be
economically viable given sufficiently high flows or pressure. One of the
primary application of this type of energy recovery is in the creation of
medium pressure and low pressure steam. In most processes, all steam is
generated as high pressure steam and can be expanded through a turbine to
decrease its pressure. Such technology has also been used in processes to synthesize ammonia, perform air
separations, and synthesize nitric acid. (Towler and Sinnott, 2012) Recently, however, there has been a particularly
strong interest for energy recovery in the natural gas industry, when gas is decompressed from major pipelines to
residential low-pressure pipelines. A 2001 study estimated that there is the potential to recover 21 TWh,
representing 11% of natural gas transport energy, via gas expansion. (Lehman)

Condensate return fuel savings
(Broughton Fig 2.4)

Process water and boiler-feed water

Process water is water that will be directly used in the process. Boiler-feed water (BFW) is used to produce steam.
Both may need to be purified to prevent impurities from contaminating a process or from foul equipment. It can be
used as a cooling stream when the temperature of the stream to be cooled is greater than ~300 °F. Cost of BFW can
be partially offset by the steam credit.

Process water that undergoes moderate pretreatment can cost ~ $0.75/1,000 gal.
Extensive treatment ~ $6.00/1,000 gal.

Sterilized for pharmaceutical processes ~ $550/1,000 gal. (Seider pg 608)

Demineralized Water

In demineralized water, minerals have been removed by ion exchange. In boiler feed water, this is to prevent salt
deposition, corrosion, formation of foam, and sluicing. In process water, the ions may contaminate the process.

Waste Treatment

Most chemical processes will produce some sort of waste. Disposal occurs to the atmosphere (in the case of some
gases), sewers, body of water, or a landfill. Waste may require some treatment before disposal to meet regulations.
Depending on process economics, byproducts may be recovered and processed. (Seider 2009 pg 609)

Wastewater Treatment
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The United States EPA regulates industrial wastewater disposal through the Clean Water Act, introduced in 1948 as
the Federal Water Pollution Control Act and amended to its current form in 1972. The sweeping 1972 amendments
allowed the EPA to prevent industries and persons from discharging contaminated water into fresh water sources
and set water quality standards. (Summary of the Clean Water Act) In accordance with this law, process plants in
the United States treat wastewater at on-site or near-site treatment centers before releasing it into the surrounding
environment.

Wastewater effluent streams, along with water runoff from around the plant, are treated to control for pH, toxicity,
suspended solids, and biological oxygen demand (for aquatic life protection) prior to discharge. Each of these
controls is typically addressed with a separate method. Acidity and basicity is balanced through the addition of an
acid or alkaline solution. Toxic wastewater may be treated with chemical processes or simply diluted to safe
concentrations. Suspended solids can be removed via filtration and/or with clarifiers. Oxygen demand of
wastewater can be mitigated using activated sludge treatment processes. Once the water quality complies with the
EPA, and state-mandated, regulations, it can be safely released. More information on the large number of industry-
specific guidelines for waste effluent can be found on the EPA website (http://www.epa.gov/eg/industrial-effluent-
guidelines).

Air-Pollution Management

Introduction

In the United States air pollution is regulated in the Clean Air Act, and almost all pollutant emitting plants are
regulated under this law. The types of plants that can release significant emissions include petroleum refineries,
sulfur recovery plants, carbon-black plants, fuel conversion plants, chemical process plants, fossil fuel plants, and
petroleum storage and transfer facilities. To receive permission to construct a plant must undergo a review to show
that it will not cause a violation of the Ambient Air Quality Standards(Peters, 2003).

Methods

There are two major types of pollutants that are released into the air, particulates and and gaseous pollutants.
Particulates can be removed with mechanical forces while gaseous pollutants typically need to removed by
chemical or physical means (Peters, 2003).

Particulates and volatile pollutants that need to be removed before disposal may be present. Particle removal
equipment includes: cyclones, wet scrubbers, electrostatic precipitators, and fabric-filter systems (Seider 2009)
such as bag filters (. The two charts below are from Plant Design and Economics for Chemical Engineers and
show the types of equipment, separation methods, and particle sizes in different pollutant separation technologies
(Peters, 1991).
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Characteristics of pollution particulates and control equipment for removal

Different Methods of Particle Separation, the Particle Sizes they Can Remove, and the Technologies Used
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Optimam?  Oyplimum
size concen- Tempera- Presure Space
Control particle,  iration, ture limi-  drop. Effi-  require  Collected
equipment microns grains /Y tathons, °F  in. Hy0  ciency mentsd  pollutant Remarks
Particulates  pollutant

Mechanical  collecions

Seeiling  chamber = 50 >5 T00 < 0.1 <3 L Drydusn} {Gm-dﬁmﬂlmn

Cyclone 5-25 =1 00 1-5 50-90 M Dy st Low initial cost

Dynamic  precipitator = 10 =1 L Fan <80 M Dry dust

Impingessent  separsior > 10 =1 T <4 <8} & Dry dust
Bag filer < ] >0 500 >4 >0 L Dry dust Bags sensitive to bumidity, filter

welocity, and temperature

Wt  collector

Spray ftower 13 =1 40-700 0.5 <Bl L Liguid aste treatment  requined

Cyclone =5 =1 40-700 >1 <8 L Liquid Visible plume possible

Impingement =5 »1 40-T00 >12 <8 L Liquid Corrosion

Ventari <1 > 0.1 40700 160 < % 5 Liguid High temperstare operation possible
Electrostatic  procipitator <1 >0l 850 <1 95-99 L Dy or Sensitive to varyving condition and

wel dust paricle  properties
CGaseous  pollutant
Gas  scrubber % 40-100 <10 > ML Liquid Same as wet collector
Gas  adsorber § 40-100 <10 > L Solid ar Adsorbent  life  critical
liquid {E!igh initial and opersting cost
Direct  incincrator Combustible 2004 <] <9 M None High operating costs
Vapors
Caialytic combustion Combustible 1000 > 1 <9 L None Contaminants ecould poison caialyst
VApOrs

+ Minimum particle swre (collected at approximately 90 cfﬁl:imq,- under usual opersting conditions)
1 Space requinements 5 = small, M = moderate, L = large
§ Adsorber (concentrations less than 2 ppm noo-regenerutive system; greater than 1 ppm regenerative system)

This Chart Shows the Specifications and Limitations of Different Separations Technologies Including Particle Size,
Efficiencies, and Temperatures(Peters, 1991)

Methods for removing inorganic and organic gaseous pollutants include: absorption, adsorption, condensation, and
combustion (Seider 2009 pg 609). A list of typical of gases pollutants and their sources from Plant Design and
Economics for Chemical Engineers is shown below (Peters, 1991).
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Typical gaseous pollutants and their sources

Utility systems - processdesign

Key
element Pollutant Source
S SO, Boiler, flue gas
SO, Sulfuric acid manufacture
H,S Natural gas processing, sewage treat-
ment, paper and pulp industry
R-SH (mercaptans) Petroleum refining, pulp and paper
N NO, NO, Nitric acid manufacturing, high-
temperature  oxidation  processes,
nitration  processes
NH, Ammonia manufacturing
Other basic N compounds, pyridines, Sewage, rendering, pyridine base,
amines solvent processes
Halogen:
F HF Phosphate  fertilizer, aluminum
SiF, Ceramics, fertilizers
CFC Cleaning operations, refri-
geration and air conditioning
systems, insulation foams
Cl HCI HCl mfg, PVC combustion, organic
chlorination  processes
cl, Chlorine  manufacturing
c Inorganic
co Incomplete  combustion  processes
Co, Combustion processes (not generally
considered a pollutant)
Organic

Hydrocarbons-paraffins, olefins,
and aromatics

Oxygenated hydrocarbons-aldehydes

ketones, alcohols, phenols, and
oxides

Chlorinated  solvents

Solvent operations, gasoline, petro-
chemical operations, solvents
Partial oxidation processes, surface
coating operations, petroleum
processing, plastics, ethylene oxide
Dry-cleaning, degreasing operations

Common Gaseous Pollutants and their Sources

Typically Gas-liquid absorption processes are done completed in a vertical, countercurrent, flow through packed,
plate, or spray towers. These systems require good liquid-gas contact and proper equipment. These systems also

often have significant energy consumption because of large pressure drops (Peters, 2003). For high volume
systems absorption by scrubbing with water or another solvent is the most widely used method (Towler, 2012). Dry
adsorbents can be used to remove the last races of gaseous pollutants. Adsorption typically requires blowers,

condensers, separators, and controls. You also typically need two packed beds so that one can be used while the

other is regenerated. Examples of adsorbents are molecular sieves and activated carbon. Incineration is typically
used when there are gas streams that have no recovery value. This can be done with direct flame or catalytic
oxidation. Catalytic oxidation usually has higher capital costs, but lower operating costs because it does not require

fuel.
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Wet Scrubbers

Wet scrubber use lime or limestone and water to remove SO, and acid gases. The mixture can be injected into a
scrubber or the gases can be bubbled through this mixture. This results in removal of 90-98% of SO, and and acid
gases (Clean Coal Technologies).

Dry Scrubbers

Dry scrubber blow powdered adsorbents into a vessel with gases and then after it has captured the SO, and acid

gases it is separated from gas using a fabric filter. These systems remove 90-93% of the contaminants (Clean Coal
Technologies).

Low-NOy Burners

The purpose of low NO, burners is to decrease the amount of NO, created when the coal is burned. This is done by
injecting coal and air in boilers. This can result in 40-50% NO, reduction. If air is injected into the area above the

burner this can actually cause almost 70% NO, reduction (Clean Coal Technologies).

Selective Non-Catalytic and Catalytic Reductions

These systems inject ammonia into gases to remove NO,. The Catalytic reductions add a catalyst to the ammonia

being injected to aid in the removal. Con-catalytic reductions result in about 35% removal, but adding a catalyst
can increase that amount to about 90%. The catalytic-reduction can remove up to 80% of mercury as well (Clean
Coal Technologies).

Fabric Filters

Also known as baghouses,these filters remove particulates by passing air through filters. These can separate as
much as 99.9% of particulate matter (Clean Coal Technologies).

Electrostatic Precipitators

Electrostatic Precicpitators remove particulate matter as gas passes through a device that has charged metal plates.
The particles are then removed because of static electricity. These systems can remove between 99-99.9% of
particulate matter (Clean Coal Technologies).

Super-critical Boilers
Super-Critical Boilers and Ultra-Supercritical Boilers operate at temperature and pressure higher than regular

boilers. By operating at higher temperature these systems become more efficient. Super Critical Boilers typically
have 10%-20% CO, emissions than other similar sub-critical technologies. Ultra-Supercritical boilers can be as

much as 30% more efficent than sub-critical technologies (Clean Coal Technologies).
More Information

For more information regarding some of these separations equipment see Solids-involved equipment

For more information Regarding Cyclones see Cyclones, and for modeling cyclones see theirHYSYS Simulation
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You can find more information on Absorption and Adsorption in Separation processes
Outcomes (Case Studies)
United States Common Pollutant Emissions

The United States implemented the Clean Air Act in 1970 and since then emissions in the U.S. have been
drastically reduced. As a matter of fact despite increases in the population in the last 35 years the amount of
pollutants emitted have decreased by almost 70% (EPA). More importantly this demonstrates that reasonable
efforts can be put towards environmental protection without causing too much harm to industry.

Comparison of Growth Areas and Emissions, 1970-2014
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China Clean Coal

Success Through 2005

Coal is a very inexpensive and abundant source of energy and is abundant in China (Xu 2010). In China Coal the
cause of 90% of SO, emissions, 70% of dust emissions, and 67% of NO, emissions, and 70% of CO, emissions.

These numbers are staggering considering that Coal has never been more than 50 percent of China's Energy Supply
(Xu 2010).
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Despite the increasing coal consumption, high efficiency electric dust removal systems with efficiencies that are as

high as 99.6% have greatly decreased soot emissions to 32% below 1980's levels as of 2005.
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SO, and Soot Emissions from 1981 to 2005 (Xu 2010)

Technologies and Life Cycle Comparison

As 0f 2010 China was consuming 48.2% of coal globally. Four potential technologies integrated gasification

combined cycle (IGCC), sub-critical coal power generation (Sub-C); super-critical coal power generation (Super-

C) ultrasuper-critical coal power generation (USC). These technologies are compared mostly on the basis of net
generating efficiency and efficiency. Net generating efficiency is the output of the plant divided by the total

available energy in the fuel used (Liang, 2013).

where efficiency is define as: N=E/E,;
and

Etotalemining+Etransportation+Egeneration
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Table 1.

Main performance specifications ofthe cases.

Parameter

Capacity

Lifetime

Met generating efficiency
Full load hours

ESP + FGD particle remaoval effici
FGD SC; removal efficiency
FGD limestone consumption
SCR NG, removal efficiency
SCR ammaonia consumption
Coal transportation distance

ency

Unit
MW
years
g
hfyear
g

Y

kg/kg SC- removed
o

kg/kg NO, removed
km

Utility systems - processdesign

IGCC
G600
30
44
5000
899

1880

Sub-C  Super-C
300 600
30 30
382 408
5000 5000
go8 9949
b5 05
15 145
85 85
0D.35 035
1880 1880

usc
1000
30
4519
5000
0949
a5
15
85
0.35
1880

A comparison of many of the parameters important to lfe-cycle analysis (Liang, 2013)

This demonstrates that USC has the best net generation efficiency, while also having the largest capacity for a

single system.

Life cycle energy consumption and efficiency per MWh.

Energy consumption

Plant auxiliary power

Coal mining and transportation
Heating value of coal

E‘.c-'.a

Energy efficiency

IGCC

M.
270
293
837094
89424
42%

Efficiency Calculation (Liang, 2013)

Sub-C Super-C
B Il Bg [
30 144 15 137
33 373 3B 315
037 92056 0947 B5E0.1
100 497225 100 90119
30% 41%

usc
Ta A
15 126
35 289
050 B2531
100 86781

43%

15
35
65.0
100

This breaks down the energy efficiency of each system and demonstrates that USC is the most efficient

Life cycle inventany results for emissions to air (ka/MNWh).

Emission IGCC Sub-C

Pb 2.02E-05 2.13E-05
Hg 2.90E-D6 Z2.BBE-DS
As 270E-06 3.50E-D8
MNH; 477E-04 5.80E-D4
HF 2.0BE-D4 2.50E-D4
Voo 2.90E-D3 3.45E-03
Cco 5.15E-02 7.00E-DZ
P 8.14E-02 1.92E-01
S0, 1.04E-01 1.03E+D0
NO, 3.88E-01 5.40E-01

Super-C
2.00E-D5
2.82E-06
3.30E-086
4 94E-04
213E-04
2.95E-03
5.88E-02
1.77E-01
8.67E-01
5.04E-01

Various pollutant outputs (Liang, 2013)

Usc

1.97E-05
2.81E-06
2.97E-06
4 75E-D4
2.05E-04
2.85E-03
5.54E-02
1.66E-01
8.03E-01
4 7T1E-01
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IGCC and USC are lowest on different element, but since these all have different global warming potential it is

difficult to tell which is the most efficient.

Life cycle impactcategories (units: GWP [kg CCy-eq.], AP [kg S0--2q.), EP [kg Phosphate-eq.], COP [kg

Utility systems - processdesign

F11-eq), FOCF [ka Ethene-eq), HTF [kg DCB-eq.]and ADF [kg Sb-eq ]).

Stage #1 Stage#2 Stage #3  Total

IGCC
GWP 675 137 732
AP 00814 00647 0233
EF 0.00368 00055  0.0418
ooP 1.25E 5.03E 9.58E

-08 -08 -09
POCF 0.0188 000459 0.00963
HTF  0.734 1.68 0.454

ADP 00756 00378 000415

Super-C
GWFP 6849 14 748
AR 0.083 0.055 1147

EF 0.00375 00058  0.0589
ooP 127E 513E 4.64E

-05 -08 -08
POCF 0.0192 000462 0.0544
HTF  0.749 1.72 0.795

ADP 0.0771 00385  0.01186

Quantitative environemntal measures (Liang, 2013)

813
0.379
0.051
1.31E-06

0.0331
2.87
0.118

230

1.32
0.0662
1.37E-06

0.0783
3.26
0.0127

Stage#1 Stage #2

Sub-C
20.5
0.007
0.00439
1.49E
-06
0.0225
0.876
0.0901

Usc
6.4
0.02801
0.00382
123E
-08
0.0738
0722
0.0744

16.4
0.0772
0.00655
6.00E
-08
0.00548
2.01
0.045

135
0.0637
0.00541
4 95E
-08
0.0185
1.65
0.0372

Stage #3  Total

g74
1.24
0.08
727TE
-08
0.0575
0.835
0.0154

721

1.09
0.0528
2.90E
-08
0.00452
0.763
0.0089

This table breaks down the different measures of which systems are better
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arm
0.097
0.071
1.62E-06

0.0854
.72
0.151

201

1.24
0.0619
1.31E-06

0.0506
j14
0.1200

22/24



10/15/2018

Utility systems - processdesign

Life cycle impactcategories and characterization factors (compiled from Guinee etal., 2001).

Definition Felevant LCI data Common characterization factor Scale

Global warming CO5, NG5, CH,, CFCs, CO-—equivalent Global

Potential (GWF) HCFCs, CHaBr

Stratospheric ozone CFCs, HCFCs, halons, CFC-11-equivalent Global

depletion potential CHaBr

(ODF)

Acidification S0, NO,, HCI, HF, NH, H*-equivalent Reqgional,

potential (AR) local

Eutrophication Py, NO, NG5, NH; PCyequivalent Local

potential (EF)

Photo-oxidant Mon-methane C-Hs-equivalent Laocal

formation potential hydracarbaon (NWMHC)

(POCP)

Human toxicity DCB-equivalent Global,

potential (HTF) regional,
local

Abiotic resources Quantity of minerals A ratio of quantity of resource used  Global,

depletion potential used, quantity of fossil VErsus quantity of resource leftin regional,

(ADF) fuels used. resarye lacal

Environmental measures and their explanations (Liang, 2013)

And the table above defines all the relevant terms.

Capital cost ofthe clean coal powergeneration technologies.

IGCC Sub-C Super-C UsC
Capital cost (2007 $/W) 1580 635 524 518
Data sources (James, 2010) (CEPEI, 2011) (CEFEI, 2011) (CEPEI, 2011)

Capital cost in $/kW of clean coal power-generation technologies (Liang, 2013)

This demonstrates that the capital cost per unit of energy production is very high for IGCC, but shows that Super-C
and USC are very competitive.

All of the data suggests that USC is the highest in both energy efficiency and net generating efficiency while
competitive in price. The IGCC while potentially the best on emissions is too much more expensive to use on a
wide scale (Liang, 2013).

Solid Waste

U.S. federal regulations require that solid waste be classified as hazardous or nonhazardous. Conditions for a
classification of hazardous include: ignitability, corrosivity, reactivity, toxicity, or posing a substantial threat to the
surrounding environment and its inhabitants. Hazardous waste must be treated on- or near-site before being
removed in containers. Non-hazardous waste may be landfilled or incinerated in some cases. A typical estimate of
costs for waste disposal is $0.03/1b for nonhazardous solids and $0.10/1b for hazardous solids. (Seider 2009 pg
609)
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