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In recent years, lifecycle greenhouse
gas (GHG) emissions studies of the natu-
ral gas industry have drawn attention to
the significant environmental impact of
liquefied natural gas (LNG). Not only is
carbon dioxide (CO,) released when nat-
ural gas is burned at the end user, but the
processes of extracting, treating, liquefy-
ing, shipping and regasifying the natural
gas all contribute to the total emissions
of using natural gas as fuel. With natural
gas representing a rising fraction of the
world’s total energy consumption, the
importance of reducing these emissions
will continue to grow in the future.

Emissions from end users occur across
many different geographic locations,
from large-scale power generation fa-
cilities to individual homes. For many of
these users, capturing and sequestering
the CO, associated with their emissions
is challenging for various reasons (eco-
nomics, lack of sequestration infrastruc-
ture, etc.). Conversely, LNG liquefaction
facilities present a unique opportunity to
capture GHG emissions, as they provide
a single location where a significant por-
tion of emissions is concentrated.

For both retrofits to existing plants
and for new-build plants, pre-combustion
CO, capture can significantly reduce the
overall carbon footprint of LNG. This
article examines how a proprietary ap-
proach to implementing and integrating
pre-combustion capture with an LNG
liquefaction facility can reduce the overall
CO, emissions from a liquefaction facility
by more than 97%. This approach com-
prises the following three main steps:

1. Producing hydrogen (H,) fuel
from natural gas or other fuel gases
within the liquefaction facility

2. Removing CO, from the syngas
generated during H, production

3. Using the H, as the primary fuel

in the plant’s gas turbines.
The details of this configuration are
flexible and can be adjusted to serve indi-
vidual project needs.'*

Methods to reduce CO, emissions.
CO, emissions at an LNG liquefaction
facility can be categorized into three pri-
mary sources:

1. CO, vented during upstream

pretreatment to remove acid gases

2. CO, released in the flue gas from

gas turbines used to power the
liquefaction process

3. CO,released in the generation

of power for the remainder
of the facility.

Two broad approaches can be utilized
to reduce the CO, emissions from these
sources. One approach is to reduce the
amount of CO, generated, primarily by
improving efficiency. The second is to
capture and sequester the CO, in the feed
and the CO, created during power genera-
tion. A combination of both approaches is
necessary to achieve a high degree of over-
all emissions reduction.

Capturing and sequestering the CO, in
the feed is already possible with well-prov-
en technologies. A typical acid gas removal
unit (AGRU) for LNG already separates
CO, from the natural gas feed using an
amine-based absorption process. Although
many facilities today reject that CO, to at-
mosphere, some already possess the capa-
bility to capture CO, removed this way and
sequester it. The use of this approach can
reduce the total CO, emissions from an
LNG facility by up to 30%, depending on
the amount of CO, found in the feed.

Improvements to plant efficiency can
also reduce CO, emissions. Although
many LNG facilities use simple-cycle in-
dustrial gas turbines, newer facilities have
made use of aeroderivative gas turbines

or combined-cycle arrangements to im-
prove power efficiency. With improved
power efficiency, less fuel is required to
generate the same power available for lig-
uefaction. This results in lower emissions
for the same LNG production. The use
of aeroderivative turbines can potentially
reduce the CO, emissions of a facility by
approximately 14% over equivalent in-
dustrial gas turbines, while a combined-
cycle arrangement can reduce CO,
emissions by approximately 25% over a
simple-cycle arrangement.

While these existing methods can sig-
nificantly reduce the amount of CO, re-
leased from a facility, they cannot address
all the CO, released in the flue gas from a
plant’s gas turbines. To capture the remain-
ing CO,, a different approach is required.

Flue gas CO, reduction via pre- or
post-combustion capture. Two poten-
tial approaches to reduce CO, emissions
from methane-burning gas turbines are
post-combustion capture and pre-com-
bustion capture.

With post-combustion capture, shown
in FIG. 1, air and methane-rich fuel are fed
to the gas turbine and CO, is directly re-
moved from the flue gas by a CO, capture
system. In this configuration, CO, is avail-
able at low partial pressure (near-atmo-
spheric pressure with single digit mol%
of CO,) and high temperature. These
conditions make it challenging to design
a cost-effective recovery system that cap-
tures most of the CO,. Furthermore, in
retrofit applications, the lack of plot space
close to the gas turbines can be problem-
atic. The low pressure and high volume of
flue gas may be impractical to transport to
a distant CO, recovery unit.

Conversely, pre-combustion capture,
shown in FIG. 2, captures CO, from streams
athigher pressure and with higher fractions
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of CO, (20%-30%). Pre-combustion cap-
ture needs a far smaller CO, recovery unit
but requires other additional equipment to
process the hydrocarbon fuel gas into clean
H, for use in the gas turbines. Although
not directly used for LNG service, the
required technology for pre-combustion
capture has been used for decades. For ex-
ample, the authors’ company’s Port Arthur
CO, capture project has captured approxi-
mately 1 MM metric tpy of CO, from two
large-scale H, plants since it commenced
operations in early 2013.

The advantages of pre-combustion
capture allow for easier retrofit into ex-
isting plants and easier siting of the addi-
tional equipment needed for CO, capture.
The proprietary pre-combustion capture
process® uses a pre-combustion approach
to capture the CO, that would be released
in the gas turbine flue gas.

Pre-combustion capture technol-
ogy overview. The proprietary process
consists of three major systems (shown
in FIG. 3):
1. The LNG liquefaction plant,
including pretreatment

2. The H, production facility

3. The power generation system.

The LNG liquefaction plant takes in
raw natural gas feed. Gas pretreatment, in-
cluding acid gas removal, mercury removal
and any heavy component removal, occurs
upstream of the liquefaction plant. The
liquefaction plant produces LNG from the
pretreated gas while also producing a fuel
stream that consists of end-flash and boil-
off gas. Normally, this fuel stream would be
sent directly to the gas turbines to generate
power. However, in the proprietary pre-
combustion capture process, the fuel gas
stream, which is primarily methane (CH,)
and nitrogen (N, ), is instead sent to an H,
production plant. The specific technology
used for H, production can vary; potential
options are discussed below.

In the H, production facility, the fuel
gas stream is combined with oxygen
(or air) and steam. The combined stream
is sent to a series of reactors to generate
a syngas stream of primarily H, and CO,,.
The syngas stream contains CO, at high
pressure (> 30 bar) and at a high fraction
of the total stream molar flow (20%-
30%). These conditions are well suited
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FIG. 1. Generic configuration for post-combustion CO, capture.
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FIG. 2. Generic configuration for pre-combustion CO, capture.
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for CO, separation from H, product at
moderate cost.

CO, is removed at two points in the
process. First, the CO, in the natural
gas feed is removed in the AGRU. Next,
CO, generated during the reforming and
water-gas shift reactions within the H,
production facility is removed during a
downstream separation step. This sepa-
ration can be achieved through an amine
unit similar to the AGRU, or through vac-
uum swing adsorption (VSA), cryogenic
distillation or other techniques. Several of
these technologies can achieve the target
of > 97% CO, recovery.

After CO, removal, H, from the pro-
duction facility is combined with CH, or
used as pure H, fuel. The fuel is mixed
with one or more diluents to suppress ni-
trogen oxide (NO,) formation and is sent
to the power generation system, which
produces power for liquefaction and the
H, production facility.

The power generation system may be
simple or combined-cycle, and it may ei-
ther be directly coupled to the liquefaction
compressors or instead coupled to genera-
tors to produce electricity used by electric
motors in the liquefaction facility.

Hydrogen production facility options.
The pre-combustion capture process® can
use a wide variety of technologies for its
H, production plant, including the steam
methane reforming (SMR) process, the
autothermal reforming (ATR) process, or
the partial oxidation (POX) process. All
three options include a main reactor, one
or more water-gas shift reactors, and sev-
eral heat exchangers for steam generation.

The SMR process uses a tubular cata-
lytic main reactor where fuel is burned
at low pressure externally to the tubes to
provide the heat needed for the reforming
reaction. The SMR process is an industry
standard for gray H, production thanks to
its energy efficiency, high reliability and
attractive capital cost. However, because
fuel is burned at low pressure, approxi-
mately 40% of the total CO, generated
in the H, production facility is released
in low-pressure flue gas and cannot be re-
covered through pre-combustion capture.

The POX and ATR processes instead
provide the required heat for their reac-
tions by reacting a portion of the feed
stream within the reactor vessel. This
allows all CO, formed during the reac-
tions to remain within the high-pressure



stream exiting the reactor. The CO, can
then be removed from the product stream
by an amine system or other separation
technology, enabling a high degree of car-
bon capture for both processes. The dif-
ferences between the two technologies
lie with the specific reactions involved
and the type of reactor needed. The POX
process uses a non-catalytic main reactor
and uses steam for temperature control,
while the ATR process uses a catalytic
main reactor with steam consumed as
part of the reaction.

The pre-combustion capture process®
features several synergies gained by inte-
grating liquefaction, H, production and
power generation. These synergies would
be unavailable if a plant were designed to
run on green electricity from a local grid,
or if it imported H, for its gas turbines.

Improved liquefaction efficiency. The
proprietary process allows for a re-opti-
mization of the LNG liquefaction plant to
improve efficiency. Higher fuel require-
ments for the H, production facility al-
low for increased end-flash flow from the
liquefaction facility, potentially increasing
LNG production by up to 2%. This may
aid in debottlenecking existing facilities
that would otherwise be limited by avail-
able liquefaction power.

Low gas turbine NO, emissions. With
H,-burning gas turbines, a major concern
is the generation of NO,. The pre-com-
bustion capture process has several fea-
tures that help in maintaining equivalent
levels of NO, to a typical dry low emis-
sions (DLE) system. In the process, the
end-flash gas used to feed the H, produc-
tion plant typically contains a significant
fraction of N,. This N, passes through the
plant and is sent to the power generation
system, where it serves as a diluent for the
fuel and aids in suppressing NO, forma-
tion. Excess steam and N, from the H,
production facility are also available for
use as additional diluents.

Retrofit considerations. The process
can be applied at both new-build sites and
in the retrofit of existing plants. Retrofit-
ting an existing plant to decarbonize it
comes with several unique challenges and
opportunities, as discussed here.

Gas turbine capabilities. Many gas tur-
bines used as compressor drivers for natu-
ral gas liquefaction can handle a fuel that
consists of a mix of H, and CH,, requiring
only minor engine and package upgrades
to ensure safety and reliability while appro-
priately handling the new fuel. However,
for cases where the goal is a high degree
of pre-combustion carbon capture, the gas
turbine must be capable of handling fuel
with a combustible component comprised
of 100% H,. Some turbines have already
been designed for 100% H, fuel. For other
existing turbines, running on this fuel re-
quires a modification of the combustion
system to manage the unique properties of
high-H, fuels. In either case, the gas turbine
and other site specifics—including emis-
sions limits and utilities availability—must
be considered when evaluating H, as a fuel.

Offsite H, facilities. At some sites, there
is insufficient nearby plot space for an H,
production facility. In these cases, it may
be possible to export end-flash gas via a
pipeline to a remote H, production facility
and receive either H, fuel or electricity in
return. Alternatively, an existing LNG fa-
cility may simply wish to replace a portion
of its fuel with a decarbonized fuel from
a third party without any major changes
to its own facility. Purchasing decarbon-
ized H, from an external source is a simple
change that can decrease an LNG facility’s
carbon footprint.

The following section examines three
case studies implementing the propri-
etary pre-combustion capture process®,
two retrofit options for existing plants

and a new-build that takes full advantage
ofboth efficiency improvements and CO,
capture options.

All three cases and the base case used
for comparison assume an LNG liquefac-
tion facility that uses a proprietary LNG
technology®. This plant has net-in-tank
LNG production of 4.5 MMtpy. The raw
natural gas feed to the liquefaction plant
pretreatment contains 4% CO,, which is
removed in the AGRU. Unless otherwise
stated, the liquefaction power is pro-
vided by two directly coupled industrial
gas turbines (Frame 7E) in simple-cycle,
and an industrial gas turbine as a simple-
cycle power generator for the electrical
power requirements. For the purposes of
this case study, the power generator can
be another single Frame 7E, or multiple
smaller gas turbines of similar efficiency
and total power capacity.

For each case, the power used by lig-
uefaction is held constant, while the total
power was varied to address the power
needs of the additional H, production
facility.

Retrofit (partial and full) cases. Two
options were evaluated for the retrofit
case, differing on the degree of upgrades
needed for the combustion system of the
gas turbines. The “partial H,” case sends a
portion of the flash gas to the H, produc-
tion facility, then recombines the H, prod-
uct with the remainder of the flash gas.
This resultant fuel stream contains approx-
imately 20 vol% H,. Existing industrial gas
turbines designed for use with natural gas
require only minor adjustments to handle
this new fuel stream, which avoids a sig-
nificant overhaul or extended downtime.
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FIG. 3. Proprietary pre-combustion capture technology? layout overview.
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Retrofit: Partial H, Retrofit: Full H, New-build
Gas turbine arrangement quustrial GT, In_dustrial GT, Agro GT,
simple-cycle simple-cycle  combined-cycle

Natural gas feed vs. base case, % 100.7% 107.5% 99.1%
Net-in-tank production vs base case, % 100.4% 102.4% 99.5%

H, produced, MMft3d 18 299 176
Liquefaction specific power vs base case, % 99.6% 98% 100.5%
Auto-consumption vs. base case, % 103.3% 150.7% 96.8%
Total CO, captured, tph 75.4 297.6 197.8

% emissions reduction vs. base case 32.6% 96.6% 98%

The “full H,” case sends all the flash
gas to the H, production facility, gener-
ating a fuel stream of predominantly H,
(with N, or steam as diluents). Although
some industrial gas turbines are capable of
handling such a fuel stream, these turbines
may require a conversion of the combus-
tion system and fuel delivery system mod-
ifications to do so.

In both options, additional gas turbine
generators are required to supplement the
existing electric power. These can be lo-
cated at the H, production facility.

New-build case. The new-build case ex-
amines a potential new LNG liquefaction
facility. This hypothetical plant utilizes
three aeroderivative gas turbines in com-
bined-cycle for power generation, as well
as one or more small gas turbine generators
to supplement the available power. Electric
motors driving the liquefaction compres-
sors use most of the generated power. The
remaining power is used for the balance of
plant. Liquefaction compressor power has
been fixed at the value used for the base
case for ease of comparison.
For all three cases, the following addi-
tional technology selections were made:
« High-conversion POX process
for H, production
« Air separation unit (ASU) to provide
low-purity gaseous oxygen for POX
« AGRU designed to recover CO,
and compress to pipeline pressure
o Amine unit integrated into the H,
production facility to separate
CO, from the H, product.
The results for each case are shown
in TABLE 1.

Takeaways. In the retrofit cases, the
higher flash gas demand improved the
liquefaction specific power—the liquefac-
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tion compression power required to pro-
duce 1 metric t of LNG—allowing more
LNG to be produced for the liquefaction
power. The partial H, case achieved 0.4%
higher production, whereas the full H,
case achieved 2.4% higher production.
For the new-build case, a more efficient
gas turbine selection reduced the flash
gas requirement and slightly reduced the
LNG production.

However, the new-build case’s effi-
ciency provides significantly better auto-
consumption—the percentage of feed
consumed as fuel—than the retrofit cases.
The new-build case also requires a signifi-
cantly smaller H, production facility for a
similar liquefaction plant to achieve 97%
emissions reduction. The overall CO,
generated during H, production is also
significantly lower for the new-build case
compared to the full H, retrofit, which
reduces the required size of the CO, com-
Ppression system.

Both retrofit and new-build cases are
capable of a high degree of overall CO,
capture by capturing CO, from the natu-
ral gas feed and by pre-combustion cap-
ture of the CO, generated in the H, pro-
duction facility.

The partial H, retrofit case achieved
a CO, emissions reduction of 32.6%, an
improvement over capturing CO, from
the AGRU alone. Due to the modest H,
requirement for this case, one H, plant
can serve multiple LNG trains. The pri-
mary advantage of this case is its compat-
ibility with existing gas turbines with only
minor upgrades.

The full H, retrofit and new-build
cases achieved CO, emissions reductions
of 96.6% and 98%, respectively. These
cases show how existing and new plants
may achieve a high degree of emissions
reduction, though both require signifi-

cant changes to the gas turbines to ac-
commodate high-H, fuels. Both cases
show how the pre-combustion capture
technology® provides a pathway to elimi-
nating the carbon footprint of natural
gas liquefaction.

NOTES

* Air Products’ AP-Blue™ LNG
b Air Products’ AP-C3MR™
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