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ABSTRACT

As the field of carbon sequestration and management matures, it will become increasingly
important to bring new technology to the marketplace. In this paper, we review one such
successful effort, devel opment of the Kvaerner membrane contactor, in order to learn lessons about
what is required to commercialize technology. We identify seven ingredients for success.

INTRODUCTION

A mgor barier to the implementation of carbon management and sequedtration drategies is the
ggnificant cost associated with the separation and capture of CO, from flue gas. While there are
many proposals on how to address this chalenge, most idess are never developed, let done
implemented. In this paper, through the use of a case study, we look a how idess are generated
and what { takes to put them into practice. The case sudy presented here is the development of the
Kvaerner Membrane Contector (Falk-Pedersen et al., 2000). For the purposes of this paper, we will
focus on naturd gas combudion. However, the technology can adso be gpplied to coaHfired
combustion processes.

The dandard process to separate and cgpture CO, from turbine exhaust gases is usng an amine
process. In an absorber, the exhaust gas is bubbled through the amine solution, which
preferentidly absorbs the CO,.  The amine solution is then heated and dmost pure CO; is driven
off in the dripper. The amine solution is then cooled and recycdled to the absorber. This process is
commercid, but has severd drawbacks in the gpplication to CO. sequedtration. The process is very
energy-intensve and too expensve for most gpplications today (Herzog, 1999; David and Herzog,
2000). In addition, the Sze and weight of the equipment is quite large. While this does not pose a
problem for many gtes, it does pose major problems for offshore applications.

Many approaches have been suggested to address the bariers to CO2 sequedtraion posed by
sepaation and capture. One path suggests improved solvents to replace today's amine solutions.
Ancther suggests combudtion of the fossl fuds in oxygen, raher than ar, thereby drasticdly
changing the exhaust gas compostion to Smplify the separdtion process.  Yet another gpproach
uggests steam reforming the natura gas, followed by the water-gas shift and CO, sgpardion from
the high pressure synthesis gas, leaving mostly hydrogen to go through the gas turbine.  Given dl
these options, it is vay indructive to undertand why Kvaerner chose to develop the membrane
contactor.

DEVELOPMENT OF THE MEMBRANE CONTACTOR
Phase 1 — Problem Definition

In 1991, the Norwegian government indituted a carbon tax in the North Sea of approximatey 50
US dollars per tonne of CO, emitted to the atmosphere. A mgor source of these emissions was the
exhaust gas from the gas turbines that wered these offshore operations. Since the CO, tax on



these emissons accounted for about 20% of the operating cost on a platform, there was a great
incentive to reduce them.

Motivated in pat by this cabon tax, Kvaerner hdd some initid discussons in 1992 with severd
Norwegian oil companies concerning the reduction of CO, emissons from oil and gas operdions in
the North Sea The initid scope was quite broad, covering improved efficiency, new power
generation schemes (eg., oxygen turbines), as wdl as removing CO; from flue gases of
conventiond gas turbines.

After some initid scoping dudies, it was determined that pursuing a drategy of using a chemicd
(eg., amine) scrubbing process to capture CO, from the turbine exhaust was the most promising.
Note that it was a this very early stage of the project that the exhaust gas scrubbing path was
chosen over oxygen combudgtion or steam reforming the naturd gas.  The commercid amine
process was not well suited for offshore operations, primarily due to the sgnificant weight and Sze
of the process equipment. To adapt the amine process for offshore use, Kvaerner formed a Joint
Industria Project (JP) with severa oil companies and the Norwegian government to undertake the
magor R& D effort that was required to get these features down.

Phase 2 — Solution Definition

The R&D program focused on largest components in the process, namey the waste heat recovery
unit, the absorber, and the dripper. Also, the recycding of exhaust gas to increese the CO, partid
pressure was investigated (this work actualy began in Phase ). The result of this later study was
that a recycle up to 40% of the exhaust gas shows promise in theory, but it means that the gas
turbines must be modified. Gas turbine modifications were beyond the scope of this project, so the
find design had no exhaust gasrecycle.

Work on the waste heat recovery unit was done in conjunction with SINTEF (see
http://mwww.sntef.no) in Norway. The god was to come up with a compact design for offshore
agoplicaions.  Eventudly, Kvaerner decided not to continue working on this unit because it was not
in their main busness sream. Indead, they dlowed ABB to lead this effort. The end reault is that
ABB now offers a commercid version of this compact waste heat recovery unit (P Kloster, 1998),
with the firgt unit just being put into operation by Norsk Hydro (Oseberg field in the North Seq).

One goproach in addressing the issues associated with the absorber and Stripper was to investigate
dternate packings. However, the congraints were farly dringent. A certain amount of area was
required for mass transfer and velocities were limited due to entrainment congderdtions. One
packing thet did show promise was Higee (vapor/liquid contacting in high accderation fidds within
rotating packing).

Ancther gpproach identified by Kvaerner for improved abosorbers and strippers was the membrane
contactor (see Fig. 1). Here, membranes are used to increase mass transfer areas in a given volume
ad to avoid some of the problems associated with vapor/liquid contecting. The membrane itsdf
does not perform the separation, that job is gill done by the amine (see Fig. 2). Others had tried
using membrane separators in past, but they were not a commercid success. Nonetheless, an R&D
effort was started, with work conducted a TNO in the Netherlands. A large number of membrane
types were tested, but the amines destroyed some and wetted others (causing blockage). Only one
type of membrane worked, PTFE (Pdytetrafluoroethylene).

Based on the above research, engineering studies were conducted. It was concluded that a process
containing a membrane absorber with a PTFE membrane from W. L. Gore and Associates GmbH, a
Higee dripper, the compact waste recovery bailer, and aquifer digposa (Smilar to Sepner) was



feasble. Therefore, it was decided to proceed to the next phase to see if the components performed
as required.
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Figure 1. Schematic of a membrane contactor absorber/stripper system.
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Figure 2: In a membrane contactor, the vapor/liquid contacting is done through a non-selective
membrane, improving performance and reducing equipment sizes.

Phase 3 — Performance Testing

The performance tests were initisted in 1995. The membrane absorber was tested smultaneoudy at
TNO, GKSS in Hamburg, and a Gore in Munich. The testing was kept completdly independent,
with no communications between the different groups. So when dl three groups concluded thet the
membrane absorber met the performance specifications, Kvaerner was confident enough to proceed
on future devel opments.

At the same time, Kvaerner dated to look for other gpplications of the membrane absorber
technology. The most obvious was for naturd gas treatment (sweetening). Kvaerner was involved
in the Seipner T project, 0 they had first hand knowledge of the need for improved gas sweetening
equipment offshore. Laboratory tests were performed on naturd gas and the results were very
encouraging.  The development project was now olit in two, one for the origind exhaust ges
application and the other for the natura gas trestment market.

The Higee stripper was tested a the University of Texas a Augtin. Based on the performed tests, it
was decided not to pursue the Higee dripper. Irstead, it was decided to test the membrane
contactor as a desorber (i.e, dripper).  The initid tests looked promisng and the membrane



contactor replaced the Higee dripper in the process scheme. It was now time for pilot testing and
scde-up.

Phase 4 — Pilot Testing and Scale-Up

Filot tests darted on the membrane absorber for naturd gas trestment. This had the largest neer-
term benefits, as naturad gas treetment is a commercia operation today. On the other hand, CO;
remova from exhaust gases has very limited commercid gpplications today (but may become a
very large market in the future). The initid pilot tests occurred a a large gas termind in Scotland
usng activated MDEA. The pilot unit was inddled in pardld to the exiging column and with a
capacity of 1% of the process train flow. The gas to liquid ratio was the same as the commercid
column. The tests ran from April 1998 until November 1999. A number of different membranes
were tested, with the longest test on a single membrane @ing 5000 hours. Additiond tests of the
membrane absorber were held a the Shell Fandango field in Texas, where a physicd solvent was
tested instead of amines. Also, dehydration with glycol was tested.

One example of the types of problems that had to be addressed in this type of testing is pressure
regulation. This is not a criticad issue for amospheric flue gas, but is for high pressure naturd ges.
Test pressures went as high as 88 barg, and a novd sysem had to be developed to keep the
pressures on the liquid and vapor sSdes of the membrane equal. The naturd gas trestment process
is now commercidly avalable, offering the following advatages 70-75% weight reduction and
65% space reduction for the absorber and stripper (see Fig. 3), reduced dripper reboiler duty,
reduced solvent loss, and process insengtivity to mation.
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Figure 3: Comparison of sizes between conventional amine separation process and a process
incor porating the membrane contactor.

The exhaust gas process is undergoing pilot testing at the Statoil Gas Termind in Karsta. This unit
has about 3200 times the throughput of the smdlest laboratory units used in the development. The
unit at Karste has the identicd design to the lage scde laboratory unit built & SINTEF. Both are
complete CO; remova plants with both conventiond columns and membrane absorbers and
drippers. Some of the issues beng addressed included scade-up, durability of the membrane
contactors, and verification of the operationd benefits In order to optimize ther design, different
membrane modules are being tested. Projected benefits of the membrane contactor include
reducing inddled cos by 3040% for offshore units, with Smilar operating cost reducions.
Findly, the membrane contactor will endble further cot and energy savings by removing
condraints on the solvent, thereby dlowing solvent optimization.



INGREDIENTS FOR SUCCESS

The fidd of carbon management and sequedration has come a long way in the past decade.
Sating dmog from scratch, a community of researchers has formed and laboratory and modeing
work has proliferated. However, very little technology has made it into the marketplace. This is a
magor chdlenge for the next decade. That is why learning from the few examples of successful
development of commercid technology is so important.

In andyzing the Kvaerner experience, we highlight seven key ingredients that contributed to the
successtul effort. The firgt three dedl with the economics, the last four with the technology.

Incentive. Whether externa or internd, there needs to be an incentive to sart the project.
In this case it was the North Sea carbon tax.

Market There has to be a customer for the fina product. At the beginning of the project,
there was a potentid customer for the exhaust gas process. However, as the project
proceeded, the customer’'s interest lessened. By adding the pardld naturd gas treatment
process, maket interet was mantaned. Without this addition, the project would likdy
have been cancelled.

Collaboration. Given the risks and uncertainty, it is hard for one company to proceed
done. Tha iswhy Kvaerner formed a JP and sought government funding.

Start with problem, not solution. Looking aound the carbon management and
seguedration  community, we see too many hammes (solutions) looking for nals
(problems).  The origind objective of this project was not to develop a membrane contactor,
it was to reduce CO, emissons in the North Sea  The deveopment of the membrane
contactor was the end result of an open, objective process that considered many dternatives.

Focus. While the process was very broad to dart, the initid phase quickly focused the
project (choose chemicd scribbing over oxygen combustion or seam reforming).  Also,
Kvaerner dlowed the development of the waste heat recovery boiler to be taken over by
ABB, s0 they could focus project resources on the absorber and stripper.

Don’t reinvent the wheel Kvaerner did not try to devdop a new membrane for the
process, rather they did extendve tesing of exiding ones.  As happens quite often, the
solution came from amembrane developed for completely different reasons.

Flexibility. You have to be your toughest critic. Set up objective and credible performance
tesing and ligen to the results When the Higee gripper did not perfform as required,
Kvaerner initiated a plan B and developed the membrane desorber.

So while the technical achievements of this project are impressive, the lessons it can teach us about
technology development for an uncertain market may be even more important.
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