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Hydrogen and utility
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A third-party supply of hydrogen
and other utilities can lead to
substantial savings
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Allentown, Pennsylvania and B. Sharma, KTT,
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everal options for the third-party supply of hydro-
gen, other gases and utilities have been devel-

oped. These options have the potential to reduce
net hydrogen cost to a refinery up to 20%. These sup-
ply options, commercially proven in a number of oper-
ating plants, can be particularly valuable to a refinery
whose hydrogen requirements are large enough to jus-
tify the development of an independent, third-party sup-
ply infrastructure. By outsourcing all industrial gas and
utility needs to a single supplier, a refiner can focus on.
its core business while taking advantage of an indus-
trial gas producer’s expertige. The key is to involyve an
experienced industrial gas producer early in the pro-
ject development phase to take advantage of integra-
tion opportunities. Typically, a refinery needs multiple
industrial gases and utilities for a variety of process
needs, as shown in Table 1.

This broad spectrum of needs provides a basis for
developing integrated supply options. Note that sev-
eral industrial gases and utitities can be produced from.
a single production process. For example, hydrogen,
carbon dioxide, steam and electricity can all be pro-
duced from a hydrogen plant, such as a steam reformer.
Oxygen, nitrogen and compressed air can be produced
from an air separation plant. Of these needs, hydrogen
represents the largest value-added product or service
for a typical refinery. Consequently, the entire project
will typically be structured around hydrogen in terms
of timing, location and economic viability. However, the
other gas and utility needs should be evaluated.

Also, a refiner generally has varying amounts of
hydrocarbon gases and liquids available at or below
fuel value. By designing a steam reformer to process
these refinery byproducts, significant refinery savings
can accrue by avoiding cleanup costs and improving
fuel quality. If all of these needs are developed in par-
allel and the appropriate design features are incorpo-
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Fig. 1. Forces impacting refiners.

rated at an early stage, it is possible to significantly
reduce the net evaluated cost of hydrogen.

A broader supply arrangement reduces the unit cosé
of hydrogen by taking advantage of economies of scale
in a new utility infrastructure and spreading the fized
costs over a broader range of products and services. To
fully exploit these cost savings, it is important to iden-
tify the refinery’s needs and the corresponding hydro-
gen plant design features at an early stage in the pro-
ject’s development.

External trends. In the last deeade, several trends
have increased refinery demand for hydrogen. First,
in the aggregate, crude oil has been getting heavier
and more sour. This has led to higher refinery hydrogen
consumption for upgrading the erude oil and removing
sulfur. This long-term trend is expected to continue for
the foreseeable future. Second, sinee 1990, the refin-
ing industry has been impacted by significant envi-
ronmental regulations.

In the U.8,, the Federal Clean Air Act Amendments
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{CAAA) and state reguirements, such as the Califor-
nia Air Hesources Board (CARB) regulations, have rede-
fined the composition of transportation fuels, like gaso-
line and diesel, to reduce air emissions. These
regulations include more stringent limits on aromat-
ics, olefins and sulfur content of transportation fuels.
The U.S. regulations under CAAA take effect in two
geparate phases in 1998 and 2000. In California, due to
air guality and urban smog issues, CARB gasoline spec-
ifications (1996) are the most stringent in the world.

Initially, the first wave of environmental legislation
focused on low-gulfur diesel (0.05% sulfur}, which
started in California in 1990, moved eastward to the
entire 1.8, in 1993, onward to Europe in 1996, and into
several Asian countries from 1996 to 2000. More
recently, gasoline has become a major focus of envi-
ronmental legislation. In Europe, sweeping new regu-
lations for both diesel and gascline for implementation
in stages during 2001 to 2005 have been proposed to
the European Union (EU) parliament. To comply with
these regulations, many refiners have had to adopt
these practices:

® Reduce the operating severity of their catalytic
reformers (the only major source of bvproduct hydro-
gen in a refinery) to produce fewer aromatics from
naphtha

® Increase hydrotreating of refinery products.

Reducing the severity of catalytic reformers reduces
byproduct hydrogen supply at a refinery, while increas-
ing hydrotreating increases hvdrogen demand. These
effects are depicted in Fig. 1.

impact on refineries. The combined effect of these
trends is that refineries have become significantly
short of hydrogen. In the U.S., the incremental on-puz-
pose hydrogen {(defined as hydrogen that is not a
byproduct of refinery processes, produced in a sepa-
rate production plant, such as a steam reformer or par-
tial oxidation unit) requirement has been greater than
600 MMscfd in the last six years, starting from a base
of 2,500 MMscfd in 1991. A list of new hydrogen plants
that have been constructed to rectify the supply/
demand imbalance is in Table 2.

These plants are some of the largest and most
sophisticated hydrogen plants ever built. In addition,
pipeline systems operated by industrial gas compa-
nies have been expanded to meet the increased refiner
demand by adding on-purpose and offgas hydrogen
capacity. These investments require substantial cap-
ital investment and technical know-how to achieve
the high degree of plant reliability that is critical to
a refinery.

Response of refineries. In addition to hydrogen
demand growth, refiners have also been faced with
significant capital requirements to meet new envi-
ronmental regulations and accommeodate changes in
crude oil quality. This has brought about a change in
refiners’ buying habits. Prior to 1991, most refiners
were inclined to “make” instead of “buy” hydrogen.!
The firat large onsite hydrogen supply to Tosco Refin-
ing Co., Martinez, California, broke this paradigm.
The trend of buymg hydrogen instead of making it has
continued through the 1990s.
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Refiners are increasingly outsourcing their hydrogen
requirements to third-party specialists with proven
project development, safety and reliability track
records. This practice allows the refmer to focus its
capital and human resources on its own core business,
Such an approach can be particularly valuable for a
large, high-conversion refinery whose hydrogen
requirements are becoming large enough to justify the
development of an independent, third-party supply
infrastructure for supplying multiple industrial gases
and utilities for a variety of process needs. These
requirements ean be supplied by either a hydrogen or
an air separation plant, as shown in Table 3.

Of the gases and utilities listed in Table 3, hydrogen
generally represents the largest value-added product
of service for a typical refinery. Consequently, the
entire project will usually be structured around hydro-
gen in terms of timing, location and economic viability.
However, the other gas and utility needs should alse he
carefully evaluated. Additionally, a refiner generally
has varying amounts of hydrocarbon gases and lg-
uids available at or below fuel value at different times
of the year, The industrial gas company can evaluate
these options, select the optimum processing technol-
ogy (typically steam reforming), and then analyze co-
product and utility synergies with the host refinery.

By designing a flexible steam reformer to supply
co-products, process refinery byproducts as feed and
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fuel during periods of excess supply, and integrating
the required utilities, significant savings can accrue to
the refiner. This design effort can take several months
to complete. If all of these needs are evaluated in par-
allel and the appropriate design features are incor-
porated, it is possible to reduce the net cost of hydro-
gen up to 20%.

This broad spectrum of needs provides a basis for
developing integrated supply options for industrial
gases and utilities at a refinery. A broader supply
arrangement has the potential to significantly reduce
the unit cost of hydrogen by taking advantage of
economies of scale in a new gag and utility infrastruc-
ture, minimizing capital and human resources, and
spreading the fixed costs over a broader range of prod-
ucts and services. To fully exploit these cost savings, it
is important to identify the necessary desipn features up
front in a project’s development.

TECHNOLOGY

Chemistry. Over 90% of the on-purpose hydrogen pro-
duced in refineries is by steam reforming of a hydro-
carbon feedstock. When natural gas is used as the feed
to a steam reformer, the basie reactions are:

Reforming:

CH, + H,0 & CO + 3H, Endothermic (1
AHC 550 = +49.3 keal/gmol

Shift:

CO+H0 e COy+Hy Exothermic (2)

AH®550 = -9.8 keal/gmol

The reforming reaction (1) is highly endothermic
and accompanied by an increase in the total number of
moles. For light hydrocarbon feeds such as natural
gas, a single nickel-based catalyst is used. However,
for heavier feeds such as naphtha, two catalysts
are usually preferred. The reforming reaction is equi-
librium-limited. It is favored by high temperature
{1,450°F to 1,650°F), low pressure (200 to 550 psig)
and a high steam-to-carbon ratio (2.5 to 4). These
conditions minimize methane slip at the reformer out-
et and yield an equilibrium mixture that is rich in

hydrogen.

The shift reaction {2) is exothermic and independent
of pressure. 1t is also equilibrium-limited and favored
by low temperature (650°T to 700°F) and high steam
concentration. Normally, the shift catalyst is based on
iron oxide.

From this basic chemistry, it is clear that a steam
reformer has the capability to alse produce carbon diox-
ide (COy), carbon monexide (CO), and synthesis gas
{CO + Hy), which are valuable co-products in some geo-
graphic areas. Also, due fo the high temperatures, vary-
ing amounts of steam must be generated by heat recov-
ery from the reformer farnace. This steam can be
exported to the refinery for process needs and/or con-
verted into electricity. Byproducts such as carbon diox-
ide, steam and electricity have a large impact on plant
design and economics. In addition, other utilities such
as boiler feed water, cooling water, instrument air and
nitrogen are required to support the operation of a
hydrogen plant. Hence, these needs can be combined
with those of the host refiner to further reduce the total
system supply costs.

Process and plant design. From an engineering
standpoint, the main processing steps are: feed com-
pression and purification, steam reforming and shift
conversion, pressure swing adsorption purification,
product compression. and steam generation. A simpli-
fied process flow diagram of a typical steam-methane
reformer based on natural gas is in Fig. 2.

Feed gas at elevated pressure must be preheated
and desulfurized before it can be fed to the reformer
furnace. When the feed containg olefins and/or organic
sulfur, hydrogenation using a Co/Mo or Ni/Mo catalyst
is necessary. Hydrogenation saturates the olefins to
prevent cracking and carbon formation at the reformer
inlet. Likewise, it iz necesgary to convert the organic
sulfur (mercaptans, thiophenes, etc.} to HaS before
desulfurization. Desulfurization of the feed gas, which
is usually carried out with a zinc oxide bed, is needed
since sulfur can poison the reformer catalyst. Hydro-
carbon feedstock, with up to several hundred ppm sul-
fur, can be handled in a properly designed hydrogen
plant. This relieves the refiner from processing sulfur-
containing offgas in its fuel aystem.
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Fig. 2. Flow schematic of a steam methane reformer

After purification, feed gas is mixed with process
steam at an appropriate steam-to-carbon mole ratio.
This “mixed feed” can be preheated by reformer flue
gas in a mixed feed preheat coil in the reformer fur-
nace convection section before entering the reformer.
The primary reformer contains tubes filled with nickel
reforming catalyst. The catalyst converts feed gas to
an equilibrium mixture of hydrogen, methane and car-
bon oxides. Most of the carbon monoxide in the reformer
product is converted to carbon dioxide and additional
hydrogen in the shift reactor.

After cooling, pure hydrogen is recovered from the
shift product by a pressure swing adsorption (PSA)
unit. Typically, a PSA produces hydrogen at 99.9%,
although the purity can be as high as 99.999%. The
adsorbent, which is a mixture of activated carbon and
zeolites, removes all of the contaminants from the
hydrogen product in a single step. Each adsorption ves-
sel in the PSA follows a cyele of adsorption, stepwise
depressurizing, purging and stepwise repressurizing.
The system maximizes hydrogen recovery by effectively
using the residual hydrogen in an adsorber vessel at
the end of its eycle to repressurize the other vessels
and provide hydrogen for purging.

When CO, is desired as a co-product, it can be recov-
ered in one of two ways depending on the desired hiydro-
gen purity. In modern plants, COy is recovered from
the process gases upstream of the PSA using a solvent
system. In older plants or when lower purity (96% to
97%) hydrogen is acceptable to a customer, a solvent
system and methanator can be used instead of a PSA.

When CO or synthesis gas are desired as co-prod-
ucts, the reformer operating conditions must be altered;
and CO vacuum swing adsorption (VSA), membrane
or cryogenic separation must be used to recover the CO
and synthesis gas. The optimal choice of adsorption,
membrane and cryogenic separation will depend on the
ratio of Hs, CO and synthesis gas. These products are
relevant in the production of petrochemicals such as
methanol and acetic acid, which are often produced in

million, which includes about $10
million in plant offsites.

Typically, the unit cost of hydrogen from a piant of
this size is about 60% energy and utilities and 40% cap-
ital and operating costs. For larger plants, the capital
portion is somewhat lower due to economies of scale.
The unit cost of hydrogen from a 50-MMscfd plant is
around $2.00/Mscf when natural gas is priced at
$2.75/MMBtu. This is an important value to keep in
mind with regard to some of the details presented below.
This eost can be reduced by optimizing plant design
and integrating utilities where appropriate. The most
important considerations in developing an optimal
plant design are:

s Hydrogen plant size

® Feed/fuel composition and cost

* Steam, electricity and carbon dioxide value

s Plant reliability and flexibility

+ Project execution schedule.

Note that the hydrogen plant size is influenced by
the refiner’s current and future incremental hydrogen
need, opportunities for replacing older reformers and
potential needs of nearby customers. It is also important
to understand other site-specific issues such as:

¥ Cooling water and boiler feed water cost/avail-
ability

¥ Land availability and soil conditions

b Flare requirements

¥ Permitting requirements, air/water discharge and
noise limits.

Fach of these factors can have a major impact on
plant cost. To develop the most cost-effective solution for
a particular customer need, it is critical to have a
detailed dialog with the customer to determine the opti-
mal process design. It is usually expensive and time-
consuming to retrofit an existing plant for a different
duty at a later stage.

Alternate design features. Recognizing that the
price of hydrogen is often the single most important
criteria for “buying” hydrogen instead of “making” it,
we have developed several alternate design features
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to impact the net price of hydrogen.

Generate maximum steam. A steam reformer can
be designed to generate varying amounts of steam by
reconfiguring the heat integration or providing addi-
tional reformer firing capability. By reducing or elimi-
nating air preheat, pre-reforming and feed preheat in
the reformer design, it is possible to maximize steam
production. In general, reducing heat integration can
increase steam production.

During early project definition, the focus is on hydro-
gen, which is usually the primary driver for the pro-
ject. Hence, there can be a tendency to choose mini-
mum steam as the baseline, This may not be the
optimuin in terms of capital or operating costs. Increas-
ing steam production to at least the “natural steam
rate” should provide these benefits:

* Reduce investment in the steam reformer

¢ Enable a refiner to shut dewn or turn down older,
less efficient boilers

¢ I'ree up environmental offsets.

Up to a point, a steam reformer has the ability to
produce steam more efficiently than a conventional
boiler because of improved heat recovery from the pro-
cess gases, which leads to reduced stack losses. Con-
sequently, in the overall scheme of many projects, it is
usually advantageous te produce byproduct steam from
a steam reformer.

For example, the greater energy efficiency of a 50-
MMascfd steam reformer relative to a conventional boiler
is described in Table 5. Three different options corre-
sponding to minimum, “natural” and maximum steam
are presented in this table. Case 1, representing mini-
mum stearm production is the baseline; while Case 2 is
the “natural” steam rate; and Case 3 ig the maximum
steam that can be efficiently produced in a steam
reformer.

In each case, the incremental energy is less for a
steam reformer compared to a conventional boiler. This
does not take into account additional savings in avoided
capital and environmental offsets. The capital of a
steam reformer is reduced when steam production is

Fig. 3. A hydrogen unit in the Los Angeles area.

optimized. Also, capital is avoided in not having to
invest in a stand-alone hoiler to produce steam. The
net energy savings translates into $0.03 to $0.05/Mscf
of hydrogen {at $2.75/MMBtu for natural gas). In sum-
mary, such an arrangement has the potential of reduc-
ing the net hydrogen cost by 1.5% to 2.5%.

Cogenerate electricity. Electricity can be gener-
ated from the steam produced in a steam reformer. To
do this most efficiently, the steam system in the
reformer must be upgraded. Also, the boiler feed water
must be demineralized by both reverse osmosis and ion
exchange. There are three possible levels of power
cogeneration:

* Topping turbine

® Condensing turbine

¢ Integrated gas turbine.

A topping turbine can produce around 5 MW of
power, which is usually adequate for the captive hydro-
gen plant needs. A condensing steam turbine can pro-
duce up to 30 MW of electricity for export, when steam
export is minimized. Incorporating a gas turbine can
further increase power generation. Assuming
$0.045/KWh as the cost of power, such an arrangement
has the potential of reducing the net hydrogen cost by
5% to 10%.

Use low-value refinery offgas as feedstoek.
Most refineries have varying amounts of low-value off-
gas that may be evaluated at less than fuel value,
depending on the impurities. By using these gases as
feed and fuel to the reformer, significant operating cost
savings can accrue to the refiner, such as lower gas
treatment costs, improved fuel quality and reduced
flaring of excess fuel. In addition, hydrogen in the refin-
ery offgases can be recovered in the PSA instead of
being burned in the refinery, These benefits can be
passed on to the refiner. From prior expertence, such an
arrangement has the potential of reducing the net
hydrogen cost by 1.5% to 2.5%.

Use vefinery liquids as feedstocks. Sometimes
naphtha, butane and/or pentane is available at fuel
value in a refinery. Typically, this happens in the sum-
mer months. Supplementing some of the feed and fuel
with refinery liquids provides flexibility to the refiner
when refinery inventory is high. Adding liquid feed
capability will require some additional equipment for
feed vaporization. However, this option provides sig-
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nificant cost savings and flexibility, if the refinery lig-
uids are evaluated at less than fuel value. These sav-

generates steam and power and is self-sufficient with
respect to.other utilities. Some-of the value-added-fea-

-ings can be passed on to the refiner. When offgas or
natural gas is the primary feed, providing liquid feed
capability leads to enhanced reliability without the
investment in redundant feed compressors, From prior
experience, such an arrangement has the potential of
reducing the net hydrogen cost by 1% to 1.5%.

Recover byproduct carbon dioxide. Process gas
exiting the shift reactor contains 15% to 18% COQ.,,
which can be recovered and used. As noted previously,
an amine-based solvent system is normally used
upstream of the PSA. If low-purity hydrogen is ade-
quate, an amine solvent system coupled with a
methanator can be used. The CO, can be liquefied and
sold on the merchant market. Alternatively, the CO,
can be used in a refinery for inerting and blanketing.
Such an arrangement has the potential of reducing
the net hydrogen cost by 1.5% to 2.5%.

Co-produce carbon monoxide and/or synthesis
gas. A steam reformer can be operated to produce CO
and/or synthesis gas. This requires altering the oper-
ating conditions of the steam reformer and using a
combination of VSA, H, PSA, H,S removal and cryo-
genies to recover the CO and synthesis gas. Typically,
the CO and synthesis gas are used in the production of
petrochemicals, such as methanol and acetic acid, In
geographic areas where the petrochemical producer
is situated close to the refinery, such an arrangement
can greatly enhance project economics.

Supply boiler feed water and cooling water.
Many refiners expect a gas supplier to be self-suffi-
cient. This entails having to install boiler feed water
(BFW) makeup treatment and cooling water systems.
The BFW makeup system will include filtration, ion
exchange and reverse osmosis. Given that the neces-
sary operating staff will have to be dedicated to these
utility systems, it may be desirable to build a larger
water treatment system fo also serve the refiner’s
other needs. it is also possible to minimize process
wastewater by introducing it into the cooling water
system. Such an arrangement has the potential to
reduce the refiner’s overall water treatment costs.

Build a larger flare system. To be self-sufficient,
it is often necessary to install a separate flare system.
Due to environmental regulations, it is necessary to
install either a ground-level or elevated flare system.
A ground-level flare system, while environmentally
desirable and aesthetically pleasing, is very expen-
sive. Building a larger flare system that is shared with
the refinery can reduce the refiner’s overall flare sys-
tem cost.

These options are meant to be a sample of the types
of alternatives that can be developed to increase over-
all value to a refiner. Incorporating these concepts
into a hydrogen plant can reduce the net hydrogen
price by 10% to 20%, as well ag provide overall util-
ity system savings to the refiner. This is equivalent
to $0.20 to $0.40/Mscf of hydrogen.

A picture of an operating facility in the Los Angeles
basin, which was commissioned in 1996, is in Fig. 3.
This facility, which represents an investment of over
$80 million, provides hydrogen to Ultramar Diamond
Shamrock and other area refiners. The facility also

tures incorporated into this facility include: dual com-
pression for enhanced reliability, steam turbine for
power generation, and the ability to use refinery offzas
for feedstock flexibility.
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Murphy received a BS degree with honors in
chemical engineering in 1978 from Stevens Insti-
tute of Technelogy and obtained an MBA from
Lehigh University in 1987.

Poornima Sharma is the manager of process
design at KT! Corporation, San Dimas, California,
She is responsible for the design integrity
and technelogy management of process plants
for the production of hydrogen, carbon monox-
ide, ammonia and refated technologies. With
over 18 years of experience in process design,
including four years as process engineer for an
ethylene plant, she joined KTi in India in 1983 and
KTl Corporation in 1989. She holds a BTech
degree in chemical engineering from HT, New Delhi, and is a mem-
ber of AIChE.
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Additional Information

Air Products and Chemicals, inc.

7201 Hamilton Boulevard

Allertown, PA 18195-1501

Telephone: 800-654-4567

(Outside the U.S./Canada 610-706-6457)
Fax: 800-880-5204
www.airproducts.com/gases/cpi

Pub. No. 338-9904




