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Carbon capture has become a hot topic. After 
suffering for years from lack of funding, it is 
finally attracting investment. Capturing car-
bon from coal remains the focus. It should 

certainly be the priority outside the U.S. A study by 
Environmental Research Letters laid out the top 
ten hyper-polluting power plants in the world. It 
found that up to 49% of global electricity-based 
CO2 emissions could be eliminated by targeting 
these plants.

Out of 29,078 fossil-fuel powered plants from 
221 countries, researchers found that 73% of car-
bon emissions come from the top 5% of polluters. 
The study suggests that targeting this top 5% with 
reforms could significantly reduce global emissions 
levels. It outlined some potential policies: lowering 
intensities to match a national, then international, 
average, switching to natural gas, and implement-
ing carbon capture technology.

The results show that the implementation of 
these policies could reduce electricity-based CO2 
emissions. South Korea, for example, could cut 
electricity-based CO2 emissions by a whopping 
76%. China would reduce its CO2 output by only 
20.7% due to the bulk of its coal plants being high 
polluters. Switching coal plants to natural gas 
would result in a 29.5% drop.

Investment in carbon capture at coal plants 
makes the most sense outside of the US, therefore. 
It would result in the biggest gains. Within the 
U.S., coal plants are firmly under the boot of reg-
ulators. Most have drastically reduced their emis-
sions and are scheduled for closure. 

That’s why it’s smarter for American dollars to 
be spent on carbon capture for natural gas plants, 
not coal. None of the top polluting coal plants are 
in the U.S. Almost all are in Asia, except for one 
Polish plant (the worst on the planet) and one in 
Germany. Yet U.S.-based carbon capture 
research is overwhelmingly funded for coal. The 
last time I heard someone from the Department of 
Energy mention Carbon Capture, Utilization and 
Storage (CCUS), coal project funding outdid nat-
ural gas by more than an order of magnitude. 

CCUS COVER STORY 
That appears to be changing. Our cover story 
summarizes the latest developments in CCUS. It 
gives a brief rundown of the technology, explains 

some of the challenges, and shares what the ven-
dor community is doing about it.  

A Baker Hughes paper, “CCUS is a net-zero 
imperative,” offers some insight. The company is 
investing heavily in CCUS. It sees it as the only 
way to address a major proportion of industrial 
emissions. The paper states that 25% of industrial 
emissions resulting from industries such as power 
generation, transportation, and cement produc-
tion cannot be avoided by moving to alternative 
fuels as they come from industrial process activity. 
It concludes: “Without CCUS technology, it will 
be nearly impossible to remove emissions from 
large parts of the global economy.”

More investment and incentives are needed to 
overcome the cost premium for CCUS. Switching 
from coal to natural gas and adding carbon cap-
ture will probably have as much impact on carbon 
reduction as adding more renewables. It isn’t an 
either-or proposition. We need to do both – lower 
carbon emissions while steadily adding more wind 
and solar. 

Perhaps in some fairyland, coal and gas plants 
will disappear overnight and the world will be 
happily powered ever after. But areas intent on 
that dream are struggling. California just had 
another summer of rolling blackouts. Now the 
governor has announced “temporary” plans to 
build gas plants to ease the state’s electricity crisis. 

Investment in CCUS, therefore, makes sense. 
And it looks like the gas turbine OEM and supply 
chain community is rising to the challenge, as 
your can read in our latest issue. ■

Research funding for coal-based carbon capture 
is more than an order of magnitude higher than 
for natural gas.  

DREW ROBB
Editor-in-Chief

CAPTURING CARBON
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INDUSTRY NEWS

SUNDYNE DIGEST 
Sun dy n e  an n oun c ed  th a t  M ary 
Zappone has joined the company as 
CEO. Zappone succeeds Mark Sefcik, 
who is transitioning to President of the 
Sundyne Products business unit. Sefcik 
had led Sundyne since early 2017.

In addition, Sundyne will be “ag-
gressively targeting hydrogen appli-
ca t ions”  w i th  i t s  l i ne  o f  PPI 
diaphragm compressors. This comes 
in response to perceived market 
trends showing a shift towards hy-
drogen in the fuel, transportation, 
chemical, and construction indus-
tries. In keeping with this goal, Sundyne 
has also joined the France Hydrogen 
Association – a group of companies and 
organizations representing all aspects of 
the hydrogen value chain. 

NEW YORK GREEN 
HYDROGEN DEMONSTRATION 
PROJECT
A NYPA-led demonstration project will 
investigate the potential of substituting 
renewable hydrogen for a portion of the 
natural gas used to generate power at 
NYPA’s Brentwood Power Station on 
Long Island. The project team will eval-
uate different concentrations of hydro-
gen blended with natural gas at regular 
intervals, assessing the blend’s effect on 
system performance as well as green-
house gas and NOx emissions. The 
project will begin in fall 2021 and is ex-
pected to last six to eight weeks. 

ANSALDO ENERGIE TO DEBUT 
NEW TURBINE UPGRADE
Ansaldo Energia is set to debut its 
MXL3 upgrade for GT26 gas turbines. 
The upgrade wi l l  be insta l led at 
ENGIE’s Maxima-Flevo combined cy-
cle plant in spring 2023. 

The upgrade aims to provide up to 
25 MW more gas turbine power output 
at an increased efficiency level of around 
1.5%. The MXL3 will boost the present 
maximum output of Maxima-Flevo 
5 combined cycle generation unit by up 
to 35 MW and will allow the plant to 
reach more than 60% efficiency. 

CAPSTONE DIGEST
Capstone Green Energy has gained an-
other 1.1 MW of long-term rental con-
tracts. That expands its microturbine 
rental fleet to 12.1 MW. The first is 
a five-year rental agreement for a C200 
Signature Series slated for an oil and gas 
producer focused on mature field revital-
ization, acquisitions, and exploration. It 
w a s  s e c u r e d  b y  d i s t r i b u t o r  C a l 
Microturbine. The other is a five-month 
contract for a C800S for an industrial ag-
ricultural operation. There is also a one-
year rental of a C65 for an industrial 
plastic company looking to utilize waste 
gas from a plastic recycling process. 

Further Capstone contracts:
• A contract for a 2 MW long-term rent-

al contract secured by Capstone’s local 
distribution partner, Cal Microturbine.

• Distributor Optimal Group signed 
a 5-year Factory Protection Plan (FPP) 
service contract for a C1000S bu-
tane-fueled system already installed in 
Australia owned and operated by AGL 
Energy.

• Two C65 microturbines for an Austrian 
company for use in Combined Heat & 
Power (CHP) secured by Wels Strom.

• FPP service contract for 1.2 MW of 
Capstone microturbines installed on 
a skyscraper in Midtown Manhattan. 

EQUINOR TRIPLES ITS UK HYDROGEN AMBITIONS 
Equinor, formerly Statoil of Norway, is helping to decarbonise the Humber, the UK’s 
largest emitting industrial region. The Zero Carbon Humber (ZCH) partnership is 
developing several projects sharing CO2 and hydrogen infrastructure to deliver clean 
energy and power to industries in the region.

Equinor is leading the H2H Saltend project, a 600 MW gas reformer that will 
produce hydrogen from natural gas with carbon capture. This will enable fuel switch-
ing at Saltend Chemicals Park and the onsite Saltend Cogeneration Power Station 
switching to a hydrogen fuel blend. It will reduce CO2 emissions from Saltend by 
nearly one million tonnes annually. The increased hydrogen ambitions involve a fur-
ther 1,200 MW of low-carbon hydrogen production, principally to fuel the Keadby 
Hydrogen power station.

Equinor is also developing the offshore infrastructure to transport and store CO2 
from projects in the East Coast Cluster. The ZCH onshore pipeline network, devel-
oped by Equinor and National Grid Ventures, will link H2H Saltend to the energy- 
intensive industrial sites in the region. 

Equinor meeting with officials from the UK and Norway.
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INDUSTRY NEWS

PUMPED HYDRO PROJECT
Quidne t  Energy  and  Emi s s i on s 
Reduction Alberta (ERA) in Canada 
have launched a project to develop a low-
cost, multi-gigawatt geologic energy stor-
age resource in Alberta, uti l izing 
Quidnet’s modular pumped hydro stor-
age  technology .  Quidnet ’ s  Geo-
mechanical Pumped Storage (GPS) 
technology stores energy in the form of 
water compressed between layers of shale 
and enables renewable energy projects to 
store excess energy for extended periods 
of time. It provides balance to the grid 
and optimizes utilization of transmission 
infrastructure for delivering renewable 
generation to load centers. 

Quidnet is developing energy storage 
projects in Texas, Ohio, and New York 
State. With per-kilowatt installed costs 
projected at less than 50% of batteries 
and traditional pumped storage, the 
Quidnet Energy systems can be config-
ured for applications with 10-hours or 
more of storage duration. 

MAN DIGEST
MAN Energy Solutions will be providing 
its LAES turbomachinery solution to 
Highview Power’s CRYOBattery facility. 
Highview is currently constructing a 
50 MW liquid-air, energy-storage facility 
– with a minimum of 250MWh – at 
Carrington Village, Greater Manchester 
(UK). Construction of the CRYOBattery 
began in late 2020 with commercial op-
eration set to commence during 2022. 
Highview Power will operate the facility 
in partnership with Carlton Power, a UK 
independent power-station developer.

MAN Energy Solutions and Andritz 
Hydro have completed a strategic 
framework agreement to jointly devel-
op international projects for the pro-
duct ion of  green hydrogen f rom 
hydropower. Frank Mette, CEO of 
Andritz Hydro in Germany, and Dr. 
Uwe Lauber, Chief Executive Officer 
and Chief Technology Officer of MAN 
Energy Solutions, signed the agree-
ment in Ravensburg. A pilot project in 
E u r o p e  w i l l  m a r k  t h e  s t a r t  o f 
the collaboration. 

CARBON CAPTURE JOINT VENTURE FORMED
Talos Energy has formed a joint venture with Storegga Geotechnologies to source, 
evaluate, and develop carbon capture and storage (CCS) project opportunities on the 
United States Gulf Coast and Gulf of Mexico, including state and federal waters off-
shore Texas, Louisiana, Mississippi and Alabama. The partners are exploring oppor-
tunities with counterparties along the CCS value chain.

The joint venture will originate and mature CCS ventures with emitters, infra-
structure providers, service companies, and financing partners. It combines the 
strengths of Talos’s offshore operational and sub-surface expertise with Storegga’s 
CCS experience. The United States Gulf Coast is a prime location for offshore car-
bon capture projects in the U.S. It’s home to 100+ facilities emitting more than 
1,000,000 tons of CO2 emissions per year.

Ludington Pumped Hydro Storage Plant 
in Michigan. 

SIEMENS DIGEST
Finnish company UPM-Kymmene se-
lected Siemens Energy to supply electrifi-
cation, automation, and digitalization 
(EAD) packages for a next-generation 
biorefinery under construction in Leuna, 
Germany. EUPM will provide alterna-
tives to reduce the CO2 footprint of 
end-products such as PET bottles, pack-
aging materials, textiles, or rubber prod-
uc t s  u sed  in  var ious  au tomot ive 
applications. Siemens Energy’s scope of 
supply for power distribution and motor 
drive systems, a distributed control sys-
tem (DCS), and a digital twin for the en-
tire plant. The biorefinery is scheduled 

for start-up in late 2022. When fully op-
erational, it will have an annual capacity 
of 220,000 tons. 

Midcoast Energy selected Siemens 
Energy to supply two SGT-400 mechani-
cally driven RFBB20 compression packag-
es for the station. The packages are 
expected to increase the CJ Express pipe-
line’s transmission capacity from the East 
Texas supply areas to Gulf Coast demand 
centers to approximately 1 billion cubic feet 
per day (Bcf/d). Siemens Energy signed an 
8-year longterm program (LTP) with 
Midcoast Energy. The agreement will 
cover preventative maintenance for the gas 
turbine units and the pipeline compressors.

Siemens Energy has released a rotat-
ing equipment selector app. It aims to 
improve the user experience when sort-
ing through and selecting from the many 
compressors and drivers found on the 
company’s site. The app was designed as 
part  of  the company’s  Univers i ty 
Development Program, which provides 
R&D funding to university engineering 
students to develop products that address 
real-world challenges. 

Siemens Energy partnered with Texas 
A&M University’s mechanical and electrical 
engineering departments. Students could 
participate in the project to fulfill their 
two-semester senior design requirement. 

PARKER DELIVERS GT INLET FILTER HOUSES TO GOLDEN PASS
Parker has recently supplied a total of six gas turbine (GT) filter houses to support the 
new Golden Pass liquefaction and export terminal currently under construction in 
Sabine Pass, Texas. The project is due to begin global exports by 2024. 
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INDUSTRY NEWS

AMMONIA TURBOMACHINERY
GE and IHI of Japan announced a Memorandum of Understanding (MOU) for col-
laborative development of an ammonia gas turbine business roadmap. The roadmap 
will support the use of ammonia as a carbon-free fuel to lower carbon emissions in 
both existing and new gas turbines. According to the MOU, both companies will con-
duct research on the marketplace volume of ammonia as well as feasibility studies for 
ammonia as feedstock for gas turbine power plant installations in Japan and 
across Asia.

Ammonia is utilized today as a fertilizer, chemical raw material and used recently 
as a fuel, effectively produced in industrial applications. In addition, when used as 
a carrier for hydrogen, ammonia enables an efficient, lower-cost transport and stor-
age of a fuel which can be used directly in natural gas power generation. Since am-
monia contains no carbon, it does not emit carbon dioxide when burned and may 
therefore enhance the power sector’s efforts in reducing carbon emissions. 

INDUSTRIAL CYBERSECURITY 
PLATFORM
Garland Technology and Dragos an-
nounced a partnership that will enhance 
visibility, control, and cybersecurity for 
industrial controls systems (ICS) and op-
erational technology (OT) environ-
ments.  Garland’s visibility solutions 
feed data at the right time to the 
Dragos Platform. 

The Dragos Platform allows users to 
visualize industrial assets and their com-
munications, detect threats as they 
occur, and utilize prescriptive work-
bench tools for more efficient investiga-
tions and response while helping to 
avoid operational impacts to the existing 
security team’s operations. This joint 
approach provides OT and IT teams 
visibility magnification, reducing the po-
tential for disruption. 

GLOBAL COMPRESSION 
SERVICES OPENS FACILITY
Global Compression Services, a provider 
of gas compressor equipment parts and 
services, has opened a new 5,000 sq. ft fa-
cility in the heart of the Marcellus Shale 
in Washington, Pennsylvania. The ma-
chine shop will be capable of repairing 
any compressor component. A FARO 
scanning tool will enable high quality re-
pair of Ariel CP valves and a Mazak 
CNC lathe will perform machining of the 
valve. Two manual lathes will be capable 
of turning up to 22-inches in diameter. 
The facility will stock inventory for nearly 
al l  of  Global Compression’s  pro-  
duct offerings.

ANOTHER ATLAS COPCO 
ACQUISITION
Atlas Copco has been on an acquisition 
frenzy of late. After three acquisitions in 
the last couple of months, it announced 
another one: Airflow Compressors & 
Pneumatics, serving industrial and ser-
vice companies active in the North West 
of England. The company will become 
part of the service division within the 
Compressor Technique Business Area. 

LA TURBINE’S NEW OWNER
Chart Industries has acquired turboex-
pander manufacturer L.A. Turbine 
(LAT). Chart is a manufacturer with 
a product portfolio used in every phase 
of the liquid gas supply chain, including 
upfront engineering, service and repair. 

WESTINGHOUSE AND 
DOMINION MODERNIZING 
POWER STATION
Westinghouse Electric has signed an in-
strumentation and control (I&C) contract 
with Dominion Energy for the imple-
mentation of a Digital Modernization 
Program at the Surry Power Station. The 
new contract will support Dominion’s 
Subsequent License Renewal program 
for Surry Units 1 and 2, ensuring the 
continued delivery of carbon-free energy 
for 419,000 homes. 

Westinghouse and Dominion will 
upgrade 23 safety and non-safety sys-
tems over a nine-year period. The pro-
gram will include digital I&C hardware, 
software, design, engineering, manufac-
ture, delivery, and engineering support. 
Each uni t  wi l l  be  out f i t ted  wi th 
Westinghouse’s  Common-Q safe-
ty-grade platform, as well as the Ovation 
I&C platform.

GE DIGEST
GE Gas Power has signed an agreement 
to build, own, and operate a power plant 
equipped with mobile TM2500 aerode-
rivative gas turbines for the Centralized 
Utilities Company (Marafiq) in Oman. 
GE will supply four TM2500 units for 
the project that will provide up to 80 
MW. Commissioning of the plant is ex-
pected in about five months’ time. 

GE and Cricket Valley Energy Center 
(CVEC) announced the companies have 
signed a memorandum of understanding 
to develop a green hydrogen technology 
roadmap and advance a demonstration 
project to reduce carbon emissions at 

CVEC’s combined cycle power plant lo-
cated in Dover Plains, New York. The 
project is planned to begin in late 2022.

GE implemented the GT26 HE, 
a High Efficiency (HE) upgrade for the 
GT26 fleet, at Uniper’s Enfield Power 
Station in north London. The upgrade 
was installed to improve the perfor-
mance and extend the maintenance in-
terval of the combined cycle plant. GE 
also announced new orders for the up-
grade secured from Enel Argentina’s 
Central Dock Sud and Keppel Merlimau 
Cogen Pte Ltd (KMC), respectively in 
Argentina and in Singapore.

Global Compression Services facility, 
Washington PA. 
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AUSTRALIAN GAS AND 
HYDROGEN POWER PLANT
EnergyAustralia has ordered one of 
GE’s 9F.05 gas turbines to power the 
Tallawarra B Power Station to help en-
hance the reliability of the energy grid 
and help ensure New South Wales 
(NSW) energy consumers have contin-
ued access to affordable, reliable, and 
sustainable power prior to the closure 
of the Liddell coal-fired 1,680 MW 
plant. It will operate with as a peaker 
plant and will utilize partial loads  
o f  h y d r o g e n  t o  d e c r e a s e  i t s 
emissions footprint 

The 316 MW Tallawarra B will be 
built in consortium with the Engi-
neering, Procurement and Construction 
(EPC) company Clough and will be ad-
jacent to EnergyAustralia’s existing 
Tallawarra A 435 MW gas plant. GE 
will also supply a A78 generator, an ex-
haust stack, a generator step-up trans-
former, and the Mark VIe control 
system and gas turbine accessories. 

NEVADANANO SENSOR TECH IMPLEMENTED IN PEMTECH SENSORS
NevadaNano, a gas detection sensor technology, announced that PemTech added 
NevadaNano’s Molecular Property Spectrometer (MPS) technology into its 
Ultra1000 Series Fixed Gas Sensors. PemTech is a US-based global gas monitor and 
detector manufacturer.

NEW SUPERCRITICAL CO2 
PROJECT
The EU-funded CO2OLHEAT project 
(Supercritical CO2 power cycles demon-
stration in Operational environment 
Locally valorizing industrial waste Heat) 
intends to focus on industrial waste heat 
valorization and its conversion into elec-
trical energy via a supercritical CO2 cy-
cle. It will run for four years in support of 
the EU’s energy efficiency and GHG 
emissions reduction targets. The main 
objective is to unlock the potential of un-
used industrial waste heat and transform 
it into power.

21 partners formed a consortium that 
will work together towards the develop-
ment of an easily replicable 2 MW 
Supercritical CO2 (sCO2) power block. It 

will be demonstrated in the CEMEX ce-
ment  p lant  in  Prachovice (Czech 
Republic) with six virtual replication sites 
across different industries: glass (Turkey), 
aluminium (Greece), steel (Spain), waste 
incineration (Belgium), gas power gener-
ation (France), and solar power genera-
tion (Spain).

The 21 partners from 11 different 
European countries involved in this proj-
ect are: ETN, Rina Consulting, Siemens 
Energy, University of Duisburg-Essen, 
Baker Hughes, Politecnico di Milano, 
SimeROM, CEMEX Czech Republic, 
Brunel  Univers i ty  London,  MAS, 
University of Roma Tre, CERTH, 
L e i t a t ,  H e a t r i c ,  E N E A ,  E N G I E 
Labore lec ,  EDF,  MYTILINEOS, 
Şişecam, Bosal, and CELSA.

Register or watch a replay on-demand at:
www.turbomachinerymag.com/turbo_p/zero
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MANUFACTURERS LOSING A TRILLION A YEAR TO MACHINE FAILURE
A study of major industrial firms by 
Senseye finds that large facilities lose 
27 hours a month to machine failures on 
average at the cost of $532,000 for each 
hour of unplanned downtime. These 
losses are estimated to total 3.3 million 
production hours, worth $864 billion per 
year across Fortune Global 500 industri-
al companies. 

The True Cost Of Downtime report 
shares findings from a study of 72 multina-
tional industrial and manufacturing com-
panies. It reveals that, on average, large 
plants lose 323 production hours a year. 
The average cost of lost revenue, financial 

penalties, idle staff time and restarting lines 
is $532,000 per hour, amounting to 
$172 million per plant annually.

Senseye’s study also showed that 
more than two-thirds of large industrial 
organizations have made predictive 
maintenance a strategic objective and 
that one-in-five have established in-
house predictive maintenance teams to 
lead these initiatives. 51 percent of orga-
nizations said they already performed 
some condition monitoring and 87% 
that they collected at least some of the 
data that can be used to support predic-
tive maintenaance.

MAJOR COAL CLOSURES 
PLANNED FOR CHILE
AES signed an agreement with the 
Government of Chile, allowing for the 
closure of 1,097 MW of coal generation 
by 2025, subject to the requirements of 
the power grid. It includes roughly 
20% of the country’s installed coal ca-
pacity. This agreement complements 
AES’ plan to invest $3 billion to build 
2.3 GW of renewables and energy  
s t o r a g e  t h r o u g h  2 0 2 4  i n  C h i l e 
and Colombia.

Globally, AES has announced the 
sale or retirement of almost 12 GW of 
coal capacity. Earlier this year, AES an-
nounced a target to reduce its genera-
t ion from coal  to  below 10% on 
a pro-forma basis by year-end 2025 and 
set a new goal to reach net-zero emis-
sions from electricity sales by 2040.

NORWEGIAN CARBON CAPTURE HUB
The Borg CO2 project includes several industry partners, as well as the Port of Borg, 
and aims to capture and store emissions from industrial facilities located in the cities 
of Fredrikstad, Sarpborg, and Halden in Norway. The combined industrial cluster is 
currently responsible for approximately 700,000 tonnes of CO2 emissions annually. 

After being captured, the CO2 
will be liquified, shipped and 
eventually stored underneath 
the seabed of the North Sea. 
Northern Lights will provide 
shipping and storage of CO2.

Borg CO2 and its partners 
have completed a feasibility 
study and are proceeding with 
an extended feasibility study 
(pre-FEED) to be completed by 
the end of 2021. In addition, 
Baker Hughes and Borg CO2 
will jointly evaluate the optimal 
structure for implementation of 
the carbon capture plants and 
pursue grant and incentive 
opportunities both in Norway 
and at the EU level.Baker Hughes is pressing ahead with its net-zero goals. 

CYBERSECURITY PROTECTION 
FOR EGYPTIAN LNG 
Nexus Controls worked with Egyptian 
LNG to implement a secure remote ac-
cess infrastructure for their plant’s 
Distributed Control System (DCS), re-
sulting in a reduction of their attack sur-
face while improving OEM technical 
support utilizing remote work facilities.

TEMPORARY RENTAL 
COMPRESSORS 
Critical Rental Solutions announced 
Site Air, a utility providing an alterna-
tive to temporary rental compressors, al-
lowing companies to startup operations 
or replace underperforming compres-
sors without the capital expense of own-
ership. Located in Houston, TX, it has 
one of the largest fleets of rental equip-
ment including high-pressure centrifugal 
and rotary screw compressors, dryers, 
low pressure blowers and fans, cooling 
towers, and accessories. Site Air systems 
are self-contained, integrate with exist-
ing permanently installed compressed 
air capacity, and are customizable for 
each facility.

SOFTINWAY HELPING CHANGE AEROSPACE DESIGN METHODOLOGY
Last year, SoftInWay announced its award of a NASA Small Business Innovation 
Research (SBIR) contract to leverage artificial intelligence (AI) to improve turboma-
chinery designs for use in high power-density engines. The company has now been 
awarded the Phase II contract to expand upon its work developing an axial compres-
sor map generation program that leverages an autonomous self-training AI. This 
project will enable companies to develop reliable and efficient technology faster.

SoftInWay partnered with engineers from Raytheon Technologies and researchers 
from Purdue University during Phase I. It will continue to work with them to further re-
fine the developed AI-based program by making it applicable to a variety of axial com-
pressors. This ultimately means the development of better aircraft.
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HIGH-PRESSURE 
TURBOCOMPRESSORS
BY AMIN ALMASI

Old-fashioned reciprocating compressors 
have been used in high-pressure services 
for decades. They have been unreliable, 
inefficient, heavy, bulky, and wasteful. 

Modern plants and facilities use vertically-split, 
dry-gas sealed, shear-ring head centrifugal 
compre s so r s  f o r  h i gh -pre s su re  s e rv i c e s 
(>150 Barg). 

Modern high-pressure turbocompressors 
should be engineered, manufactured, and oper-
ated with a special focus on critical areas such as: 
rotordynamics, thermodynamics, potential 
dynamic excitations, rotating-stall, auxiliary 
systems, fabrication processes, and dry-gas seals. 
Some examples of high-pressure turbocompressor 
applications are hydro-cracking, hydrogen-rich 
process gases (such as those in refineries), meth-
anol plants, gas reinjection (or gas injection), 
high-pressure transportation pipelines, and some 
petrochemical processes such as polyethylene 
processes. High-pressure turbocompressors will 
continue to play important roles in different indus-
tries in the future. Today, competent vendors are 
capable of manufacturing centrifugal compressors 
with discharge pressures of more than 900 bar.

A vertically split casing with a heavy bolted 
head is a classic configuration for medium-pres-
sure centrifugal compressors. However, this is not 
practical for high-pressure turbocompressors 
because there is not enough space on the casing 
head for the heavy bolts required. The common 
configuration for modern high-pressure turbo-
compressors is the shear-ring cover head that 
eliminates the bolts at the compressor head. The 
end covers are retained by the shear-ring 
segments. The casing is generally forged from 
a suitable grade of steel. 

High-pressure turbocompressors generally use 
closed-type three-dimensional impellers. Both the 
efficiency and the pressure coefficients are higher 
for three-dimensional impellers compared to 
conventional ones. Impellers are usually manufac-
tured from low-alloy steels. In-depth material and 
metallurgical investigations are needed to examine 
and evaluate the material integrity regarding 
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various failure modes such as sulfide stress 
cracking (SSC) and others. 

One of the major problems is that even after 
the transition of the gas to the dense phase, water 
can drop out if the gas is sufficiently cooled. For 
instance, SSC can occur in minutes if a susceptible 
material under sufficient stress is exposed to a wet 
sour condition.

For high-pressure turbocompressors, the thrust 
force generated in the impeller assembly is much 
greater than can be handled in a thrust bearing. 
Therefore, the thrust forces should be balanced by 
using double-entry impeller series (a back-to-back 
arrangement) and balance piston(s). A recom-
mended configuration is a back-to-back impeller 
arrangement with two balance pistons. The 
remaining axial (thrust) force is the difference 
between the forces which are a magnitude larger. 
A double-acting tilting-pad thrust bearing should 
be used. 

The shaft-end seals in modern high-pressure 
turbo-compressors are generally dry-gas seals. Oil 
seals were used in older machines but are no 
longer used because of issues such as high power 
losses, low reliability, oil contamination, and other 
operational problems. The high pressure presents 
unique challenges to dry-gas seals. There are only 
a few dry-gas seal sub-suppliers with good working 
references for high-pressure services. 

Electric motor drivers have been used in small 
and medium size turbocompressor trains. 
A successful configuration is a two-end electric 
motor arrangement using a dedicated gear unit at 
each end, to drive two turbocompressor casings 
(one at each end). Using this configuration, an 
optimum speed can be achieved for each casing. 
The compressor bundles can easily be removed 
from each side. Another configuration is using 
a two-end, high-speed electric motor with two 
turbocompressor casings. 

For some high-pressure turbocompressors 
such as those for gas injection services, gas turbine 
drivers have traditionally been used. Gas turbine 
drivers can be employed for compressor trains up 
to 70 MW (or more). 

CASE STUDIES
The first case study involves a high-pressure 
turbocompressor with a discharge pressure of 
around 210 Barg and a driver power rating of 
around 18 MW. It has two casings and is driven 
by a two-end electric motor. This train employs 
a variable speed drive to operate at 75%–106% of 
its normal speed. This offers an excellent opera-
tional flexibility, reliability and performance. 

The second example involves a two-barrel, 
high-pressure centrifugal compressor. The train 
consists of a medium-pressure (MP) casing, 
a high-pressure (HP) casing, 11 MW electric motor 
driver, and step-up gearbox units. The MP casing 
(six impellers) receives the gas at around 100 Barg 
and delivers it at around 225 Barg to the HP casing 
(five impellers). The HP casing compresses the gas 
to the final pressure of around 500 Barg. 

The third case study involves a complex gas 
turbine-driven, high-pressure centrifugal compressor 
for a 580 Barg gas injection service. The train 
consists of a gas turbine (31 MW), gear unit (the 
speed increased to around 10,000 rpm), and three 
compressor casings. The gas pressure increases from 
35 Barg to 170 Barg, 360 Barg, and then 580 Barg 
in three stages (LP, MP, and HP stages). For the MP 
and HP sections, discharge temperatures are limited 
to 110°C to reduce the harsh effects of gas, consid-
ering the available material technology and long-
term reliability required. ■ 

Amin Almasi is a Chartered Professional 
Engineer in Australia and U.K. (M.Sc. and B.
Sc. in mechanical engineering). He is a senior 
consultant specializing in rotating equipment, 

condition monitoring and reliability.

Reciprocating compressors used in high-pressure 
service have been unreliable, inefficient, heavy, 
bulky, and wasteful.
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CARBON CAPTURE 
Lowering Carbon Emissions From Gas Turbines 
BY DREW ROBB

Now that coal plant emissions have been 
largely curtailed across much of Europe 
and North America, attention is swinging 
onto gas turbines. Such plants, by and 

large, do a good job at reducing emissions such as 
NOx and SOx. 

However, the current demand is that gas-fired 
plants greatly reduce their carbon emissions. This 
can be accomplished either by pre-combustion 
carbon separation (usually using methane steam 
reforming to syngas with subsequent water shift 
and CO2 removal) or post-combustion flue gas 
CO2 removal. 

The big hurdle, of course, is cost. Current 
technology is expensive and energy intensive. Not 
only is the carbon to be captured, it also needs to 
be stored somewhere and increasingly utilized in 
some process. Hence the term carbon capture uti-
lization and storage (CCUS). (Note: It is also 
sometimes called CCS.) 

Most attention, to date, has been lavished 
upon solvent-based capture i.e., the gas stream is 
exposed to a liquid medium to absorb CO2 via 
some kind of physical or chemical mechanism. 
Regeneration is also needed to break absor-
bent-CO2 bonds.

Drawbacks include high energy consumption, 
corrosion, difficulties in scaling, and raw 

“ Power producers have already 
made great strides in lowering 
the carbon intensity of 
the power sector in 
the U.S., largely due 
to retiring coal and 
replacing it with a 
combination of natural gas and 
renewables,” said Evan Canady, 
Mitsubishi Power. 

economics. Why spend money to develop and 
implement the technology in an environment that 
shows little love for fossil-based fuels? Nevertheless, 
advances have been made. Amine-based solvents 
from Mitsubishi have been used in the Petra Nova 

The solvent-based CO2 capture process. Source: IDTechEx

The direct air capture process. Source: IDTechEx
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facility in Texas. Shell Global’s CanSolv is 
another solvent being used at the 
Boundary Dam project in Canada. 
Similarly, physical absorption solvent 
breakthroughs have been made such as 
Lurgi’s Rectisol process using chilled 
methanol as a solvent. Further areas of 
development include: solid sorbents devel-
oped by Svante in conjunction with 
Chevron and others; the Polaris mem-
brane by Membrane Technology and 
Research in collaboration with the U.S. 
Department of Energy; SES Innovation’s 
cryogenic carbon capture; and FuellCell 
Energy’s fuel cell technology for carbon 
capture, using electrochemical mem-
branes to separate CO2 from industrial 
waste gas streams. Further, Chart 
Industries (owner of LA Turbine) has 
developed Cryogenic Carbon Capture 
(CCC) technology. The cost to produce 
cement and capture CO2 using CCC 
technology is said to be 24% higher than 
producing cement with no capture. 

Another approach is direct air cap-
ture (DAC) to strip CO2 from air using 
chemical and physical processes. Those 
working on this include Climeworks with 
a plant in Switzerland and Carbon 
Engineering from British Columbia, 
Canada, that plans to build a Permian 
Basin facility to capture a million tonnes 
of CO2 per year by 2024 using a 
high-temperature aqueous method based 
on potassium hydroxide. Global 
Thermostat, too, has pioneered a porous, 
honeycomb ceramic approach to 
carbon capture. 

According to IDTechEx, capturing a 
tonne of CO2 directly from the atmo-
sphere costs between $600 and $1,300 
using current technology, compared with 
approximately $40 to $80 for capturing a 
tonne of CO2 from the flue gas stream of a 
coal-fired power plant. Despite that, the 
analyst firm forecasts that DAC is likely to 
gain a growing share of global CO2 cap-
ture capacity over the next few decades. 

CONTRASTING VIEWS 
Wherever you turn, there are contrasting 
views concerning carbon capture. Some 
see it as entirely feasible, some as com-
pletely impractical, and others are some-
where in the middle. 

Geert Laagland, Head of Engineering 
at electricity and district heat utility 
Vattenfall, said high upfront costs for 
CCUS means it is only going to be viable 
if a plant is going to run a lot of hours.

Mark Axford, Principal at Axford 
Turbine Consultants believes that CCUS 
represents a more credible path to lower 
emissions than the ongoing love affair 
with hydrogen. 

“Carbon capture of natural gas is 
probably a far more economical path 
than trying to convert everything to 
100% hydrogen,” said Axford. 

“Post-combustion CO2 removal is tech-
nically viable but impractical because of the 
large volume flow and the need for high 
ratio CO2 compression,” said Klaus Brun, 
Director, Research and Development, 
Elliott Group.  

Let’s hear from the OEMs on how 
they plan to overcome the hurdles pres-
ent in CCUS. 

SIEMENS ENERGY 
According to Arja Talakar, Senior Vice 
President, Industrial Applications Products, 
Siemens Energy, the critical element in 
CCUS is early engagement. With carbon 
capture, that means engaging early in the 
pre-FEED and FEED study stage. 

“The most successful CCUS projects 
will be those where the OEM and the 
developer have optimized cycle perfor-
mance with machinery economics and 
considerations,” said Talakar. “While 
there are few commercial projects right 
now, many projects are being discussed 
and evaluated.”  

Siemens Energy is collaborating with 
BASF on proton exchange membrane 
(PEM) electrolyzers for hydrogen pro-
duction with an output of 50 megawatts 
and the possibility of modular capacity 
expansions. It is also working with Aker 
Carbon Capture to develop carbon cap-
ture solutions that can be applied to gas 
turbines and gas-fired power plants. 

“New turbines and CCUS can provide 
sustainable solutions for the 21st century,” 
said Talakar. 

Why aren’t there more carbon capture 
projects addressed to natural gas-fired 
power facilities? He believes coal gets all 
the attention as it is dirtier and represents 

the low-hanging fruit. He outlined three 
points to bring down the cost of carbon 
capture projects associated with a com-
bined cycle gas turbine (CCGT):
1. Be as efficient as possible to reduce 

the quantity of CO2 to be captured.
2. Reduce the temperature of the flue 

gas to reduce the need for cooling 
before capture.

3. Increase the concentration of the 
CO2 in the flue gas.

Siemens Energy is conducting optimi-
zation studies with Total and others on 
ways to reduce CO2 emissions, focusing 
specifically on natural gas liquefaction 
facilities and associated power generation.

“To reach a 50% reduction in CO2 
emissions by mass, you need about 80% 
volume of hydrogen fuel content,” said 
Talakar. “While it isn’t economically viable 
today to operate large gas turbines at this 
level of hydrogen fuel mixture, these levels 
are within reach with smaller gas turbines, 
especially when considering hydrogen flare 
gases from petrochemical sources.” 

Adding 10% volume of hydrogen to 
natural gas will reduce CO2 emissions by 
2.7%. A 600 MW combined-cycle power 
plant that runs 6,000 hours a year at 60% 
efficiency would equate to a reduction in 
approximately 1.26 million metric tons of 
CO2. In Brazil, for example, the company 
has two SGT-600 turbine generator sets 
operating on residue gas with high hydro-
gen content at a cogeneration plant. 

“Compressors can be used to safely 
and cost-effectively transport and store 
CO2 or hydrogen,” said Talakar.

A CO2 compressor by Atlas Copco  
Gas and Process. 
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Alongside several companies led by 
Highly Innovative Fuels (HIF), Siemens 
Energy is developing and implementing a 
commercial large-scale plant in Chile for 
the production of e-fuel (synthetic metha-
nol for e-diesel, e-gasoline, or e-kero-
sene). Electrolyzers use wind power to 
split water into oxygen and hydrogen via 
Proton Exchange Membrane (PEM) 
electrolysis CO₂ is captured from the air 
and combined with hydrogen to produce 
methanol. About 40% of the methanol is 
converted into synthetic gasoline.  

ATLAS COPCO
Atlas Copco Gas and Process has been 
involved in CCUS for about 15 years, 
supplying compression equipment for a 
variety of applications.  It is currently 
seeing increased activity in the utilization 
of supercritical CO2. 

“Many major players want to con-
tinue operating their fossil-based pro-
cesses so they are putting more focus on 
capturing and using CO2,” said Ulrich 
Schmitz, Marketing Manager at Atlas 

Copco Gas and Process. Some developed 
countries are not only sequestrating the 
CO2, they are utilizing it to produce con-
sumer goods such as blending it with 
hydrogen to make methanol.” 

Most R&D focuses on two main types 
of CO2 utilization, he said: Using existing 
and available CO2 molecules for CO2 
post-combustion processes (oxy combus-
tion); and blending CO2 with hydrogen 
to create methane or methanol.

CO2 has special characteristics and 
challenging properties such as a heavy 
mole weight gas and abundant volume. 
Centrifugal machinery, therefore, is 
a very good fit to process it, particularly 
integrally geared compression which is a 
high head technology. In addition, it pro-
vides a favorable pressure ratio as well 
as intercooling. 

MAN ENERGY SOLUTIONS 
MAN is another company with extensive 
experience in CO2 compression – more 
than 20 years. Out of 18 large-scale facili-
ties in commercial operation around the 

world, eight use MAN’s CO2 compression 
technology. For instance, MAN’s RG 
integrally geared compressor has been 
deployed at a commercial-scale CCUS 
project to tackle carbon emissions at an 
oil-sand operation in Alberta, Canada. 
Shell’s Quest plant has captured and 
injected more than one million tons of 
CO2 underground annually since 2015. 

The company has signed a technolo-
gy-cooperation agreement with Aker 
Carbon Capture to provide new ener-
gy-efficient compression solutions for 
CCS applications with heat recovery. 
Further, it supports CO2 utilization 
applications for urea production, 
Enhanced Oil Recovery (EOR), metha-
nization, synthetic fuels and methanol 
production with compression and 
reactor technologies. 

BAKER HUGHES 
The Baker Hughes take on CCUS is that 
there is no single solution. The approach 
to carbon capture on an offshore natural 
gas platform, for example, would vary 
from a carbon capture design for a refin-
ery or a cement plant. Accordingly, the 
company has several arrows in its CCUS 
quiver. It acquired Compact Carbon 
Capture, which uses a rotating bed tech-
nology instead of static columns to dis-
tribute carbon capturing solvents in a 
compact and modular format. It secured 
the exclusive license of SRI’s Mixed Salt 

MAN’s RG integrally geared compressor for carbon capture and storage.  

“ Power, heat generation, and 
industries like cement and 
steel production are 
responsible for approx. 
60% of all CO2 emissions 
and thus are the focus of 
decarbonization,” 
said Peter 
Klotzsche, MAN 
Energy Solutions. 



 www.turbomachinerymag.comTurbomachinery International • September/October 2021 19

COVER STORY

LM9000 during assembly. 

Process, a solvent process that uses potassium and 
ammonia. In addition, it is examining how the 
chilled ammonia process (CAP), which uses aque-
ous ammonia as a solvent, can capture carbon 
dioxide from mid- to large-scale industrial sites 
and other sources of CO2 emissions. 

“We’re also engaged in the Borg CO2 carbon 
capture project in Norway, which is centered on 
an industrial cluster approach,” said Chris Barkey, 
Chief Technology Officer, Turbomachinery & 
Process Solutions, Baker Hughes. “Separately, we 
are working with Horisont Energy to find optimal 
technologies for an offshore lower-cost carbon 
storage project named Polaris in Norway, part of 
the Barents Blue ammonia production project.” 

Most recently, Baker Hughes announced an 
investment in Electrochaea, a company develop-
ing bio-methanation technology which enables 
CO2 recycling into grid-quality, low carbon syn-
thetic natural gas (SNG), contributing to decar-
bonization of hard-to-abate sectors, such as 
transportation and heating. In conjunction with 
Baker Hughes post-combustion carbon capture 
technology including Compact Carbon Capture, 
Electrochaea’s bio-methanation technology can 
help develop and commercialize an integrated 
carbon capture and utilization tailored to applica-
tions utilizing CO2 sources with biogenic origin 
(biomass, waste-to-energy), as well as sources 
based on combustion of fossil fuels. 

To reach net-zero for large-scale natural gas 
plants, Barkey added that CCUS technologies 
must address exhaust gases. The company is 
investing in post-combustion carbon capture solu-
tions for gas turbine exhaust gas applications. An 
alternative approach is to redesign turbines to 
produce fewer emissions. The LM9000 aeroderiv-
ative gas turbine, for example, now has simple 
cycle efficiency in excess of 44%. 

“Efficiency is key to driving lower carbon 
intensity of the LM9000,” said Barkey. “It has 
been designed for 15ppm NOx emissions in 
dry condition.”  

Baker Hughes has been involved in CO2 
compression since the 1960s where its first appli-
cation was for urea synthesis. Today, it can pro-
vide CO2 compression across a range of 
applications including reinjection of up to 550+ 
bars in almost pure form. It recently introduced 
a main compressor prototype for supercritical 
CO2 that is compact and high speed. It reached 
over 800 kg/m3 density at the discharge and 
operated just on the critical point of the CO2 at 
the suction. 

“CO2 is a highly compressible gas so the main 
challenge we have been tackling is to build a 

compact, efficient machine which can deal with 
the huge aerodynamic forces acting on the rotor,” 
said Barkey. 

MITSUBISHI POWER
Mitsubishi Heavy Industries (MHI) began devel-
oping CCUS technology over 30 years ago. It has 
an amine-based technology known as the KM 
CDR Process. It is used in the world’s largest 
post-combustion carbon capture facility, which 
was installed on a coal power plant in 2016. MHI 
was also selected as the technology provider for a 
feasibility study of carbon capture at Lehigh 
Cement Company’s Edmonton Cement Plant. 
This project is being jointly conducted by the 
International CCS Knowledge Centre and Lehigh 
Cement with a target delivery of fall 2021. It has 
received support from Emissions Reduction 
Alberta. The capacity is estimated to be 600,000 
tonnes of CO2 annually. 

“ The challenge of implementing large-
scale CCUS will be to reduce the 
installed cost and minimize the operating 
costs,” said Chris Barkey, Baker Hughes 
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“ Most new CCS project 
requests targets 
natural gas 
power,” said 
John Catillaz, 
GE Gas Power.

Additionally, MHI and Drax Group 
agreed to a long-term project for Drax to 
use the company’s carbon capture technol-
ogy in combination with MHI’s KS-21 sol-
vent at Drax’s power station in Yorkshire, 
U.K. A further element is offshore geologi-
cal storage under the North Sea. MHI also 
has commercial experience in carbon cap-
ture of natural gas boiler exhaust. The 
applications are predominantly for chemi-
cal production such as methanol or urea. 
NextDecade Corporation, too have signed 
an agreement with MHI to use KM CDR 
Process post-combustion technology in gas 
turbines at the Rio Grande LNG project 
in Texas. 

“A number of confidential studies are 
underway focused on natural gas boiler 
exhaust as well as natural gas turbine 
exhaust with the goal of sequestering the 
CO2 or utilizing it,” said Evan Canady, 
Senior Business Development Manager, 
Renewable Fuels, Mitsubishi Power. 

GE GAS POWER 
GE has developed many projects using 
amine technology and chilled ammonia 
in Europe and North America to remove 
CO2 post-combustion. While tradition-
ally applied to coal plants, these technol-
ogies can be applied to natural gas 
power plants. 

There are plenty of opportunities, too, 
in CO2 compression at the capture site, 
along the transportation corridor, and the 
injection site. At a power plant, for exam-
ple, the CO2 needs to be dried of any 
moisture, and compressed to 70 – 80 bar 
for pipeline transportation. At the well 
head or injection point, booster compres-
sion is often needed to increase pressure 
for injection into the Earth’s crust. 

“Most new CCS project requests tar-
gets natural gas power,” said John 
Catillaz, Director of Decarbonization – 
Marketing GE Gas Power. 

ELLIOTT GROUP 
CCUS deals primarily with the separation 
and sequestration of carbon dioxide either 
pre- or post-combustion from a hydrocar-
bon power plant fuel or from an industrial 
process that emits CO2. The most com-
mon forms of separation are 

pre-combustion from synthesis gas in a 
gasification plant, post combustion from 
flue gas, and blue hydrogen production 
from natural gas reforming. Thus, CCUS 
can also require compression and pump-
ing of synthesis gas, hydrogen, nitrogen, 
oxygen, natural gas or other gaseous feed-
stocks. Elliott Group manufactures cen-
trifugal compressors that can be utilized 
for the compression and transport of car-
bon dioxide and any of the other gases of 
the various CCUS processes. The com-
pany has several ongoing R&D activities 
that focus on the improvement of com-
pressors for CCUS as well as the develop-
ment of new products.  

Most of the discussion of CCUS for 
natural gas-fired turbines is directly 
related to the production of blue hydro-
gen. Blue hydrogen can be either pro-
duced near a hydrocarbon source and 
then transported to the plant via pipeline 
or the hydrocarbon can be transported 
to the power plant using existing infra-
structure to be converted to blue hydro-
gen near the power plant consumer site.  

“The latter option appears more 
practical since it avoids the cost of having 
to develop an entirely new hydrogen 
transportation infrastructure,” said Klaus 
Brun, Director R&D, Elliott. “There are 
three value streams in blue hydro-
gen-based CCUS: Natural gas, hydro-
gen, and carbon dioxide.” 

Elliott is currently working with sev-
eral end-users and operators throughout 
the world to develop customized com-
pression solutions for blue hydrogen pro-
duction. This includes Elliot’s Fex-Op 
compressor arrangement which can be 
utilized for both hydrogen transport and 
CO2 applications as well as the compa-
ny’s existing line of TCH140H pipeline 
compressors for natural gas compression. 

“Post-combustion carbon capture 
tends to be significantly more challenging 
and costly than pre-combustion separa-
tion because of the low concentration of 
CO2 in the flue gas,” said Brun. 

Elliott has been in discussion with pro-
cess developers to provide the high pres-
sure ratio compression solutions required 
to take near-atmospheric flue gas CO2 to 
pipeline and injection pressures. 

MORE PROJECT TO COME 
In 2020, there were 26 commercially active 
CCUS projects in the world, representing a 
carbon capture capability of approximately 
40 million tonnes per annum (Mtpa). 
Currently, there are a handful of other 
CCUS facilities currently under construc-
tion, with a few more in advanced develop-
ment and several more in early 
development. However, these facilities col-
lectively represent less than 100 Mtpa of 
carbon capture capacity set to come online. 
That is far from enough to satisfy the goals 
set by bureaucrats in Europe and the U.S.

Whether pre- or post-combustion, or 
some other approach entirely, comes to 
dominate, what is certain is that more proj-
ects are very much on the horizon. As well 
as those noted above, LNG exporters 
Cheniere Energy and Sempra Energy plan 
to add CCUS capabilities to U.S. LNG 
projects. This may be in response to an 
order cancellation from France which 
claimed U.S. LNG was too dirty. Sempra’s 
Port Arthur LNG terminal in Texas and 
Cameron LNG plant in Louisiana are 
being looked at for CCUS, as are 
Cheniere’s Corpus Christi plant in Texas 
and Sabine Pass terminal in Louisiana. 

Meanwhile, Venture Global LNG 
intends to capture and sequester carbon 
at its Calcasieu Pass and Plaquemines 
LNG facilities in the U.S. After com-
pressing CO2, it will be transported and 
injected into subsurface saline aquifers. 
The goal is half a million tons of carbon 
per year. ExxonMobil, too, has 
announced plans for deep storage of car-
bon in the Gulf of Mexico.

“We have committed real dollars to 
development and engineering,” said 
Cheniere CEO Jack Fusco. “Customers 
are going to expect us to continue to offer 
a sustainable LNG product.” ■
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More than 10 years ago, when 
Siemens Energy pioneered the 
use of additive manufacturing 
(AM) (also known as 3D print-

ing) in making critical turbine parts, skep-
tics across the turbomachinery industry 
doubted our vision. After all, these com-
ponents—especially combustion parts and 
stator vanes—are subject to extreme 
forces and temperatures, yet they must 
provide reliable service for decades. 

Even now, with our AM parts in gas 
turbines having accumulated more than 
1.5 million operating hours of successful 
operation—more than any other turbine 
manufacturer in the world—some people 
in industries using turbomachinery still 
call AM a “myth” or an “emerging tech-
nology.” But in our experience and, most 
importantly, in our customers’ experi-
ence, both observations are simply un-
true. Our customers are proving AM’s 
value every day by incorporating AM-
made parts in their production turbines. 

AM ACCELERATES THE WORLD’S 
PROGRESS TOWARD A DECAR-
BONIZED FUTURE
What’s more, with the global imperative 
to decarbonize power generation, AM is 
currently enabling us to design, engineer, 
and manufacture fuel combustion sys-
tems capable of burning mixtures with 
up to 75% hydrogen. This puts us well 
on our way to our goal of having Siemens 
Energy turbines capable of burning 
100% hydrogen by 2030.

Consider the case of Germany’s 
Dresdner Stadtwerke (DREWAG) munici-
pal utility, now part of SachsenEnergie AG, 
the largest power provider in Eastern 
Germany. It sought to modernize a 
25-year-old, combined heat and power 

plant in Dresden powered by three Siemens 
Energy 60MW V64.3 gas turbines. 

As is our practice with all our turbine 
customers, DREWAG and Siemens 
Energy engineering teams closely coop-
erated in this project. We used 3D digital 
modeling complemented with AM to 
modernize the plant’s gas turbines. Then 
we validated their upgrades with 33,000 
equivalent operating hours of testing. 

DREWAG replaced the first-stage 
vanes in its turbines with redesigned ones 
that reduce hotspot temperatures by 50–
100° C, lowering cooling air consumption 
by 25%. In addition, the utility will be able 
to increase turbine power output and effi-
ciency by operating at higher inlet tempera-
tures. To top off those gains, the turbines 
now emit less nitrogen oxide, improving air 
quality and regulatory compliance. AM also 
simplified manufacturing, cutting lead times 
from several months to just a few weeks.

HOW IT WORKS: SELECTIVE 
LASER MELTING DEPOSITS 
METAL LAYERS 20-µm THICK
At Siemens Energy, we use AM technol-
ogy with selective laser melting (SLM) to 
produce critical parts, for our industrial, 
aeroderivative and heavy frame gas tur-
bines. SLM employs a laser with a high-
power density to melt and fuse metallic 
powders together, in layers that are typi-
cally just 20-μm thick. 

Given this layering process, our engi-
neers can introduce different design fea-
tures that are simply not possible with 
other manufacturing processes, whether 
vacuum investment casting or machining 
a solid piece of metal. In combustion 
parts, for example, complex geometries 
can be produced that improve the mix-
ing of fuel and air, thereby reducing 

emissions. And damping system compo-
nents can be optimized to improve com-
bustion acoustics. By avoiding the use of 
machining parts, we also eliminate the 
waste of expensive metal alloys.

In addition, the highly efficient cool-
ing structures to reduce cooling air con-
sumption for both combustion and 
turbine components are also possible 
through AM processes. This enables 
higher temperatures to be achieved and 
service life cycles extended.

THE FUTURE STARTS TODAY
As was the case at DREWAG, AM can 
reduce manufacturing lead time by up to 
60% or more,  while virtually eliminating 
the time and cost of capital equipment 
acquisition. Spare parts inventories can 
be reduced, along with the capital tied 
up in them, if not eliminated altogether. 
That’s because AM can produce parts on 
demand. What’s more, after their service 
life ends, these parts can be recycled into 
their constituent metal powders for 
re-use in making new parts.

AM has opened tremendous possibili-
ties for the precise yet flexible design, en-
gineering, and manufacturing of critical 
parts for gas turbines. Given our long ex-
perience with operating with AM-made 
parts in our installed base of turbines 
worldwide, we are happy to share our 
knowledge with you and your engineer-
ing teams. We have other customer AM 
success stories you may be interested in 
learning more about, too. ■

For more information, including additional arti-
cles, white papers, and case studies, visit our 
Siemens Energy AM website: www.siemens- 
energy.com/am. 

SIEMENS ENERGY’S ADDITIVE 
MANUFACTURING BRINGS SPEED 
TO DECARB JOURNEY
BY VLADIMIR NAVROTSKY, VICE PRESIDENT, TECHNOLOGY & INNOVATION, SIEMENS ENERGY, AND 
MARKUS SEIBOLD, VICE PRESIDENT, ADDITIVE MANUFACTURING, SIEMENS ENERGY
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METHANE EMISSIONS
Compressor Seal Addresses Methane Leakage
BY BENJAMIN HELLMIG AND GUILLAUME DE FOMBELLE

Methane accounts for the largest share of 
greenhouse gases after carbon dioxide. It 
is many times more potent but has a 
shorter lifespan in the atmosphere. 

Methane emissions are usually not entirely avoid-
able. Compressors in gas pipeline compressor sta-
tions leak due to their design as the mechanical dry 
gas seals currently used do not seal completely. 

Pipeline operator GRTgaz from Western 
Europe decided to tackle the problem. Its infra-
structure consists of several thousand kilometers of 
pipeline network with around 10,000 delivery, 
regulating, or sectioning stations as well as numer-
ous compressor stations. Dry gas seals have been 
installed at new compressor stations for 25 years, 
and pipeline venting emissions (mainly for mainte-
nance needs) are fed back into the pipeline with 
mobile gas compressors. Based on 2016 figures, 
the company has achieved a two-thirds reduction 
in methane emissions. The next target is to divide 
that number by five by 2024. 

TANDEM SEALS
Conventional dry gas seals reduce emissions by up 
to 90% compared with oil-lubricated mechanical 
seals. Their tandem design meets safety require-
ments. If the main or primary seal fails, a second-
ary seal withstands full pressure. Other advantages 
include lower friction, longer service life, and 
efficiency.

If compressors do not remain in continuous 
operation, this can lead to seal contamination. 
There are several strategies to avoid this: A com-
mon practice is to depressurize the compressor 
housing, which results in methane escaping into the 
atmosphere. A better way is to keep the compressor 
housing pressurized during downtime. GRTgaz 
has implemented this strategy at several compressor 
stations using a rotating seal gas booster.

Another way to minimize leakage is to use dry 
gas seals in a double arrangement. They are sup-
plied with nitrogen, which then enters between the 
seal surfaces as a sealing gas. This means that no 
impurities are created, and only small amounts of 
nitrogen enter the compressor. However, the reli-
ability of the supply is crucial. Without nitrogen, 

double seals are damaged. In addition, their safety 
level is only sufficient for lower pressures.

Coaxial dry gas seals designs are similar to 
double seals. They can prevent leakage, are sup-
plied with nitrogen, and are used at low pressures. 
The main advantages over double seals: their 
small footprint (comparable to a single seal) and 
resilience to nitrogen failure arising from a prob-
lem with the nitrogen generator.

This coaxial design has been adapted for use 
at higher pressures. This gives components more 
stability as well as additional secondary seal faces 

GRTgaz achieved a two-thirds reduction in 
methane emissions.

The CobaDGS from EagleBurgmann is a gas-lubricated 
mechanical seal that eliminates leakage even under 
high pressures. It has been implemented by European 
pipeline operator GRTgaz to reduce methane emissions 
from turbocompressors.
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The CobaDGS from EagleBurgmann has been implemented by European pipeline operator GRTgaz to reduce 
methane emissions from turbocompressors.

behind the coaxial seal to provide a safety level 
like that of tandem seals. If the nitrogen supply 
fails, the system can continue to operate with pro-
cess gas. In such a case, only small amounts escape 
into the vent line. 

This seal eliminates leakage during operation 
and shutdown. As it is permanently pressurized 
with nitrogen (N2), venting is no longer necessary. 
This also prevents contamination. The system 
operates at up to 160 bar operating pressure, even 
in the event of an N2 failure. Modifications to the 
compressor housing are unnecessary. It is suitable 
for new compressors and retrofits. 

Although it can operate without nitrogen, an 
uninterrupted supply is important for environ-
mental protection and to ensure clean gas. Instead 
of transporting it to the compressor station, the 
nitrogen had been successfully generated on site in 
the GRTgaz pilot project through pressure swing 
absorption. The nitrogen accumulator that 

secures the supply operates at 330 bar. Pressure is 
reduced downstream to the required seal supply 
level. It is estimated that this new seal design saves 
on average 230,000 cubic meters of process gas 
per year while reducing overall operating costs. ■

Benjamin Hellmig is Product Manager 
Compressor Seals at EagleBurgmann 
Germany, the company making the 
CobaDGS gas-lubricated mechanical 

seal that eliminates leakage even under 
high pressures. 

Guillaume de Fombelle is Manager 
Application Engineer at 
EagleBurgmann Germany.  
Visit www.eagleburgmann.com  

or call +49 (0) 8171 23 0. 
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TURBINE FUEL CONTROL 
Five Reasons Why You Should Upgrade Your Fuel System 
BY RICK FISHER 

Gas turbine fuel control has become 
more important than ever. Whether 
due to emissions mandates, main-
taining efficiency, plant profitability, 

or increasing the lifespan of a facility, oper-
ators and owners are looking for ways to 
achieve a tighter rein on fuel usage. Here 
are the top five reasons why now is a good 
time to upgrade your fuel system. 

AGING PARTS ARE UNRELIABLE 
There are a great many gas turbines 
around that have been in operation for ten, 
twenty, thirty or more years. Machines that 
have been in heavy use are likely to have 
worn fuel valves, unreliable shutoffs, or sys-
tems that aren’t responsive enough to oper-
ator instructions. But even peaking turbines 
that have seen infrequent usage can suffer 
badly due to faulty fuel control systems 
or components. 

As these units age further, compo-
nents wear. This can lead to problems in 
starting up the machine as well as 
unscheduled outages and maintenance 
personnel continually having to babysit 
the fuel controls. 

Additionally, there are many turbines 
out there with fuel control systems that are 
either poorly supported or have been made 
obsolete by the OEM. There comes a point 
when it becomes too much of a burden to 
continually scramble to find components or 
keep aging controls running. 

LACK OF SPEED OF RESPONSE 
In this day and age, speed is everything. 
Operators demand turbomachinery that 
is going to start up rapidly on demand, 
and shutdown instantly should problems 
arise. The fuel control system must 
match these expectations. This means 
valves that provide the precise fuel mix 
and fuel shutoffs that do the job in 
a timely manner. 

Yet fuel controls don’t always mea-
sure up. In some cases, aging facilities 
have installed manual ball valves to keep 
their fuel control systems running. There 
is no place for such technology in a mod-
ern gas turbine plant. Even standard fuel 
control systems may not be good enough 
for current conditions. Response times of 
half a second to a second (and as much as 
two seconds for a slow motor) are com-
monplace. Such systems operate at risk.  

Pneumatically actuated valves are 
required with response times of 200 milli-
seconds or less. Only then, can the opera-
tor have peace of mind that shutoffs will 
occur rapidly enough to avoid damage. 
Furthermore, pneumatic systems are 
available that only need 1 amp at 24 volts 
DC. 

Fuel metering valves must also be able 
to function at the right pace. All-electric 
fuel control valves offer real-time flow con-
trol to dispense the right amount of fuel at 
the right time, as requested by the tur-
bomachinery control system. This has 
everything to do with achieving perfor-
mance objectives, while avoiding the possi-
bility of falling out of emissions compliance.  

SKILLS SHORTAGE 
Not so long ago, plants operated with 
large teams of skilled operations and 
maintenance personnel. But the demand 
to do a lot more with far fewer personnel 
has drastically shifted the skills picture in 
facilities. Couple that with an aging 
workforce with a steady parade of retire-
ments and there is no place for finicky or 
unreliable turbine systems.

Fuel controls, therefore, must not be 
the weak link. Instead of being composed 
of multiple components cobbled together 
over the years that require constant 
attention, they must be unified into one 
comprehensive, automated fuel metering, 
shutoff, and control system. Ideally, such 
pre-assembled systems would include 
electric actuation at low power to elimi-
nate the need for additional high-pow-
ered electrical lines to be fed into them to 
operate motor-driven valves. It is even 
possible to operate the fuel control valves 
at the same pressure as the incoming gas. 

Such systems ease the burden on 
less-experienced plant personnel by offer-
ing them an engineered solution that is 
tested, integrated, and can be dropped in 
place. Veteran staff may be able to pur-
chase the various components and compe-
tently tie everything together – if they 
have the time. But the generation entering 
the workforce demands fit-and-forget, 
leak-free systems. They want to spend 
their time on the big picture – overall per-
formance, plant economics and emissions 
compliance – not in the routine of adjust-
ing valves, checking for leaks, and trouble-
shooting fuel control issues. 

MEETING THE LATEST STANDARDS 
Standards are continually evolving. 
Safety standards have altered markedly 
over the last twenty years. These days 
SIL 2 or 3 safety levels are the norm for 
new valves. Fast shutoff of fuel to the gas 

The Gas Fuel Shutoff and Control System 
from Continental Controls includes fuel 
metering, redundant pneumatic shutoff 
valves, pilot valves, flow measurement, 
NOx feedback, fuel heating value 
measurement, and gas leakage elimination 
via a coaxial valve. 
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turbine is another aspect of safety. The 
flow of gas must cease immediately as 
dictated by plant control systems or 
whenever there is a loss of pilot pressure. 

Older systems lack the safety capabilities 
of the latest fuel controls. The latest systems 
offer redundant pneumatic shutoff valves, 
and a block-and-bleed architecture to pre-
vent leaks. In addition, they offer pilot 
valves: A spring-loaded piston is activated 
by system pressure to open the valve; when 
pressure is released, the valve closes at once. 
This safety feature is an important fail-safe 
mechanism. Those relying on all-electric 
systems, however, can experience shut-
down delays in the event of a power cut.

There are plenty of other standards 
that apply. Those wishing to operate in 
Europe must meet ATEX requirements, 
which are steadily refined. In North 
America, valves, components, and systems 
are subject to ASME certification. 
Similarly, emissions regulations become 
ever more stringent. Gas turbine opera-
tors must maintain NOx and other emis-
sions below regulated limits. More 
recently, gaseous methane compliance has 
been added to the compliance burden. 

Older fuel controls are found lacking 
when it comes to some of these stan-
dards. They struggle to remain in com-
pliance and lack the flexibility to deal 
with shifts from high BTU to low BTU 
fuel, or vice versa. However, systems are 
available with complete fuel control 
assemblies fully certified and tested to 
meet local requirements. 

POOR ECONOMICS 
Inefficient fuel systems exert a significant 
impact on plant performance and profit-
ability. The ability to rapidly start, stop 
and adjust the various elements of fuel 
control translates directly into improved 
economics and an ability to meet market 
demands. Older systems lack the neces-
sary degree of responsiveness. 

Component or system unreliability 
opens the door to unexpected shutdowns. 
This can mean the difference between a 
profitable and unprofitable facility. Those 
investing in modern, end-to-end fuel con-
trols gain more certainty of performance. 
With that comes lowered risk and more 
predictable economic outcomes.  

GAS FUEL SHUTOFF AND 
CONTROL SYSTEM 
The Gas Fuel Shutoff and Control 
System from Continental Controls is 
a complete fuel train inclusive of fuel 
metering, redundant pneumatic shutoff 
valves that meet safety and other industry 
standards, pilot valves, flow measure-
ment, NOx feedback, fuel heating value 
measurement, and gas leakage elimina-
tion via a coaxial valve. This integrated 
system includes a controller with sensors 
for temperature, pressure, and other 
parameters. All components are pre- 
assembled, welded, tested, certified, and 
delivered on one manifold. 

The design allows for precision flow, 
pressure, or position control measure-
ment even with changing backpressure or 
other effects from the application that 
may cause other measurement tech-
niques to be less accurate. Fuel flow mea-
surement, for example, is available to the 
user for control, display, and logging pur-
poses at ±2% reading accuracy or 0.5% 
of full scale, whichever is greatest. Fuel 
flow control is conducted by an elec-
tronic computer assembly. This com-
puter receives the 4 to 20 mA fuel 
demand signal and compares it to the 
fuel flow signal from the built-in flowme-
ter. It then adjusts the throttling orifice to 
change the fuel flow as necessary to make 
the measured fuel flow equal to the fuel 
demand. Control is based on mass flow 
calculation, not just pressure or position. 

It provides fire-safe and fast natural 
gas shutoff, is SIL 2 to 3 certified, and 
can close in less than 200 milliseconds. 
The system is pressure tested with 
valves that close bubble tight with loss 
of pilot pressure. This integrated solu-
tion is suitable for operators and 
repackagers looking to repair or replace 
an existing fuel system on gas turbines 
up to 50 MW. ■

Rick Fisher is Vice President at 
Continental Controls Corp., 
a San Diego-based provider 

of control systems and components for 
gas turbines and gas engines.  
For more information, visit  
www.continentalcontrols.com 

 This Gas Fuel Shutoff and Control System manifold by Continental Controls with integrated 
controller and sensors for temperature, pressure, and other parameters has been operating 
successfully on a gas turbine in Southern California. 
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COMPRESSOR CHOKE
Choke Prevention in Axial Compressors
BY ROMAN BERSHADER 

Axial compressors are used in 
processes where a large amount 
of gas is required, providing 
high efficiency relative to their 

size. Industrial applications include 
first-stage mixed refrigerant compres-
sors in LNG plants, main blowers in 
refineries using the catalytic cracking 
process, and blowers for blast furnaces 
in steel mills.

There are two restrictions on the 
operation of dynamic compressors 
caused by different phenomena: at rela-
tively low flow rates - surge; and at rela-
tively high flow rates, a choke or a stone 
wall. These conditions must be taken 
into account in design so they can 
be prevented.

Due to the severity of surge and 
the much higher l ikel ihood that 
compressors will operate at relatively 
low flow rates, this issue has received 
more attention. The surge phenom-
enon can be described as erratic oper-
a t i o n  a c c o m p a n i e d  b y  s t r o n g 
mechanical vibration, rotational speed 
fluctuations, pressure fluctuations, gas 
velocity fluctuations, and rapid tempera-
ture rise with possible overheating and 
abnormal sound generation. The choke 
phenomenon can be defined as increased 
vibration, temperature rise, and a rapid 
drop in efficiency. If the choke is not as 
strong as the surge, prolonged operation 
i n  t h e  c h o k e  z o n e  m a y  d a m a g e 
the compressor.

Both surge and choke are f luid 
mechanics phenomena that occur in 
compressors under certain circumstances. 
Dynamically unstable compressor opera-
tion due to surge or rapid efficiency drops 
due to choke can occur at different speeds, 
inlet pressure, inlet temperature, and 
different molecular weight of gases (in 
LNG applications). Therefore, the theory 
of experimental fluid mechanics must 
be applied. 

The principles of similarity and dimen-
sional analysis are used to generate modi-
fied dimensionless compressor maps with 
fixed surge and choke limiting lines for all 
inlet conditions, gas compositions, and 
rotational speeds, which can then be used 
in various surge and choke protecting 
algorithms. The most commonly used 
dimensionless coordinates of such maps 
are compression ratio and corrected mass 
flow rate.

Close-loop PID controllers are typi-
cally used to regulate anti-surge valves to 
protect compressors from surge, and to 
regulate inlet guide vanes (IGV) or outlet 
valves to prevent compressor choking by 
comparing the controlled variable (CV) to 
the desired SP setpoint. There are various 
compressor protection algorithms that 
calculate the CV that characterizes the 
position of the operating point relative to 
the choke line, represented in dimension-

less rectangular coordinates.
The most commonly used choke 

protection algorithm in industrial control 
systems, or its derivative, defines the CV 
(%) as the distance from the operating 
point to a point on the choke line at the 
same compression ratio. Other algorithms 
define the CV (%) as the distance from the 
operating point to the point on the choke 
line at the same mass flow. In rectangular 
coordinate systems, the distance between 
points on a curve and the curve itself are 
pro jec t ions  onto  a  hor izonta l  or 
vertical axis.

The first algorithm requires extrapo-
lating the choke line so that the vertical 
coordinate  passes through it. Compressors 
are selected to operate at points with 
maximum efficiency, somewhere between 
the surge point and the operating point 
OP (Figure 1) in a curve where the accu-
racy of calculating the controlled variable 

Figure 1: A set of hypothetical constant speed performance curves typical for axial 
compressors with A points as surge points; and B points as choke points. The operating point 
(OP) on the curve  is located approximately halfway from the surge and choke points. 
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to protect compressor from choke is 
minimal, since the position of the point (B)
Rc is an assumption. The accuracy of the 
operating point calculation increases as 
the choke point is approached, but 
may sti l l  be inaccurate within the 
safety threshold. 

Algorithms of the second type seem 
preferable, since the projection of the 
operating point on the horizontal axis 
always intersects the choke line. In such 
algorithms, the displacement of the oper-
ating point is determined by the vertical 
coordinate of the compression ratio as a 
function of the horizontal coordinate of 
the corrected mass flow rate, then a small 
change in distance between the intersec-
tion point (B) on the choke line and the 
choke point  can significantly change the 
distance, which makes it difficult to tune 
the PID controller for its fast response.

Setting the safety threshold in rectan-
gular coordinate systems can only be 
made relative to the choke line, since the 
entire operating range is not available. 
The compressor performance curves on 
the plane are geometrically limited to 
perpendicularly oriented lines to repro-
duce the entire operating range from the 
surge point to the choke point, which is 

achievable in a polar coordinate system 
defining this range as a rotation from the 
polar angle to the polar angle. Therefore, 
the controlled variable CV (%) for the 
choke protection controller can be calcu-
lated as the choke point polar angle 
minus the operating point polar angle 
divided by the entire range, which is 
equal to the choke point polar angle 
minus the surge point polar angle. 

Polar coordinates provide the most 
accurate representation of the operating 
point in relation to surge and choke lim-
its, reproducing the full range of operat-
ing points at which the safety threshold 
control setpoint can be set exactly as 
required. And the controlled variable 
calculated in the polar coordinate, is an 
almost linear variable, which makes it 
easier to tune the PID controllers. ■

Roman Bershader. PhD. has 
more than 40 years of 
experience as an application 
consultant and field engineer, 

30 of them with Compressor Controls 
Corp. Recently retired, he can be 
contacted at rbershader@yahoo.com

Figure 2: The constant speed performance curve has rays emanating from an imaginary 
center point, indicating possible movements of the operating point along the curve, from the 
surge point to the choke point in polar coordinates: from the polar angle to the polar angle. 
Position of the operating point OP is determined by the polar angle.

UPGRADE FAILING  
EXHAUST LINER SYSTEMS 

GT & HRSG  
LINER RETROFIT

www.hrstinc.com

• Proven Designs
• Plant-Specific Custom 

Solutions
• Reliable Thermal Expansion
• Withstands Vibrations and 

High Temperatures

Read more?
Hover your phone’s camera over 
the smart code for more contents.



www.turbomachinerymag.com September/October 2021 • Turbomachinery International28

POWER GENERATION

THE ECONOMICS  
OF HYDROGEN 
How the Energy Sector Can Lead the Hydrogen Revolution 
BY EMMANOUIL KAKARAS

Hydrogen – the world’s lightest 
and most abundant element – 
has been touted as a solution to 
radically decarbonize industries 

and societies. Several countries have 
included it in their medium and long-
term emissions reduction plans, with the 
likes of Canada, France, Germany, and 
Japan rolling out strategies specific 
to hydrogen. 

To spur mass adoption of this zero-
carbon molecule, a more robust supply 
chain is necessary. However, cost is 
a major barrier. Certain methods of 
hydrogen production, storage, and trans-
port are specialized and expensive, espe-
c i a l l y  w h e n  c o m p a r e d  t o  m o r e 
carbon-intensive alternatives. 

One way to make hydrogen more 
economically viable is to significantly 
scale demand. The installation of a single 
400 MW, 100% hydrogen-fired gas 
turbine combined cycle power plant, for 
example, would use the same amount of 
hydrogen as 2 million hydrogen fuel cell 
vehicles. Such a shift would generate 
enough impetus to expand the build-out 
of hydrogen-related infrastructure. 

UPGRADING POWER SYSTEMS 
TO USE HYDROGEN 
Energy sector players need not start from 
scratch to ramp up hydrogen utilization. 
They can use existing gas power infra-
structure. For decades, the energy sector 
has already successfully used hydrogen in 
various proportions within small gas 
turbines. The next step is to develop 
larger machines that can safely deploy 
hydrogen  for  u t i l i t y - s ca le  power 

generation. To date, there has been 
success in converting large gas turbines 
with dry low-NOx combustors to run 
with a 30% hydrogen and 70% natural 
gas mix. Exclusive hydrogen-firing is 
projected for 2025.  

Conversion of legacy systems to 
accommodate hydrogen firing can be 
done with minor structural modifications. 
Piping and valv ing s izes  must  be 
increased given the greater volume of 
hydrogen needed. But the compressor, 
turbines, and other auxiliaries can 
remain largely the same. 

To ensure the safe deployment of 
hydrogen in large-scale power genera-
tion, the combustor design has been 
reimagined. Most existing large gas 
turbines can run with up to 20% H. But 

as its proportion increases, hydrogen’s 
explosive nature and wide range of flam-
mability must be addressed. One notable 
effect of the significant rise in tempera-
ture with hydrogen combustion is the 
increase in formation of NOx. 

A higher incidence of NOx emission 
can be mitigated by premixing fuel and 
air before entering the combustor. 
However, doing so poses a new chal-
lenge. Adding hydrogen raises the 
combustion speed of the fuel mix. It 
accelerates flame propagation to the 
point where it may exceed the fluid 
velocity of the premixed gases. This 
increases the risk of flashback – where 
the flame moves upstream in the fluid 
and can ignite fuel outside the combus-
tion chamber. 

Equipped to support 30% hydrogen co-firing, Mitsubishi Power’s J-Series gas turbines can 
produce up to 700 MW of electricity while reducing CO2 emissions. (Photo Credit: Mitsubishi Power)
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A dry low-NOx combustor with an 
improved swirler nozzle has been devel-
oped to mitigate this challenge. Air is 
injected from the tip of the nozzle, 
increasing the velocity at the center of the 
swirling flow. This design boosted flash-
b a c k  r e s i s t a n c e  w h i l e  e n a b l i n g 
low-NOx combustion.

THE HYDROGEN VALUE CHAIN
The energy sector can help drive demand 
for hydrogen, but it cannot act alone. 
Leaders in both public and private sectors 
can take steps to stimulate hydrogen 
demand and supply, while striking 
a balance between economic feasibility 
and environmental performance.

The existing hydrogen supply chain 
is not decarbonized. With the bulk of 
commercia l ly  avai lab le  hydrogen 
derived from fossil fuels, the IEA esti-
mates that hydrogen production gener-
ates 830 million tons of carbon dioxide 
annually. This is equivalent to the 
combined CO2 emissions of the UK 
and Indonesia. 

There are several ways to produce 
hydrogen that can drastically reduce or 
eliminate carbon from the process. This 
includes pyrolysis of hydrocarbons 
(forming solid carbon as byproduct) as 
well as using steam reforming systems 
wi th carbon capture  capabi l i t ies . 
Another option is to generate green 

hydrogen using renewable power. The 
rapid growth of renewables in several 
places has led to oversupply, forcing 
power producers to curtail renewable 
power generation or sell excess power at 
a loss. In theory, this surplus electricity 
from renewables can be harnessed to 
p o w e r  e l e c t r o l y z e r s  t o  p r o d u c e 
carbon-free hydrogen. 

However, to make green hydrogen 
competitive at scale, capital expenditure 
and operating expenses need to go down. 
The European Commission estimates 
that hydrogen derived from fossil fuels 
costs about $1.80 per kg, whereas green 
hydrogen ranges between $3.00 and 
$6.55 per kg. 

To bring hydrogen further down the 
value chain, suitable transport and storage 
systems are also needed. Traditionally, 
hydrogen is stored in tanks at high pres-
sures (350 to 700 bar) and low tempera-
tures (below -252.8°C). These extreme 
conditions mean that tanks must be 
specially designed, with large compressors 
enabling such processes. 

Salt caverns, such as those used by 
the Advanced Clean Energy Storage 
project in Utah, present a viable alterna-
tive for hydrogen storage. When opera-
tional, the system will be integrated with 
existing power grid infrastructure in the 
Western U.S. and provide up to 1 GW of 
renewable energy that can be tapped 
year-round.

Ammonia, which is easier to trans-
port at scale than hydrogen, is also 
a d v a n c i n g  t h e  d e v e l o p m e n t  o f 
a hydrogen ecosystem. Not only can it be 
used directly as a fuel in smaller power 
systems, but it has proven to be an effec-
tive hydrogen carrier. In Australia, the 
Eyre Peninsula Gateway project is set to 
generate up to 40,000 tons of green 
ammonia per year and will feature 
a  75  MW e lec t ro lyzer  fo r  g reen 
hydrogen production. 

A STRONG HYDROGEN 
ECOSYSTEM
Various parts of the world are at different 
stages of hydrogen adoption. In Europe, 
first-generation hydrogen projects are set 
to come online within the decade. These 
include the conversion of a 440 MW 
gas-fired power plant in the Netherlands 
to 100% hydrogen firing, as well as the 
development of a green hydrogen cluster 
in Hamburg. The U.S. has been leading 
the way in exploring hydrogen for energy 
storage, with ongoing projects and evalu-
ations in Utah, New York, Virginia, 
Louisiana, and Texas. In Saudi Arabia, 
work is underway for a facility that will 
produce, among others, 650 tons of green 
hydrogen per day.  

In developing markets, limitations to 
infrastructure and access to capital are 
more acute. These countries can scale 
hydrogen adoption with blue or gray 
hydrogen and pair hydrogen production 
systems with carbon capture technologies. 

At the end of the day, the develop-
ment of a global ecosystem for affordable 
hydrogen production, storage, transpor-
tation, and utilization will need partner-
ships across sectors and industries. One 
example is HyDeal Los Angeles where 
the local government is working with 
industry players to drive down the cost of 
green hydrogen to $1.50 per kg. ■ 

Prof. Dr. Emmanouil Kakaras is 
Executive Vice President, NEXT 
Energy Business, Head of Duisburg 
B r a n c h ,  M i t s u b i s h i  H e a v y 

Industries EMEA, Ltd. For more information, visit 
www.mhi.com/company/regions/emea  

Mitsubishi Power teamed up with the Los Angeles Department of Water and Power and other 
partners to work towards at-scale green hydrogen procurement at $1.50 per kg in the Los 
Angeles Basin by 2030. (Photo Credit: Green Hydrogen Coalition)
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IS HYDROGEN 
THE ANSWER TO 
LOW- EMISSION 
TURBOMACHINERY?
BY JOSEPH MCDONALD 

On June 29th, Turbomachinery International 
jointly hosted a webcast with ETN Global 
entitled “Is Hydrogen the Answer to Low-
Emission Turbomachinery?”  It provided an 

overview of the various elements of the hydrogen 
economy, the different types of hydrogen (gray, 
blue, green), the turbomachinery challenges 
involved (the design of combustors, pipelines etc.), 
and the  economics of hydrogen. 

Three guest speakers were invited  to speak, 
each an expert in their field.

PIERRE DECHAMPS
Pierre Dechamps is an Ambassador at EU Climate 
Pact and a Senior Advisor at FTI Consulting. He 
remarked on the state of emissions in Europe, 
which spurred the creation of the EU’s “Green 
Deal”. This legislation aims to reduce CO2 emis-
sions to zero by 2050. 

Dechamps said changes to Europe’s power 
generation practices are essential in meeting this 
goal. Europe aims to transition towards a fully 
integrated energy system to reduce waste by stor-
ing and sharing energy. 

In his opinion, hydrogen would be a key player 
in this new system. Excess energy from renewables 
would be used to generate hydrogen.  

The EU’s “Hydrogen Strategy for Climate 
Neutral Europe” sets a schedule for at least 6 GW 
of renewable hydrogen electrolyzers to produce 
up to 1 million tonnes of renewable hydrogen by 
2024; increasing to 40 GW between 2025 and 
2030. Beyond 2030, the ambitious plan is to have 
renewable hydrogen fully integrated into the sys-
tem, extending to hard-to-decarbonize sectors 
such as transport. 

GEERT LAAGLAND
Geert Laagland, Director of Engineering at 
Vattenfall and Co-Chairman of ETN Global’s 
Hydrogen Working Group, spoke on the role 
hydrogen could play in the heat and power sec-
tors. He  believes a flexible backup to intermittent 
renewables is necessary for Europe’s transition 
from fossil fuels and gas turbines powered by 
hydrogen would effectively fill this role. 

According to Laagland, hydrogen gas plants 
are ideal for creating CO2-neutral, flexible dis-
patchable power. He believes that power genera-
tion using blue (and eventually, green) hydrogen 
can be realized by 2030. Hydrogen plants will also 
require fewer operating hours, making them more 
economically attractive compared to current natu-
ral gas plants. 

Laagland also spoke on heat generation, using 
district heating in Berlin as an example. He 
detailed Vattenfall’s plans for transitioning this 
heating program from coal to low-carbon hydro-
gen by around 2040. 

Laagland provided a graphic showing the 
development of a hydrogen-based infrastructure 
in Europe (see figure). Gas turbines and compres-
sors will be required throughout the hydrogen 
ecosystem. He pointed out that it will be necessary 
for Europe to import hydrogen from other coun-
tries. He also mentioned the importance of storing 
hydrogen as the “the production and consump-
tion of hydrogen will be out of sync.”

In conclusion, Laagland noted that for hydro-
gen to be implemented on a large scale, many reg-
ulatory and market conditions still have to be met. 
This includes pricing incentives for hydrogen, 
converting and building infrastructure, and a suffi-
cient supply of renewable electricity. 

Read more?
Hover your phone’s 

camera over the smart 
code for more contents.
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PETER STUTTAFORD
Peter Stuttaford, CEO of Thomassen Energy/
PSM drew attention to the renewable energy pro-
duction gap. In his opinion, the gas turbine is 
poised to fill that gap in a variety of ways. He 
mentioned flexible fast-load coverage, the fact that 
natural gas is the cleanest fossil-fuel, and that it 
can run on a variety of fuels. 

With certain upgrades, natural gas plants can 
slowly progress towards using 100% hydrogen. 
This will allow for a realistic transition away from 
fossil fuels while still adhering to net-zero goals..

Stuttaford detailed the retrofit process neces-
sary to allow a gas turbine to run on hydrogen. 
The combustor must be replaced due to increased 
flame speed and the wider flammability limit of 
hydrogen. Next, the turbine must be evaluated for 
heat load due to the higher volumetric flow. 
Finally, the exhaust must be inspected to ensure 
an adequate margin. 

Additionally, fuel delivery manifolds and fuel 
lines may need to be resized, and controls systems 
and fuel delivery skids may need to be upgraded. 

As an example, Stuttaford showed a site in The 
Netherlands where Thomassen Energy/PSM had 
upgraded a plant’s GE 9E turbines to run on up to 
35% hydrogen by volume. For the past three years, 
the plant stably run on up to 25% hydrogen and 
maintained sub-9ppm NOx.  

His company’s FlameSheet technology was 
described as “a combustor within a combustor” 
and is used to upgrade existing turbines. 
Stuttaford said it allows turbines to run on up to 
60% hydrogen . It is also being tested when alter-
nating between 100% natural gas and 
100% hydrogen. 

He advocated a ‘turnkey clean energy pack-
age.’ It would include an electrolyzer, upgraded 
gas turbine, and a high-pressure storage vessel 
for hydrogen. ■
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RESOLVING VARNISH 
CHALLENGES 
Varnish Removal Technology in Turbine Oil 
BY HASANUR JAMAL MOLLA, SAAD H. AL-DOSSARY, TARIQ NADEEM, AND MOHAMMAD F. AL-SHIHRI. 

Varnish is an organic residue produced by 
irreversible chemical degradation of 
mineral oil lubricants. It can lead to filter 
plugging, restricted oil flow, poor heat 

transfer, valve sticking, fail-to-start conditions, and 
unit trips. 

During rotating equipment operation, heat 
generated due to friction degrades the oil and 
produces very small byproduct particles that settle 
throughout the system as  varnish.  Spark 
discharges from static charge buildup in the lubri-
cating oil filters play a key role in its formation. 
Over time, these particles attach themselves to 
surfaces throughout the turbine, producing a 
sticky film. As varnish builds up, performance of 
rotating equipment suffers. 

A variety of varnish removal systems are avail-
able in the market. As the conversion between 
soluble and insoluble varnish is a physical equilib-
rium process dependent upon temperature, 
Varnish Removal Units (VRU) are equipped with 
a cooler to reduce the oil temperature and convert 
soluble into insoluble varnish. Special filter media 
inside the VRU capture dissolved and suspended 
soft contaminants from the oil. 

VARNISH FORMATION
Varnish is a sub-micron-sized soft contaminant 
that is polar in nature. Oxidation and thermal 
breakdown are among the causes of varnish 
formation. But the two major reasons are 
micro-dieseling and static electric discharge. 

In micro-dieseling, the implosion of entrained 
air bubbles as they migrate from low-pressure 
zones to high-pressure zones creates a local oil 
temperature in excess of 1,800ºF. This is enough 
to cause severe oxidation of oil molecules and 
generates carbonaceous byproducts. As system 
p r e s s u r e s  i n c r e a s e ,  t h e  p o t e n t i a l  f o r 
micro-dieseling rises.

The industry’s shift to synthetic and glass filter 
media has created unexpected side effects due to 
the combination of tighter filter pore sizes to 
remove fine sediment with very high filter flux 
rates to reduce capital cost. The result is signifi-
cant static charge buildup within the oil system. 
These spontaneous discharges can generate sparks 
of static electricity with temperatures greater than 
18,000ºF. This “cooks” the oil, creating molecule 
fragments that deplete antioxidant additives. The 
oil circuit where there is metal-on-metal contact 
can also generate a static charge.

Oil-degraded soft contaminants are dissolved 
in the oil at operation temperature which are 
polar in nature and get absorbed onto dipolar 
(colder) metallic surfaces. The varnish is formed 
by soft contaminants agglomerating and hard-
ening into a lacquer-like coating on valve spools 
and sleeves, bearing surfaces, gears and other 
internal surfaces of the lubrication system. 

The sticky nature of varnish captures hard 
contaminants as they flow within the system, forming 
an abrasive finish that accelerates component wear. 
Furthermore, varnish is an efficient insulator that 
provokes bearing surfaces to run hotter, and heat 
exchangers to have lower efficiency.

VARNISH DETECTION METHOD
In Saudi Aramco, all critical rotating machines 
are monitored by a lubricant condition moni-
toring (LCM) system. The scheduled samples are 
tested inhouse. Test slates are decided based on oil 
type and equipment. However, color and acid 

The conversion between soluble and insoluble
varnish is a physical equilibrium process
dependent upon temperature.
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number are checked for all industrial lube oils. 
When color and acid number are high, the 
RULER (Remaining Useful Life Evaluation 
Routine)/ RPVOT (Rotating Pressure Vessel 
Oxidation Test), and UC (Ultracentrifuge)/ MPC 
(Membrane Patch Colorimetric Test) are checked 
to understand the condition of the oil and design 
the corrective action to prevent unscheduled 
equipment downtime.

The MPC test has been used for many years in 
oil analysis as a qualitative test to assess the condi-
tion of oil. Recently, several commercial laborato-
ries have developed quantifiable scales to trend 
the varnish potential of oil. For example, on 
Analyst Inc.’s scale from 0 to 100, a varnish poten-
tial rating of 0 to 15 is considered normal. The 
range 15 to 30 means monitoring is required. 
Readings greater than 30 are considered action-
able and should trigger rapid remediation.

GAS COMPRESSOR EXAMPLE 
Delaval make a 5-stage centrifugal low-pressure 
(LP) gas compressor driven by a 3,500 hp electric 
motor. It is a critical asset, operating throughout 
the year with no standby equipment. The 
compressor takes gas from the LP suction drum 
and discharges it to the high-pressure (HP) gas 
compressor. The compressor runs at 10,295 RPM 
and delivers 19.27 - 21.55 MMSCFD of gas, with 
the amount varying from summer to winter. The 
set alarm and trip temperature of the compressor 
bearings are 235oF and 250oF respectively.

The compressor train is lubricated through 
a forced feed system to provide lubrication to the 
motor, gearbox and compressor bearings. The 
lube oil reservoir capacity is more than 3,000 
gallons of ISO VG 46 turbine oil. 

The bearing temperature trend of the LP 
compressor showed a gradual increase at the 
inboard (I/B) bearing. It reached above the limit 
of 250oF and resulted in a trip. The bearing was 
dismantled, and varnish was found on the bearing. 
This lowered the oil flow rate because of reduced 
clearance and a reduced heat dissipation rate 
(Figure 1 and 2). 

VARNISH REMOVAL TECHNOLOGY
An offline Varnish Removal Unit (VRU) was 
connected to the LP gas compressor lube oil 
system while the machine was running. The VRU 
suction is taken from the lube oil reservoir drain 
valve. The VRU discharge is returned back to 
reservoir through a one-inch socket welded on the 
reservoir inspection manway.

Figure 1: Varnish was found in the compressor gearbox, bearing, and shaft.

The VRU utilizes filter media optimized for 
varnish removal. The warm oil is drawn from the 
system tank to the VRU by means of the transfer 
pump. The oil first passes through a blast cooler, 
then a heat exchanger, and finally a chiller system 
before reaching the filter housing. The oil 
temperature comes down to approximately 50°F 
before reaching the filter media that captures 
dissolved and suspended soft contaminants.  
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Varnish has traditionally been defined as 
an insoluble deposit. However, it also exists 
in soluble state. The conversion between 
soluble and insoluble varnish is a physical 
equil ibrium process dependent upon 
temperature. The soluble varnish becomes 
insoluble by reducing the lube oil tempera-
ture and can then be removed easily from 
the lube oil system. 

After extracting the varnish from the 
lube oil, it is returned to the main lube oil 
system. Varnish-free oil now starts to 
clean system components in contact with 
oil, resulting in a varnish-free system for 
up  to  a  f ew  month s  depend ing  on 
system condition.

After utilizing the VRU for a few weeks 
on the LP gas compressor, bearing tempera-
tures and the condition of the lube/seal oil 
were improved. Oil samples subjected to 
MPC tests showed a drop from 39.1 to 1.4 
within 19 days of operation. Bearing 
temperatures dropped from 249.4oF to 
186oF within 19 days due to the removal of 
varnish and better heat dissipation as well as 
increased oil flow.

The usage of the VRU in combination 
with MPC testing of the lube oil system 
reduced the bearing temperature by 
detecting and cleaning varnish deposits. 
This  improved heat  diss ipat ion and 
prevented any equipment trips due to high 
bearing temperatures. It also eliminated 
the immediate need for oil replacement, 
system flushing, and chemical cleaning. ■ 

Hasanur Jamal Molla, Lubrication 
Engineer ,  Consul t ing Serv ices 
Department, Saudi Aramco

Saad H. Al-Dossary, Dynamic 
Analysis Group Leader, 
Consulting Services Department, 
Saudi Aramco.

Tariq Nadeem, Reliability 
Engineer, North Ghawar 
Producing Department, Saudi 
Aramco

Mohammad F. Al-Shihri, 
Reliability Unit Supervisor, North 
Ghawar Producing Department, 
Saudi Aramco

The varnish removal unit 
utilized by Saudi Aramco. 
Courtesy: CJC

Figure 4: Bearing Tempt Trend.

Figure 3: MPC Results Trend.

Figure 2: The lube oil sample testing revealed a very 
high level of varnish presence; the test result for new 
(left) and in-service lube oil (right).
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The Western Turbine Users, Inc. (WTUI) 
show occurred virtually this year, spread 
over three weeks. Due to print magazine 
deadlines, we could only summarize the 

first half of the event in the previous issue. Here 
are the highlights from the latter sessions:  

Jason Miller, Director of Reliability for 
GridSME, provided an overview of the combustion 
turbine from the perspective of the California 
Independent System Operator (CAISO). He said 
gas generation has been rising in share over last ten 
years in the region. 

“There is still a place for gas, especially in the 
peaking market,” said Miller. 

He drew attention to the August 2020 period 
when the state suffered rolling blackouts (the 
same happened this year). Unanticipated high 
demand was satisfied by natural gas facilities 
despite heat-related forced outages. In Miller’s 
view, gas saved things from getting worse. 

“There was no fault found with the gas fleet 
related to any the blackouts,” he said. 

Miller also explained the need for natural gas 
generation to provide reactive power and grid sta-
bility. “Renewables are not synchronous machines, 
so you need reactive energy injected for frequency 
response and to stabilize the grid,” he said. He’s 
worried that bodies like CAISO and LA DWP are 
retiring a lot of rotating generators, particularly 
steam generators. That amounts to 3 GW of retire-
ments in the next 4 years (1 GW this year). Over 
the same period, a large amount of battery storage 
is due to be added. Miller believes this represented 
an opportunity for gas turbines to work in tandem 
with battery plants to serve peaking and 
other markets. 

AERODERIVATIVE O&M
The last two days of WTUI featured vendors pro-
viding insight and tips on aeroderivative gas turbine 
operations & maintenance. Rikki Blair, Director of 
Operations, EthosEnergy, talked about extending 

the life of assets. His company does reverse engi-
neering using blue light scanning and 3D modeling 
as well as 3D prototyping using production 3D 
printing. A prototype is done in plastic. Once con-
firmed it is then printed in metal. This can be alu-
minum, nickel, steel, cobalt, or titanium. 

Blair laid out an LM2500 case study. It suf-
fered compressor degradation despite a lot of 
offline water washing. GTE provided a high-pres-
sure online water wash without detergent that 
raised availability by 2%, performance by 1 to 
4%, reduced fuel consumption, and lowered emis-
sions. It also used less water that offline water 
washes and cut down the wash cycle from 110 
minutes to 30 minutes. 

Another example discussed was an LM6000 
controls retrofit for a Texas peaker. Four units at 
two different sites experienced reliability issues, 
slow start ups, and were not meeting output 
demands. An upgrade to poorly configured 

WESTERN TURBINE 
USERS PART II
Show Highlights the Many Aspects of LM Series Operations & Maintenance 
BY DREW ROBB

The WTUI show covered all aspects of the maintenance and repair of aeroderivative 
gas turbines. Courtesy of MTU Maintenance
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control raised output by up to 2%. It also solved 
grid synchronization problems to satisfy 10 min 
startup to full load condition. This was accom-
plished using the icon control system. The project 
also corrected UPS, power distribution, and wir-
ing issues. Blair said EthosEnergy had done over 
100 controls upgrades on LM engines. 

Mcleod Stephens Jr., General Manager at 
Braden Filtration, followed with a briefing on the 
history of filter cartridge design, media, styles, and 
evolving technologies. He laid out the various fac-
tors to consider in selecting the right filter for the 
right turbine and environmental conditions. 

Maintaining and upgrading LM series turbines 
to reliably meet the demands of today’s grid, with 
the topic chosen by David Cicconi, Turbine 
Business Development Manager at Emerson. The 
focus of that session was on upgrade options avail-
able to users of legacy Woodward and GE control 
systems. Using a case study of a recent project, he 
detailed a variety of upgrade solutions and 
enhancements available for these units, as well as 
some lessons learned to ensure success in manag-
ing such an upgrade.

For example, he mentioned Ovation control 
optimizations that could be done to improve the 

Maintenance work being done on an LM2500. Courtesy of MTU Maintenance
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reliability and on-time dispatch of automatic pre-
start.  Another feature, automatic NOx water 
adjustment, instantaneously compensates for vari-
ation in ambient conditions. Emerson offers a ret-
rofit for some Woodward and GE systems. This 
drop-in replacement matches the footprint, is easy 
to install, and fully factory tested. 

Monitoring the health of bearings was the 
topic presented by Simon Wilson, Sales Director, 
Energy & Industrial, GasTops. He explained that 
bearing damage events and unreliable detection 
technologies are causes of unplanned shutdowns 
in aeroderivative gas turbines. Damage typically 
occurs gradually over time and may be predicted 
in advance using detection technology. GasTops 
offers Oil Debris Monitoring (ODM) and 
MetalSCAN online condition monitoring as well 
as oil, filter, and chip analysis.

ICE BLASTING 
Field Results from ice blasting were outlined by 
Bobbi Monacelli, President, US Cleanblast. He 
tied this into high-pressure compressor (HPC) effi-
ciency improvements and overall life extension. 
He touched upon performance tests on ice blast-
ing by GE, which revealed improvements in com-
pressor efficiency, increased mass flow, and a MW 
power gain. 

The process is used to eliminate dirt and 
hydrocarbons in the compressor, which lead to 
lower power. Monacelli said that if water washing 
is becoming less and less effective and a borescope 
inspection shows that the machine is dirty, ice 
blasting is a possible option.  

A plant in Georgia, for example, gained 3 MW 
by using the technique on an LM6000. The HPC 
and casing was cleaned by ice in only 12 to 18 
hours. This resulted in no damage to the sub-
strate. As well as being much faster than cleaning 
by hand, the compressor is much cleaner when ice 
is used. 

The following session featured Bob Tollett, 
Director of Marketing, at Liburdi Turbine 
Services. He covered how to maximize compo-
nent repair yields to reduce engine overhaul 
costs. His company is involved in a great many 
hot section combustion repairs, as well as first 
and second stage blade and nozzle repairs. He 
recommended blade alloy rejuvenation to return 
blades to an as-new state. He also touched upon 
vacuum-heat treatment to restore the micro-
structure and improve the creep strength 
of components. 

Many users deal with grid stability and fre-
quency response issues. Mike Toll, Account 

Manager at Woodward, took up this subject 
during the last day of the virtual WTUI event.     

“Grid fluctuations are caused by imbalance of 
electrical supply and demand,” said Toll. 
“Without compensation, the frequency varies with 
generation and load changes.” 

If, for example, consumption is greater than 
production – perhaps in the early evening if there 
is no wind – frequency drops. If consumption is 
less than production – perhaps the middle of the 
day when the sun shines and the wind blows – the 
energy produced has nowhere to go and fre-
quency rises. 

Toll detailed various control system 
approaches to dealing with frequency and instabil-
ity challenges. Droop, for example, is a control 
method that automatically varies gas turbine out-
put in response to changes in frequency. When 
grid frequency decreases, unit load increases, and 
vice versa. He also touched upon local MW set-
point control, automatic generation control 
(AGC), remote MW setpoint, and primary fre-
quency controls that can be implemented. 

WTUI tries to cover as much ground as possi-
ble related to LM series O&M. The last few hours 
of the show featured a great many topics. Patrick 
Jansen, Chief Services Officer, VBR Turbine 
Partners, promoted Decide, a system that tracks  
component behavior and degradation over time. 
It combines historical and ongoing engine health 
condition monitoring data to provide predictive 
maintenance. Jeff Bause, CEO of Noxco, pre-
sented on emissions compliance. Pierre Ansmann, 
Global Marketing Director, Arnold Group, edu-
cated the audience on thermal insulation for 
LM2500/6000 exhaust collectors as a way to 
reduce package temperature. Florian Winkler, 
Marketing Manager, EMW filtertechnik, covered 
the benefits of (H)EPA GT air intake filters. His 
presentation helped users to make better filtration 
choices. Finally, Jon Neal, Head of Global Field 
Service at Brush Group, tackled how to avoid 
forced outages through site-specific preventive 
maintenance of generators based on operating 
condition and environment.  

The 2022 WTUI show will take place from 
March 27-30 in Long Beach, CA. For more infor-
mation, visit WTUI.com  ■

“There is still a place for gas, especially in the 
peaking market,” said Jason Miller, Director of 
Reliability for GridSME.
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FS-ELLIOTT
Oil-Free Air and Gas Compressors
BY DREW ROBB

FS-Elliott is a manufacturer of oil-free air and 
gas compressors. In addition, it provides a 
line of lubricants and control systems. The 
company has been in business for over 

50 years and operates in more than 90 countries. 
“Despite widespread cuts in spending from 

customers due to COVID-19, we are experiencing 
increased demand in some industries,” said Alex 
Curtin, Product Manager, Engineered and Air 
Separation at FS-Elliott. “The fact that the major 
oil indexes have steadily rebounded and major 
investments to address the global chip shortage 
are indicators of a strong air compressor market.” 

But the pandemic caused a shift in strategy for 
2020. The company refocused its efforts on internal 
process and product management modifications to 
offer engineered products with improved prices and 
lead times. In addition, it revamped extended 
warranty programs, and released a new control 
panel to market. 

COMPRESSORS 
FS-Elliott has two compressor product lines, the 
Polaris+ and the PAP Plus. Polaris+ air compressors 
serve customers in industries such as food and 
beverage, textiles, industrial manufacturing, plastics, 
and power generation. The PAP Plus line is mostly 
utilized in oil refining, petrochemical, and LNG 
production and transport. It offers compliance to 
API 672 and API 614 standards. The company is 
also active in the air separation industry, where both 
of its compressor lines are used. 

The PAP Plus A1 is FS-Elliott’s workhorse 
compressor for oil and gas. Primarily used as an 
instrument air compressor, the A1 is available in 
cost and short lead-time pre-engineered configu-
rations to meet API 672/614 with critical reli-
ability features. The A1 can be customized to 
meet specific requirements to ensure year-round 
reliability and operation. 

Curtin commented that compressor life-cycle 
costs are generally organized into three groups: 
capital investment or purchase price; mainte-
nance; and energy usage. When purchasing a new 
compressor, the primary focus is generally on the 

The PAP Plus A1 compressor.

FS-Elliott’s R2000 control panel.
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purchase price. Over the life of the compressor, that is typically 
the lowest cost. Energy costs are the highest, followed by main-
tenance. The other impact to consider is the effect the air 
source can have on the finished product. 

“Oil-flooded compressor air sources use expensive separa-
tion systems and can leave trace amounts of oil that can transfer 
to the finished product,” said Curtin. “For those producing 
textiles, food products, or medicines, any potential for oil 
contamination is unacceptable.”  

He recommends that audits are performed on existing 
compressed air systems by a company certified by the Department 
of Energy AirMaster+ Program or that completed Compressed 
Air Challenge training courses for compressed air systems. The 
return on investment of an air system audit can be immediate 
based on what is uncovered during the process and the final 
recommendations. One example is an automotive component 
manufacturer in North Carolina that saved $100,000 per year on 
electrical usage and $25,000 per year on annual maintenance costs 
by converting three oil-flooded rotary screw compressors to a more 
efficient oil-free centrifugal compressor. 

CONTROL SYSTEMS
FS-Elliott offers a range of control systems, including both 
microprocessor-based and PLC solutions. Its control panels 
support needs ranging from a basic user wanting to turn the 
compressor on and let it run without worry to more complex 
solutions encompassing redundancy and monitoring of every 
characteristic of compressor operations.

The new FS-Elliott R2000 control panel features improved 
energy efficiency and a better user experience while reducing 
downtime. On the energy savings front, an Energy Advisor 
makes suggestions to improve efficiency based on operating 
trends. Its maintenance notification system tracks compressor 
usage and provides predictive maintenance advice.  

LUBRICANTS 
The FSE-TurboCool line of fluids feature extended fluid life, 
wear protection, and resistance to foaming. FSE-TurboCool 
and FSE-TurboCool HD are ISO 32- and ISO 46-grade 
lubricants selected based on coolant temperatures and envi-
ronment. FSE-TurboCool FG is a food-grade version of a 
32-grade lubricant created to meet H1 requirements for fluids 
with incidental food contact (FDA 21 CFR 178.3570). 
FSE-CentriMax is a 32-grade premium mineral oil and 
FSE-TurboCool CC cleans heavily varnished air compressors 
while the unit remains in operation.

FSE-TurboCool uses an ester-based lubricant suitable for 
use in all centrifugal compressors and offers advantages over 
glycol-based lubricants. “In most glycol-based lubricants, a 
secondary oxidative inhibitor must be added to capture water 
and aid in water separation, which deactivates over time,” 
said Curtin. “FSE-TurboCool’s oxidative resistance offers 
long-lasting protection against deposits and varnish, enables 
moisture buildup from condensate to drain, and improves the 
efficiency of the compressor’s mechanical components.”  ■
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Brian Tylisz, Senior Vice 
President of Sales, 
Americas at Sullair, 
discusses centrifugal 
compressor and air 
compressor technology. 

THE NEED FOR OIL-FREE 
COMPRESSION 
TELL OUR READERS ABOUT SULLAIR.   
Since its founding in 1965, Sullair offers a line of 
portable and industrial air compressors, including 
Class 0 certified oil-free compressed air solutions. 
From scroll to rotary screw to centrifugal, the 
Sullair oil-free portfolio is available in powers 
from 2 – 30,000 hp and pressures from 15 – 725 
psi. Sullair became a Hitachi Group company in 
2017. The combination of two compressor OEMs 
brings more solutions to achieve their compressed 
air needs.

WHY ARE OIL-FREE  
COMPRESSORS NEEDED?
70% of all industries use some form of compressed 
air. In any industry it is used, compressed air 
directly or indirectly encounters the product being 
manufactured. In the food and beverage industry, 
for example, this means the packaging or 
containers holding the food or beverage, or the 
food or beverage itself. In pharmaceuticals, this 
means pills or bottles holding the pills, and so on. 
When using oil-flooded air compressors—espe-
cially if they are not well-maintained—there is a 
risk of oil passing through the compression 
chamber, making it downstream, and contacting 
the product. This jeopardizes the health and safety 
of the consumer. Therefore, an increasing number 
of industries—including food and beverage, phar-
maceutical, automotive, medical, electronics, and 
power —are moving to oil-free compressed 
air systems.

WHAT ADVANTAGES DO OIL-FREE 
CENTRIFUGAL COMPRESSORS PROVIDE? 
Centrifugal compressors provide superior energy 
efficiency for large volumes of air as advanced 
technology impellers are designed to match the 
required airflow and pressure. This means addi-
tional energy savings. They also provide low 
maintenance costs, as they’re designed with many 
non-contacting internal components. This ensures 
minimal maintenance needs. Additionally, all 
moving parts are easily inspected by removing the 
horizontal ly spl i t  gear cover.  Centri fugal 

compressors provide Class 0 oil-free air for appli-
cations where air purity is essential.

HOW DOES THIS IMPACT COST? 
Oil-free air compressors are cost-effective when 
looking at total lifecycle costs. They require 
minimal maintenance. A properly configured 
oil-free system lowers energy consumption. 
Further, many multi-national manufacturers are 
moving to oil-free compressed air systems to 
protect themselves against potentially damaging 
effects—such as contaminating end product, 
damaging production equipment, causing down-
time or damaging their brand’s reputation due to 
the low quality of the end product and/or 
product rejections. 

WHAT ARE YOUR T-SERIES 
COMPRESSORS USED FOR?
With T-Series compressors, Sullair offers six 
off-the-shelf integrated packages, all providing 
Class 0 oil-free air. Key features include titanium 
impellers as standard to extend the life of the 
compressor. An accessible horizontally split 
gearbox allows for quick inspection. A thrust 
collar design extends bearing life and increases 
impeller rotation stability. Additionally, an Allen-
Bradley programmable logic controller (PLC) is 
standard on all models. Sullair T-Series compres-
sors are primarily used in automotive, steel, glass, 
food and beverage, air separation, large industrial 
manufacturing, aircraft manufacturing, plant air 
for chemical, and petroleum processing.

HOW ABOUT YOUR  
F-SERIES COMPRESSORS? 
Sullair f-series compressors are designed to meet 
specific needs. They are custom engineered to 
meet high pressure and flow applications. They 
produce Class 0 oil-free air. There are also custom 
seal designs available for specialty gases. Our f-se-
ries compressors are primarily used for steel, air 
separation, glass, automotive, process gas for 
chemical, and petroleum processing.
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WHAT IS YOUR JOINT VENTURE WITH IHI?
IHI-Sullair Compression Technology is a joint 
venture between Ishikawajima-Harima Heavy 
Industries (IHI) and Sullair to design, produce, 
and sell advanced centrifugal compressors. We 
have been part of this joint venture since 2004. 
The line, branded Sullair powered by IHI, is 
supported by Sullair distributors throughout 
North, Central ,  and South America. The 
Sullair-IHI centrifugal line is complementary to 
the rest of our oil-free compressor offerings, engi-
neered and manufactured by Sullair and Hitachi. 
These include the DSP Series oil-free rotary 
screw air compressors and SRL Series oil-free 
scroll air compressors. The DSP Series is supplies 
oil-free air reliably and efficiently. Features 
include an air end design optimized for effi-
ciency, an oil mist remover that improves air 
quality while reducing top off requirements, and 

a motorized isolation valve that provides addi-
tional protection against downstream humidity 
(A big enemy of oil-free screw compressors). 

WHAT TRENDS HAVE YOU NOTICED 
OVER THE PAST YEAR? 
While there are currently few government regula-
tions in place regarding the mandated use of 
oil-free air compressors, there is a growing push to 
change this in some industries. This is leading to 
an increase in multi-national corporations 
switching to an ISO 8573-1 certified class 0 
oil-free compressed air system. Another trend is 
that as customers continue to emphasize sustain-
ability, energy conservation lies at the forefront. 
The cost of energy can quickly surpass the upfront 
cost of an air compressor. Energy conservation 
favors larger centrifugal compressors. ■

A Sullair T-series centrifugal compressor. 
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NEW PRODUCTS

New Concepts NREC software version

WARREN CONTROLS ELECTRICALLY ACTUATED VALVES
Warren Controls released the ILEA 5800E Series of high-quality, modulating, 
linear, electrically actuated industrial globe control valves. The E5800 Series 
features bolted bonnets and cage-retained seats in bodies of steel or stainless steel 
for ease of maintenance in a variety of trim materials and port sizes. It provides 
modulating control of a wide array of fluids. 

The 5800E Series performs for temperatures from -20°F to 800°F, and can 
deal with dirty fluids, high pressure drops, and corrosive fluids. Available styles 
are a 2-way unbalanced cage-retained seat and a 2-way cage-balanced, cage-re-
tained seat. Sizes range from ½ to 4 inches with ANSI Class IV and Class VI 
leakage and with a rangeability of 50:1.

Warrencontrols.com 

FIXED GAS TRANSMITTER FOR HYDROCARBONS 
Gastronics has incorporated Nevada Nano’s Molecular Property Spectrometer 
(MPS) technology into its wired and wireless product offering. The Gastronics 
range of products improves leak detection and worker safety. NevadaNano’s MPS 
sensor technology, with built-in environmental compensation for temperature, 
pressure, and humidity, detects and quantifies 14 of the most common hydro-
carbon gases with one factory calibration, referred to as TrueLEL. The MPS gas 
transmitter classifies the gas type, which includes hydrogen, H2 mix, methane, 
light gas, medium gas, and heavy gas. It delivers gas concentration readings across 
the environmental range, including environmental transients.

NevadaNano.com and Gastronics.com

AGILE ENGINEERING DESIGN 
SYSTEM UPDATE
Concepts NREC has released version 
2021.0 of its Agile Engineering Design 
System. It is an integrated suite of soft-
ware modules for Computer-Aided 
Engineering (CAE) and Computer-Aided 
Manufacturing (CAM) specialized for 
turbomachinery. Its new CAE capabili-
ties make it easier to design high solidity 
pumps in PUMPAL and AxCent and 
take these designs easily into CFD using 
pbPost and TurboOPT II.

Among the new CAM capabilities are 
improvements in disc milling strategies to 
create more efficient toolpaths for gas 
turbine blisks and new graphical shop 
documentation to simplify the use of 
MAX-PAC inside of shop manufacturing 
and quality systems. It is available immedi-
ately to users on active Agile Product 
Support (APS). 

conceptsnrec.com

B&K Vibro has released the latest versions of 
the Vibro Conditioning Monitoring (VCM-3) 

system and its Setpoint CMS software.

B&K VIBRO CMS 
Brüel & Kjær Vibro (B&K Vibro) has 
released the latest versions of the Vibro 
Conditioning Monitoring (VCM-3) system 
and its Setpoint CMS software. VCM-3 
hardware is designed to detect faults within 
rotating machinery. It provides continuous 
condition monitoring using descriptor 
technology. Setpoint CMS has been 
upgraded to integrate with VCM-3, acting 
as a condition monitoring system for gas 
turbines to pumps, fans, and gearboxes. 
Using Setpoint, users can connect to either 
VC-8000 or VCM-3 hardware. Data is 
shared in a single repository. 

bkvibro.com
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EATON EDA DUPLEX CHANGE-
OVER FILTERS 
The filtration division of Eaton has rede-
signed its EDA series of duplex pressure 
filters, which are up to 30% smaller and 
lighter than its predecessor while main-
taining the same high-performance level. 
Available in five different sizes from 
EDA 106, 256, 406 and 636 to 1006 
with flow capacities up to 265 gpm (1000 
l/min), the in-line mounted stainless-steel 
filters have a maximum working pressure 

of 580 psi (40 bar) and operate from 
14°F to 212°F (-10°F to +100 °C). In a 
Siberian application, Eaton was even 
able to modify the EDA filters for 
temperatures as low as -58°F (-50°C). 

In offshore, marine, and steel mill 
applications, the EDA series filters can 
operate continuously. When a filter 
e lement change-out or service i s 
required, the operator can divert the 
filtration flow from one side to the 
other. A pressure equalization system 
assures consistent pressure of the oil or 
lubricant during the transfer of flow. 

All units are available with or without 
a U-stamp and conform to the American 
Society of Mechanical Engineers certifica-
tion (ASME) Section VIII standard code 
for pressure vessels. They also meet the 
Pressure Equipment Directive 2014/68/
EU for mineral oil and the ATEX 
Directive 2014/34/EU according to the 
specific application. Available as fine as 5 
μm, they increase fluid cleanliness and 
lifetime, reducing replacement, repair, 
and disposal costs. Visual differential pres-
sure (DP) indicators, SAE-counter flanges, 
and drain- and bleeder connection are 
also available. 

Eaton.com

REXNORD COUPLING 
The Thomas XTSRLS-C from Rexnord 
features a lightweight composite spacer 
for connecting rotating equipment with 
relatively long distances between shafts. 
The composite spacer is an alternative to 
heavier steel spacers. It enables easier 
installation and maintenance and higher 

maximum speeds in horizontal and 
vertical applications. 

The composite material used for the 
spacer improves performance and the 
strength-to-weight ratio. The composite 
attaches to the coupling using an adhesive 
joint design that uses aerospace-quality 
epoxy, yielding low stresses. The Thomas 

XTSRLS-C is suitable for vertical pump, 
fan, blower, centrifugal compressor, and 
paper machine applications. It is available 
in 10 standard sizes, can span up to 
7,239 mm, and is capable of reaching a 
torque capacity of up to 47,000 Nm.  

rexnord.com

Regal’s electromechanical powertrain 

REGAL ENHANCES ITS INDUSTRIAL POWERTRAIN CAPABILITIES 
A new Regal Beloit electromechanical powertrain offering encompasses a range of 
Regal-produced components (e.g., motors, speed reducers, gearing, couplings, bear-
ings, and belt drives) to create solutions customized to meet application requirements, 
and optimized to maximize energy efficiency and productivity. In addition to helping 
customers design, assemble and commission their powertrains, Regal can monitor 
performance through its cloud-based Perceptiv internet of things (IoT) platform. Data 
collected and analyzed via Perceptiv can support diagnostic and prognostic activities.

RegalBeloit.com 

Eaton’s new filters

Oil Mist Separators
for your rotating equipment

Reliable · Effi  cient · Low-maintenance
• 99.9% filtration efficiency for oil mist

• Quality of lube oil remains constantly high

• long-term stability of filter cartridges

• 1-5 mg/m³ residual oil after filtration
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MYTH:  
NEW TURBOMACHINERY 
IS ALWAYS BETTER THAN 
OLDER MACHINES
As engineers, we usually operate under the 

mantra “if it ain’t broke, don’t fix it.” If an 
old piece of plant equipment operates effec-
tively, we maintain it with tender loving 

care. Otherwise we don’t touch it. This approach 
has served us well in the turbomachinery industry, 
with many legacy machines worldwide functioning 
well after more than 50 years of service. Some 
“dinosaur” refinery compressors actually exceed 80 
years and still work properly.

But there are reasons — economic, perfor-
mance, and environmental — that drive us to 
replace these machines with newer models. They 
may break too often or cost too much to maintain. 
Spare parts may no longer be available. A degraded 
machine’s efficiency may be too low, or it may not 
otherwise meet design flow, pressure, or power 
requirements of a growing plant. It may be inca-
pable of handling process changes like higher pres-
sures or pressure ratios and the resulting 
rotordynamic challenges. Finally, environmental 
concerns and regulatory requirements may force 
the retirement of old equipment when it cannot 
meet acceptable emissions or other standards. 

Industrial machinery like compressors, turbines, 
and expanders has come a long way over the last 
100 years. Efficiency has improved, emissions have 
been reduced, and reliability/availability generally 
has increased. But there are cases where the newest 
equipment is not always better than what has been 
operating for a long time, particularly if operating 
conditions have remained the same.

Admittedly, older machines were sometimes 
engineered and manufactured “heavier” than 
modern machines. Older design tools were not as 
accurate as today’s advanced FEA and CFD 
methods. More conservative design margins were 
required. Increasing the energy density of the 
machine reduces capital cost per power installed. 
This has led to cost savings, smaller footprints, less 
weight, often better aerodynamics with better 

range and efficiencies, and more head per 
compressor casing — but not necessarily a more 
rugged machine. 

Modern aerodynamic blades have been 
refined and optimized and typically are very effi-
cient. They have complex 3D shapes and some-
times operate on tighter margins of aerodynamic 
stability. We have learned a lot over the last 50 
years about rotordynamics, blade dynamics, and 
bearing/seal design. Our design tools have gone 
through many generations of improvements and 
validation using test data. Although modern rotor 
and blade designs may not always look as rugged 
as previous generations, if properly designed, they 
are as reliable and have similar life expectancies. 

But there are exceptions: By cramming more 
head into a compression stage, sometimes newer 
machines may have lower efficiencies. Since they 
run faster with higher tip speeds, compressible 
effects can lead to larger aero losses. 

The question thus becomes: Does it make 
more sense to uprate/overhaul/refurbish/repair 
an old machine or replace it with a newer model? 
The answer depends on many factors, including 
maintenance cost, service parts availability, 
performance and the machine’s ability to meet 
current safety, environmental or operational 
requirements. Another factor is whether the OEM 
still supports the machine and has the capability to 
bring the old machine to required new standards.

This discussion is too long to cover in a single 
article. But the following examples provide some 
insights into a few technical advances that did not 
necessarily result in more reliable machines:

Does it make more sense to uprate/overhaul/
refurbish/repair an old machine or replace it with 
a newer model?



 www.turbomachinerymag.comTurbomachinery International • September/October 2021 47

MYTH BUSTERS

Example 1: Most very old reciprocating 
compressors installed on U.S. pipelines are 
low-speed (up to 350 rpm) integral machines. 
These large, heavy machines manufactured prior 
to the 1960s have proven reliable and efficient. 
Nonetheless, for the past 25 years, pipeline opera-
tors have mostly installed high-speed, (up to 
2000 rpm) separable compressors. They’re not 
nearly as reliable as old integral machines, and 
their efficiency is substantially lower because of 
higher flow, pulsation, and valve losses. But opera-
tors prefer the much lower initial cost (on 
a per-horsepower basis) over efficiency and avail-
ability and have been slowly replacing their inte-
gral machines with high-speed, separable 
reciprocating compressors.

Example 2: Dry gas seals were introduced 
about 40 years ago. After some infancy issues, 
they have proven reliable and effective in avoiding 
the introduction of oil into the process stream. 
Dry gas seals have completely replaced wet seals 
in the market, and for the last 15 years, few wet 
seals have been utilized in new compressors. 
However, in some dirty compression applications 
with significant particulate matter in the gas 
stream or other solid contamination, dry gas seals 
are sometimes less reliable than older wet seals, 
which are better at handling particulate matter. 
Yet it is nearly impossible to purchase compres-
sors with wet seals anymore since very few OEMs 
offer them as an option.

Example 3: To meet ever stricter NOx air 
emissions requirements, gas turbine OEMs have 
developed dry low NOx (lean premixed) combus-
tion systems. In parallel, to increase output power 
and efficiencies, firing temperatures have drasti-
cally increased over the last 30 years, requiring 
advanced super alloys and complex but very sensi-
tive cooling schemes. Conventional low-tempera-
ture diffusion flame combustors used between 
30 and 60 years ago are generally more forgiving. 
But they simply do not meet modern emissions 
standards and today’s expectations for total 
plant efficiencies.

Many turbomachines still operate well after 
30 and sometimes 50 years of service. If a machine 
is well maintained, restaged, refurbished, over-
hauled, and repaired as necessary, it can operate 
well beyond its original 25-year API target design 
life. There are even cases where older machines 
a r e  m o r e  e f f i c i e n t  a n d  r e l i a b l e  t h a n 
newer machines.

When considering the replacement of older 
machines with newer models, take care to eval-
uate the impact that doing so may have on all 
aspects of operation, performance, and emissions 

of a plant. Legacy equipment that has been in 
operation for decades may not necessarily be infe-
rior to modern equipment when all factors are 
considered. It is often possible to update, upgrade, 
and overhaul equipment for much less money 
than it costs to buy new. When considering 
replacing an old machine versus refurbishing or 
overhauling it, take into account not just efficiency 
but also reliability, operability, range, and mainte-
nance costs. ■

                   Klaus Brun is the Director of R&D at 
Elliott Group. He is also the past 
Chair of the Board of Directors of the 
ASME International Gas Turbine 

Institute and the IGTI Oil & Gas 
applications committee.

Rainer Kurz is the Manager of Gas 
Compressor Engineering at Solar 
Turbines Incorporated in San 
Diego, CA. He is an ASME Fellow 

since 2003 and the past chair of the IGTI Oil 
and Gas Applications Committee.

Any views or opinions presented in this article are solely those of the 

authors and do not necessarily represent those of Solar Turbines 

Incorporated, Elliott Group, or any of their affiliates.

AD INDEX
Elliott Group                              CV2 
elliott-turbo.com

Fincantieri S.p.A.                         13 
fincantieri.com

Franke-Filter                                45 
franke-filter.com

FS-Elliott                                        15 
fs-elliott.com

Howden Compressors Ltd.       37 
howden.com/en-gb/products/
compressors

HRST, Inc.                                     27 
hrstinc.com

Koch Industries, Inc.                     5 
kochind.com

Praewest                                         7  
praewest.com

Regal Beloit Corporation          41 
regalbeloit.com

Sohre Turbomachinery                7 
sohreturbo.com

Turbomachinery & Pump 
Symposia                                      33 
tps.tamu.edu

Waukesha Bearings               CV4 
waukbearing.com



HIGH-PERFORMING
TURBOMACHINERY
requires

HIGH-PERFORMING
BEARINGS

Waukesha Bearings is a proud part of Dover Precision Components
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