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The trend towards more decentralized power genanati Europe has made small gas turbines
an attractive complement to the large power plaimtss trend, together with the increasing
amount of renewable power feeding the grids, hdsdeadditional challenges for the traditional
power generation equipment. This includes more-foad operation, weaker electric grids,
changing fuel compositions and new fuel sourcesleMiécing these challenges the end users
still need to meet the stricter emission limits #mel requirement for high efficiency. In order to
promote the development of energy efficient powkitions, certain countries within the
European Union have implemented subsidy schemelk.sBhemes have been proven to help
smaller and medium sized industries to transit twenefficient and environmentally friendly
power production by using combined heat and powkiti®ns.

This paper will discuss the operational experieatthe OP16 gas turbine, rated at 1.85 MWe,
for combined heat and power (CHP) applications indpe. Case studies representing different
CHP applications will be presented. The operatiomgberience will be discussed using data
obtained from the field.



1. Introduction

Combined heat and power (CHP) or cogeneratioreisithultaneous generation of useful
thermal and electrical/mechanical energy from am@¢ mover. The prime mover is typically a
gas turbine or a reciprocating engine. By utilizbagh the mechanical/electrical energy and the
thermal energy high overall fuel utilization candihieved. Depending on the prime mover and
application the overall fuel efficiency can be beén 70-90%. The exhaust heat can be used in
many different ways including:

Direct drying in industrial applications

Steam generation for industrial applications
District heating and cooling

Electrical energy using (organic) Rankine cycles

The power generated by CHP installations has s{eiadreased in Europe from the early 90’s
up to today. Although Europe has a relatively lgogetion of CHP installations there is a huge
variation between the countries. Today, about 20%etotal installed capacity of the
conventional power plants in Europe is based on @HiRHowever, only 11 of the 28 countries
included in this statistics makes up for more t88%6 of the total CHP capacity.

During the recent years small gas turbines havwsegaincreasing popularity in CHP applications
for small and medium size industrial applicatiofisis trend, together with the increasing amount
of renewable power feeding the grids, has led thtihal challenges for the traditional power
generation equipment. This includes more part-tgaetation, weaker electric grids, changing
fuel compositions and new fuel sources. While fg¢hrese challenges the end users still need to
meet the stricter emission limits and the requineinfier high efficiency. In order to promote the
development of energy efficient power solutionstaia countries within the European Union
(e.g. Germany) have implemented subsidy scheméhifgir efficiency” CHP installation. Such
schemes have been proven to help smaller and mesitaah industries to transit to more

efficient and environmentally friendly power protioa by using combined heat and power
solutions.

This paper will discuss the application and operati experience of the OP16 gas turbine in
CHP applications in Europe. The case studies withdnstrate how smaller industries can benefit
from using gas turbines. The discussion will benepidfied using data obtained from the field.
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Figure 1. The OP16 gas turbine

2. The OP16 gas turbine

OPRA Turbines develops, manufacturers, marketsvaaidtains gas turbine generator sets. The
generator sets are powered by the robust andesiti€P16 gas turbine, which is rated at 1.85
MWe. The generator package is a containerizedisalthat includes the OP16 gas turbine, fuel
systems, generator, control system, air intakevantilation system. The generator sets can be
provided in a variety of configurations to meet@fie customer requirements. These sets can be
installed as single or multiple units, coveringtatiation requirements from 1.5 to 10 MW.

The OPRA OP16 (Figure 1) is a single-shaft all-ahdas turbine for industrial, commercial,
marine and oil & gas applications. Since its mam#&bduction in 2005 many generator sets
based on the OP16 gas turbine have been delivesddwide and the fleet has accumulated
more than 1.5 million operating hours. The OP16tgdsine features a single stage centrifugal
compressor with a nominal pressure ratio of 6.7tfle moderate pressure ratio reduces the need
for gas compression prior to introducing the furbithe gas turbine. The radial turbine wheel,
which is mounted back-to back with the compredsas, been aerodynamically optimized to
achieve a high efficiency. The compact compresasdnifie configuration permits the use of an
overhung rotor assembly where the bearings aréddan the cold side only. The all-radial
configuration makes the OP16 robust and insensitivereign object damages and fuel
contaminants. The combustion system consists ofdan combustors mounted in a reverse flow
direction. This is convenient for the maintenangevall as to provide uniform temperature and
flow distribution into the turbine.
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Figure 2. The lower heating value range (indicajifor the OP16 product line.

The OP16 product line consists of three differemtfigurations. The different configurations all
have the same engine core and differ only by timebestion system. The OP16-3A has a
conventional combustor operating with a diffusitanfe. It was introduced in 2005 and can
handle a wide range of gaseous fuels includingrabgyas, biogas, hydrogen rich gas and syngas.
The OP16-3A has dual-fuel capability and can ogevatboth liquid and gaseous fuels including
switch-over at full load operation. The OP16-3B foaguration was introduced in 2007 to meet
the more stringent emission requirements in Eusspgeother locations. It features a low-
emission combustor operating with a lean pre-mfl@de. Although it is intended for natural
gas operation it can also operate on liquid fuel back-up fuel (diffusion flame). The third
configuration is the OP16-3C, which was introduned014. This configuration has been
developed to meet the increasing demand to ufiltea) low-calorific gaseous and liquid fuels
including waste gas, syngas, biogas, ethanol aralysys oil. A summary of the typical lower
heating value range for the different configurasiame provided in Figure 2. For more
information about the operation on alternative $usid the fuel flexibility capabilities of the
OP16 the reader is referredAgelsson and Beraj2], Beran and Axelssof3] andBouten et.al.

[4].
3. The OP16 for CHP applications

The OP16 gen-set consist of two 20-feet contaifféggire 3). The lower module houses the gas
turbine and generator as well as the auxiliary ggent including oil system, electro-hydraulic
starting system, gas and/or liquid fuel system. djyger module is the filtration and ventilation
module. The gas turbine gen-set has been desigreethbdular way to enable easy and fast
configuration of the product based on the custamguirements. This is essential in order to
minimize the lead time as well as the commissionimg on site. The complete gas turbine train
and associated equipment mounted on the skid ategbed by a weatherproof, insulated and
sound attenuated enclosure. The doors on the emeloslls are designed to enable easy access
to all equipment in the enclosure and to enableoxainof the engine and generator from either
side of the package. The weatherproof ventilatiwh @r intake system is directly mounted on
the top of the main enclosure.
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Figure 3. The OP16 modular package.

The OP16 gen-set have certain features makinglitswged for the demand from the market for
increased flexibility. The simple and robust althed configuration permits fast start-up of the
unit as well as the possibility to handle largedisteps and load sheds. The capability to handle
large load sheds is becoming increasingly imporarthe electric grids are becoming weaker
and grid failures are more likely to occur. Howe\vkthere is a grid failure and the breaker
opens the OP16 gas turbine control system will enghat the engine will be brought down to
idle operation and the operator can synchroniseiiteand be back online very shortly.
Furthermore, by having the bearings located onthécold section there is virtually no lube oil
consumption. An additional benefit of having thatiegs in the cold section is that the exhaust
is free of oil, which might not be the case if begs are located in the hot section as the oil
might leak into the exhaust. Having a clean exhsugtry important for CHP application where
the heat is used for food processing applications.

To reduce the commissioning time on site it is ingat to be able to test as much as possible of
the unit before shipment. In order to address DRRA has invested in test facilities to be able
to test the complete gen-set prior to shipments Tdst cycle includes I/O checking, control
system functionality and load testing.



4. Example of CHP applications in Europe

This section provides examples of different CHRalltations using the OP16 gas turbine. As will
be seen, the applications are different but thensomgoal is to achieve high reliability, high
efficiency and to meet the stricter emission retyihes.

4.1 Starch manufacturing plant

In 2012 OPRA Turbines installed the first gen-seGermany for a CHP application. The client,
a wheat starch manufacturer, is one of Europetimgacompanies in this sector (Figure 4).
Initially starch was produced from potatoes for fined industry, but this was later switched to
wheat. With the development and enhancements tepsatechnology, new applications for
wheat starch and its by-products were initiatedhinearly eighties, the client began specializing
in adhesives for the corrugated board and papestnds. Through innovation and process
efficiency the client has developed an extensimgeaof products and has grown to become one
of Europe’s leading companies within this sectdre Tlient has long experience from operation
of gas turbines and has several installed for

supplying heat and power to their plant.

The manufacturing of wheat starch requires large
guantities of clean and high temperature exhaust
gas. The exhaust heat will be utilized for direct
drying for the starch production and preparing the
starch for the subsequent production processes.
Existing gas turbines installed several years ado
not comply with the new German air emission
regulations (Technische Anleitung zur Reinhaltur
der Luft and is commonly referred to as TA Luft).

To fulfil the regulations and the plant’s energy
demand, the client chose to replace existing units
with an OP16-3B gen-set.

With an exhaust gas temperature of 37and a mass flow of 8.7 kg/s, the OP16-3B is iftwal

this application. The high temperature exhaustpgagides some 4.5 MW thermal energy in
addition to the 1.8 MW electric power. The eledtyiproduced by the gen-set is supplied to the
grid. The factory is operating 24/7 and as a tethg turbine is operating almost continuously
on full load. For this application it is importaiathave no oil residues in the exhaust gas. Hence,
as discussed in previous section the all-radiafigoration of the OP16 is well-suited for these
application as the bearings are only located irctii@ section of the engine.



4.2 Tobacco manufacturer in Germany

Another CHP application where the OP16 gas turlsingilized is in a tobacco factory in
Germany. This factory has a long history of opeatas turbines to generate steam and power
for their plant. The steam generated is typicafigdifor drying the tobacco. At this site one
OP16-3B gas turbine is installed to provide abodtMW electric power. In addition, the gas
turbine is connected to a parallel fired waste heebvery steam boiler (WHRSB). The exhaust
heat from the gas turbine produces about 6.5 tbateam per hour with a pressure of some 10
bar. By utilizing a parallel fired WHRSB a totakam production of 14.5 tons per hour is
achieved.

4.2.1. Primary energy savings (PES)

Germany has implemented subsidy schemes to pralmetese of CHP. By qualifying as a “high
efficiency” CHP installation the end-user will ggtonomic benefits. To quantify and qualify a
CHP installation the so called primary energy sgsineed to be determined (eq. 1).

Eqg. 1

where CHP H is the heat efficiency from the cogeneration praidmcdefined as the annual
useful heat output divided by the fuel input usegroduce the sum of the useful heat output and
electricity from the cogeneration. Ref kb the efficiency reference value for separate hea
production. CHP E s the electrical efficiency of the cogenerationduction defined as the
annual electricity from the cogeneration dividedthy fuel input used to produce the sum of
useful heat output and electricity from the cogatien. Ref E is the efficiency reference value
for separate electricity production. In additioartain correction factors for the grid losses and
different ambient conditions will apply to the aleosquation. However, the essential meaning of
the PES is to determine how much more efficiergréain CHP installation is compared to
producing the power and heat/steam separatelyder dor an installation to qualify as a “high
efficiency” CHP installation the PES shall be higttean 10%. To qualify as a high efficiency
CHP installation the performance must be measundcaaluated by an accredited party. For
this installation TUV SUD was enrolled. The measilata showed a PES of more than 16%.
Hence, the installation was meeting the criteriahigh efficiency CHP installation with a large
margin and it was approved by TUV SUD.



4.2.2. Safety requirements

In addition, there are certain additional safetyjuisements when operating a gas turbine in
combination with a boiler. TUV SUD was also respblgsapprove the installation according to
the overall safety regulations. One of the key etspis to ensure quick shut-off of the fuel supply
in case of a flame out, which typically needs tddster than when operating without a boiler.
This is to avoid unburned fuel reaches the highpesature regions of the boiler and ignites. To
comply with the German regulations the flame dé&eatequires a safety integrated level (SIL)
of 3. To ensure this, OPRA has developed the optionstall an optical flame monitoring
system in addition to the existing thermocoupleebaflame monitoring system. This system is
certified by TUV SUD and is having a SIL rating®fThe installation including the OP16-3B
gas turbine was determined to meet all the requigdlations for safe operation and was
certified accordingly.

5. Operational experience from CHP applications in Euope

This section will discuss the operational expergeefiom the CHP applications in Europe. First
the combustion system will be discussed followedh®ygas turbine rotor module.

5.1. Combustion system and emissions

Although there is a process towards harmonizatfdheemission regulations, the requirements
vary between the different European countries. yp@&rmany is one of the countries with the
strictest regulations. Their air pollution regutettirestricts emissions of oxides of nitrogen,
carbon monoxide and sulphur dioxide to mentionaies most applicable for gas turbines
operating on natural gas. The formation of oxidesitoogen is due to four mechanisms: thermal
nitric oxide, nitrous oxide mechanism, prompt gibkide and fuel nitric oxide (Lefebvre and
Ballal [5]). The basic objectives for low-emissioombustion systems in order to reduce the NOx
emissions are to lower the flame temperature, aliei hot spots and minimize the time available
to produce nitric oxides. Carbon monoxide (CO)s=moins represent incomplete combustion of
the fuel. The typical source of CO is due to lowlfto-air ratio and/or too short residence
resulting in too low burning rates. In additione timixing of the fuel and air is important in order
to avoid local lean regions in the combustion ragieurthermore, the introduction of flame tube
cooling air will quench the flame and hence it wiibp the combustion process and produce CO
due to incomplete combustion. As discussed prelyptilee OP16-3B gas turbine features a dry
low-emission combustion system. The air and fuetiteed prior to combustion and it operates in
with a lean flame. The flame is stabilized using@ial swirler. To ensure stable operation during
start-up and at part-load a pilot flame is useda¥oid quenching of the flame, impingement
cooling of the flame tube (liner) is used inste&éilm cooling. The combustion system has been
designed for robust operation independent on thealsgas composition.



Table 1. Different natural gas compositions.

Type | Type
Unit L H
CH4 | % (mol)| 84.5 | 96.5
C2H6| % (mol)| 1.7 1.6
C3H8| % (mol)| 0.2 0.5
C3+ |% (mol)| 0.1 0.1
N2 % (mol)| 11.8 1.0
CO2 |% (mol)| 1.8 0.3
LHV | MJ/kg | 38.7 | 48.7
LHV |MJNm®| 316 | 36.1

In Europe the natural gas composition is varyingesheling on the location. Even within a single
country, e.g. Germany, the variation in fuel compas is large. The natural gas for the
applications above operates with different natges composition as shown in Table 1. Type L is
lower quality as it contains less methane and miregen (dilutant) compared to type H. This
variation in composition of the fuel affects theissions. A fuel with lower LHV has typically a
lower flame type and hence it produces less NOr. N®x and CO emissions from the two sites
are shown in Figure 5 as a function of the loace fiteasured emissions, converted to 15% O
and normal condition, are well below the requiredts for both the NOx and CO. It should be
noted that TA Luft requires compliance to the emisdimits between 70-100% load. The unit
operating with a lower LHV natural gas shows aseetgd slightly lower NOx emissions. The
NOx emissions measured are well below the TA Ledjuirement and even as low as 10 ppmv
for a large portion of the load range.

Figure 5. Measured NOXx (left) and CO (right) emossi for different quality of natural gas fuels. \ed converted to 15%,0



Figure 6. The combustor flame tube after 8000 h¢left) and 16000 hours (right operation.

The combustion chambers are subject to harsh emagot and it is therefore required to
evaluate them during the annual inspection. Figusbows the interior of one of the flame tubes
from the unit operating at the starch manufactuglagt. The left photo is after 8,000 hours and
the right photo is after the 16,000 hours. A kegtdais to avoid local cold regions in the
combustion zone and therefore the OP16-3B has déepgipped with thermal barrier coating
(TBC) along the liner wall, enabling a higher temgtere of the wall. It is important to ensure
that the TBC remains in good condition during tperation. From the photos one can see that
the TBC is in very good condition after 16,000 eaf operation without any sign of cracks. The
darker areas seen are from the location of thenggment jets on the outer surface of the flame
tube. All four combustion chambers showed the sgooel condition after 16,000 hours.

5.2 Rotor module

The heart of the OP16 is the all-radial rotor meduith the compressor and turbine mounted in a
back-to-back configuration. The turbine impelletie component seeing the toughest
combination of temperature and stress levels. Dheition of the hot flow path, as well as the
compressor section, is inspected during the arsitealisits.

Figure 7 shows the turbine and compressor impediiées 16,000 hours operation at the starch
manufacturing plant. It should be remembered thiatunit is running 24/7 at max load. As can
be seen from these photos both components areosh@mdition. The turbine impeller (left
photo) shows no signs of overheating or rubbingresgahe shroud. The same was found for the
complete turbine impeller section. The compressas also inspected (right photo) and it was
also found to be in good condition. It was veryad@nd no material loss was found. It can be
concluded that the rotor module is in good conditifter 16,000 hours of operation.



Figure 7. The turbine impeller tip region (left)dthe compressor leading edge section (right) &f&000 hours operation.

6. Conclusion

The benefits of CHP solutions have been recogriiyatiany end-users in Europe. In particular,
smaller industries with a demand for heat or stgatheir process have discovered the benefits
of simultaneously producing electricity and hea#ist. Most often the requirements for
steam/heat are the primary selection criterion wtterosing the gas turbine model.

During the recent years OPRA Turbines has seenaieasing number of requests from smaller
industries in Europe and worldwide to utilize thB18 gas turbine in CHP applications. As a
result the number of units installed is growingidégp The OP16 gas turbine combines high
overall fuel efficiency with robustness and low mgigng costs. With its advanced combustion
technology the OP16-3B gas turbine meets the cuarehfuture emission regulations.
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