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Executive summary 

In the present world where the climate change is strongly addressed in every aspect of life, using 
more efficient energy production systems is a must. Cogeneration power plants become increasingly 
utilized both in residential as in SME sectors. One of such systems is the EnerTwin, a microCHP 
system based on a recuperated gas turbine cycle and running on natural gas. A next logical step in 
the development of such a system is to use biogas, a renewable source of energy input. This 
document describes the initial adjustments made to the systems to meet this different type of fuel. 
Those changes cover mainly the fuel system, the combustor, and the system control.  
 
The lower calorific value of the biogas (with respect to other combustible fuels) requires adjustment 
to the fuel system, to provide sufficient fuel flow, such that the energy input remains unchanged. 
Different fuel compressor designs are required and have been tested extensively in the system. 
 
Design changes of the combustor first must be tested and validated on component level, followed 
by integration in the complete system where further testing under laboratory conditions should 
validate the proper functioning and the overall effects on system performance.  
 
The introduction of the different fuel system and changes in the combustor design leads to the need 
of different fuel compressor control schedules. Tests with different biogas compositions and levels 
of CH4 and CO2 are covered in the development programme. The control schedules have been 
adapted also to cover a variety of scenarios with cold and hot starts.  
 
These changes lead to a prototype system that can run on biogas, which further will go to different 
pilot locations for testing. Results of those field tests will be analysed once available and further 
improvements will be made, such that the prototype system will be further optimised.  
 
Simultaneously the air to water heat exchanger has been evaluated which needs to be adjusted for 
the usage of biogas. That part of the work will be further elaborated on in Deliverable D2.8 together 
with some of the remaining improvements in the above stated areas that needed more time or which 
are direct follow up of the tests during the pilot projects in the field.  
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1. Introduction 

The purpose of this document is to give an overview of the work done on the adaptation of а 
microCHP system, initially using natural gas, into a version where biogas is used as an energy input. 
It introduces the requirements imposed by the new type of fuel and define the changes needed to 
fulfil them. The different steps required in those design adaptations are shown together with lab 
testing and complete system validation results.   
 
As a basis and starting point of this project, an existing microCHP system, running on natural gas is 
used. Micro Turbine Technology BV (MTT), based in the Netherlands, has developed such a 
microCHP system that can simultaneously produce heat and power at locations where both are 
demanded and used. The system is called EnerTwin and is based on a recuperated gas turbine 
cycle. This high efficiency system helps in reducing the fuel needed to obtain the same amount of 
energy, mainly compared to larger conventional power plants. This leads on one hand directly to 
lower CO2 emissions and on the other hand due, to the used technology, to low emissions of CO 
and NOx - something that gas turbines are very well known for. This technology brings another well 
known advantage, which is the low operating costs of the system. The required maintenance and 
down time are much lower when compared to other existing technologies. This initial version of the 
EnerTwin was developed to run on natural gas, since this fuel is widely spread and the infrastructure 
is already existing. This fact, in combination with the low weight (high power to weight ratio) of the 
system and ease of installation, makes the installation very attractive from the installer point of view. 
 
Once certified and distributed to different countries like, Germany, UK, the Netherlands and Italy, the 
system is becoming more recognized by the market. Questions from market and specific customers 
have been raised whether the system can run on different types of fuel, e.g. LPG and Biogas. At 
MTT it has been recognised, that a next logical step in the development of the EnerTwin is to prepare 
the system for use of renewable source of energy as input, like biogas. This document describes the 
initial adjustments needed for the system to meet this different type of fuel. Those changes cover 
mainly the fuel system, the combustor and the system control.  
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1.1 Notations, abbreviations and acronyms 

 

CHP Combined Heat and Power 

MTT Micro Turbine Technology BV 

CH4 Methane 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

AD Anaerobic Digestion 

NH3 Ammonia  

H2S Hydrogen Sulphide 

SixOy Siloxanes 

H2O Water 

H2 Hydrogen 

N2 Nitrogen 

MJ MegaJoule 

ppm Parts per million 

  

Table 1: Acronyms list 
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2. Design changes requirement 
 
When changing the fuel from natural gas to biogas one must keep in mind that the gas composition 
changes significantly. The effects of the fuel’s new chemical composition and its combustion 
products on the system have effect on system behaviour, choice of component materials and 
subcomponent. Therefore, the change of fuel will lead to certain design changes. To assess the 
effects, an overview of the types of biogas composition has been done. It is well understood, that 
within the project limited options are present for the design changes and guided by the feasible 
options for those changes some specific quality requirements for the used biogas will be imposed. 
 
  
Biogas properties 
 
The composition and properties of biogas varies and is depend on the used raw biomass material, 
the process itself, digestion systems, temperature, retention time etc. The biomass origin is typically 
organic material from agricultural waste, sewage water, municipal waste, plant material, food waste 
and any other organic matter that contains sugar, proteins, fat and starch. Their common property 
as a feedstock for biogas production is the ability to easily decompose through anaerobic digestion 
(AD). The biogas composition consists mainly of methane (CH4) and carbon dioxide (CO2) and can 
consists different impurities like hydrogen sulphide(H2S), ammonia (NH3), siloxanes (SixOy), water 
vapour, carbon oxide, nitrogen, hydrogen, oxygen, etc. Depending on the characteristics of the 
feedstock for the biogas production, the concentration of the different components can vary.  
 
A typical biogas composition can be found in the table below:   
  
 
Compound  Chemical symbol   Content (Vol.-%) 
Methane    CH4    50-75 
Carbon dioxide   CO2    25-45 
Water vapour    H2O    2 (20°C) - 7 (40°C) 
Oxygen    O2    <2 
Nitrogen    N2    <2 
Ammonia    NH3    <1 
Hydrogen    H2    <1 
Hydrogen sulphide   H2S    <1 

Table 2: Composition of biogas (source: biogas Handbook [1]) 

 
From this composition, the two main points can be concluded. First point is the energy content of the 
biogas, which is lower compared to natural gas, requiring adaptation of the fuel system, including 
fuel pump, combustor and control. Second point is the composition of the gas mixture that will affect 
the flame stability, leading to changes again in the combustor and control, and to changes of the 
materials used in the microCHP system.  
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2.1 Energy content and flow requirements  

The EnerTwin has been designed to operate with standard natural gas that contains mainly methane 
(CH4) with concentrations that can vary from 85% to 100%. This means a lower heating value from 
28-30 MJ/m3 up to 40-42 MJ/m3. When compared to biogas, where the methane concentration is in 
the range of 45% to 75%, the lower heating value drops to a range between 15 and 25 MJ/m3. That 
comes from the fact that the energy contained in the gas is directly proportional to the methane 
content. The second main component is carbon dioxide that has no contribution to the energy 
release during combustion and the remaining components are in too little concentration to have any 
significant effect during combustion.  
 
In order to compensate for the lower heating value of the biogas, the fuel input has to be increased 
to meet the necessary energy input for the thermodynamic cycle. With decreasing the content of the 
methane, the required volumetric flow will increase, as can be seen in an overview of the table below.  
 

   Steady State, 20kW Ramp up, 24kW 

CH4, 
rest 
CO2 

LHV 
[MJ/m3] 

Rho 
[kg/m3] 

m3/h 
@20kW 

m3/s 
@20kW 

g/s 
@20kW 

m3/h 
@24kW 

m3/s 
@24kW 

g/s 
@24kW 

100% 34 0.68 2.12 0.59 0.400 2.54 0.71 0.480 

70% 23.81 1.037 3.02 0.84 0.871 3.63 1.01 1.045 

65% 22.1 1.097 3.26 0.90 0.993 3.91 1.09 1.191 

60% 20.4 1.156 3.53 0.98 1.133 4.24 1.18 1.360 

55% 18.7 1.216 3.85 1.07 1.301 4.62 1.28 1.561 

50% 17 1.276 4.24 1.18 1.501 5.08 1.41 1.801 
Table 3: Fuel flow properties for different gas composition for ramp up and steady state 

 
Since the gas turbine cycle requires the fuel to be pressurized to a higher pressure, where mixing in 
the combustion chamber will be possible, the increased volumetric flow will directly affect the fuel 
compressor pump design. In the standard case of the EnerTwin, where the grid gas comes at 20-
25mbar overpressure, the fuel compressor has to increase the pressure up to 3.5 bar before the 
mixing in the combustion chamber, where the pressure of air flow is around 3 bar, can take place. 
For the fuel compressor design, the two main important parameters are: the flow at base load for the 
system (~20kW) and the flow during ramp-up (~24kW). The latest one will determine the maximum 
capacity of the pump, where the base load capacity will determine the operating point of the pump 
where it runs most of the time, meaning that at this point the pump should have the best efficiency 
and life expectancy. 
 

2.2 Combustor changes due to different gas compositions with 

respect to flame stability and emissions 

Using different gas mixtures and having different fuel flows leads also to adaptations of the 
combustor design. On the one hand, there is increased volumetric flow that will lead to different 
speeds of the fuel injection in the mixing zone and eventually to changes in the carbon monoxide 
(CO) and nitrogen oxides (NOx) emissions. Changes in the mixing zone will therefore be required to 
fulfil the emission requirements. On the other hand, the presence of CO2 has an effect on the flame 
stability and it has to be taken into account that the heat capacity of the CO2 is higher than Nitrogen 
(N), which can be found in some types of Natural gas. The latest will have an effect on the required 
system control, especially during warm and hot restarts.  
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2.3 Combustion products and their effect on system components 

Carbon dioxide is one of the two major components in biogas; however, it can also be seen as an 
impurity. Next to that, the most common impurities in raw biogas are hydrogen sulphide, water, 
ammonia, oxygen, nitrogen, siloxanes, and some particles. Which ones are found, depends primarily 
on the feedstock and the methods that were used for the biogas production. 
 
Some impurities are already present in the feedstock and once they enter in the reactor they will 
evaporate in the digester, making their way into the produced biogas. Such an example can be the 
siloxanes, where the feedstock is wastewater. The amount that evaporates, depends on how volatile 
the compound is and the production temperature in the digester. Water can also be found in raw 
biogas, the amount depending again on the conditions in the digester. Impurities can also be formed 
during anaerobic digestion. Degradable compounds are degraded into smaller compounds by 
different microorganisms present in the digester. Depending on how much these compounds 
evaporate, they can be found in small amounts in the produced biogas. Ammonia and hydrogen are 
such examples. With landfills, the nitrogen impurities occur as a result of extracting the gas by 
lowering the gas pressure, causing some air to enter the landfill. The amount of nitrogen present in 
landfill gas is thus dependent on the mechanism how the gas is extracted from the landfill. How the 
most common impurities in raw biogas may affect installation running on biogas will be discussed 
next ([1], [2]]).  

2.3.1 Carbon dioxide 

Carbon dioxide is the second main component in biogas. It is formed during the decomposition of 
the different types of materials used for biogas production. The transformation of substrates into 
biogas is a complex process that involves several steps and different types of microorganisms. Not 
only the carbon dioxide will decrease the volumetric energy content in the biogas, but the carbon 
dioxide can be considered as an impurity that can cause problems due to the formation of carbonic 
acid when water condensates combines with the carbon dioxide. This can lead to corrosion 
problems. 

2.3.2 Water 

Since water is always present during anaerobic digestion, it will be always present in the produced 
biogas. The amount of water in the biogas depends on conditions like temperature and pressure 
during the production and later how much of it is removed during post processing. It can cause 
problems like corrosion in pipelines in the presence of other compounds such as carbon dioxide, 
due to formation of carbonic acid. Another negative effect is that water lowers the energy content of 
the gas and can thus affect the combustion processes. Depending on the temperature and pressure 
downstream from the combustion stage, water can condense and cause problems in downstream 
heat exchangers and exhaust components. 

2.3.3 Hydrogen sulphide 

Another common impurity in biogas is hydrogen sulphide. The presence of hydrogen sulphide during 
operation with biogas can lead to corrosion since it forms sulphuric acid in combination with water. 
The combustion of biogas containing hydrogen sulphide will lead to emissions of sulphuric acid 
formed during combustion. This can cause also problems with components downstream like the 



 

D2.3 – Biogas fueled micro-CHP Prototype V1 
V1.2 

 
 

 

Recognition GA n° 815301 Page 13 of 33 

previously mentioned heat exchangers and exhaust system. It is also important to note that hydrogen 
sulphide is highly toxic and can result in serious health risks. 

2.3.4 Ammonia 

Ammonia is an impurity often found in raw biogas produced from materials containing proteins. High 
levels of ammonia in the digester can cause inhibition of methane production in the digester, but 
also, they form risk of corrosion.  

2.3.5 Volatile organic compounds 

Volatile organic compounds are also found in various concentrations in biogas. The type of 
compounds and their concentrations depend on the substrate used for biogas production; examples 
are alkanes, siloxanes and halogenated hydrocarbons.  
 
Siloxanes are compounds used in products such as shampoos and deodorants found in sewage 
water. Siloxanes can also be found in landfill gas due to the evaporation of siloxanes in the landfill. 
If siloxanes are present in the produced biogas during combustion, siloxanes form siloxane oxide, 
which can cause damage to engines. The formed siloxane oxide is insoluble and will form unwanted 
depositions on combustion equipment. An example is a glass deposits that can block the injectors 
or can deposit on the turbine blades [3].  
 
Halogenated hydrocarbons are hydrocarbon molecules containing chlorine, bromine or fluorine. 
Hydrogenated hydrocarbons can cause corrosion and acidification when combusted, due to the 
formation of acids (e.g. hydrochloric acid). 

2.3.6 Particles 

Particles can be often found in raw biogas, where in many cases, particulates form the nuclei onto 
which drops of water condense. Particles can cause wear of equipment due to their abrasive 
properties. 
 
Even if the gas is post processed and some of the impurities are reduced or removed, still there will 
be some small amounts left in it. The original water heat exchanger of the EnerTwin is made out of 
aluminium, such that performance, costs and weight are most optimal. With natural gas fired system 
this solution works properly, however this heat exchanger will not be able to cope with the more 
aggressive gases when the system runs on biogas. Different materials and different design will have 
to be eventually implemented to make a robust system.  
 

2.4 OEM imposed limitations 

To redesign the existing EnerTwin in order to meet new demands, but at the same time to keep the 
costs low, some requirements on the used biogas are introduced, with respect to its quality and the 
amount of impurities it can contain.  
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First limitation will be with respect to the methane quantity, since it will influence the volumetric flow 
required by the system and therefore, the fuel compressor needed for that. From system point of 
view, there are some points to be considered when it comes to the choice of the fuel compressor. 
First one is the physical limitation: larger capacity usually is paired with larger dimensions of the fuel 
compressor. However, it still must fit in the existing frame. Changing the frame may introduce 
changes for the other subcomponents and by that increase the costs. Next consideration comes 
from the power electronics and the power that can be provided to the fuel compressor. To run and 
control the fuel compressor the existing electronics has a certain restricted capacity, which cannot 
be exceeded.  
During the initial design of the EnerTwin, it was taken into account that in future higher fuel 
compressor power consumption can be required if running with alternative fuels. Certain estimations 
were done during the conceptual design phase and now they are the boundary conditions. If more 
power is required, it would necessitate a redesign of the electronics and with that additional costs 
will be added to the project. Taken those considerations into account, the biogas fired system will 
have an imposed lower limit of the fuel quality with respect to the minimum of methane content. 
  
Second type of limitation is with respect to the biogas composition and its impurities. Imposed by the 
effects that diverse impurities can have on the materials, certain limits and restrictions will be 
imposed on the biogas that is accepted to used. For example, no silicate minerals will be allowed, 
since the deposits from them will eventually clog the injectors and destroy the turbine impeller.   
 
Example of such limitations can be found in the next table: 
 
 

Water (H2O)    < 55 % relative humidity 
Hydrogen sulphide (H2S)   < 20 ppm 
Siloxanes     < 10 ppm 
Ammonia (NH3)    < 10 ppm 
Dust     < 10 ppm 
Particles size    < 0.001 mm 

 

Table 4: Accepted impurities of the biogas composition for the EnerTwin 

 

  



 

D2.3 – Biogas fueled micro-CHP Prototype V1 
V1.2 

 
 

 

Recognition GA n° 815301 Page 15 of 33 

3. Fuel system 
 
As stated earlier, the first step in adjusting the fuel system of the EnerTwin to make it able to run on 
biogas is to select a different fuel compressor pump with larger capacity. What is available and how 
much power it will consume will define the lower limit for the methane content. As a starting point, 
the estimated range that should be covered by the system is between 60% and 75% methane (CH4). 
That will mean increasing the fuel flow almost twice compared to the natural gas-fired version. It has 
to be kept in mind that compressing gas that contains higher portions of carbon dioxide (CO2) will 
require more energy due to its higher heat capacity coefficient. 
 
Two different manufacturers were approached for possible solution that can cover the increased flow 
rate, KNF and Duerr Technik. Duerr Technik delivers at the moment the fuel compressor for the 
natural gas fired EnerTwin (the one on the right side in Figure 1). Initially both suppliers provided 
some samples that were specifically made for MTT. The left one is from KNF and the middle one 
from Duerr Technik.  
 

 
Figure 1: Three different versions for EnerTwin fuel compressor 

 
 
Originally, they were designed to have a higher capacity at lower speed, in order to improve the life 
span of the fuel compressor. The KNF version was based on a membrane operation and the Duerr 
Technik version (the middle one in the picture) was with 2 pistons in boxer configuration. However, 
it was proven during testing that those versions will not be suitable for the application with biogas. 
Even with increased speed, they were not capable of providing the doubled flow demand. Further, 
as alternative it was looked at existing compressors that could require very little or no adjustment. 
KNF had offered standard off-the-shelf versions, which were found not to be suitable. Those that 
were able to meet the flow/pressure requirements were found to be far too expensive, heavy and 
with dimensions exceeding the limits of the existing frame. Another complication with those versions 
was that the control and stability at low flows and speeds, e.g. during hot restarts, was not very 
suitable for this application.  
 
The EnerTwin is a system based on a recuperated gas turbine cycle, where during warm/hot restarts 
there is still a lot of energy accumulated in the recuperator. That translates into a very low fuel input 
required during hot starts until the speed of the turbine increases providing more air into the cycle. 
The existing versions are not capable to run at such low flow/pressure conditions in a stable manner.  
 
Eventually, in the portfolio of Duerr Technik there was an option with similar configuration to the 
original fuel system in the EnerTwin, but instead of one compressing head on the shaft there are 2 
compressor heads (cylinder with a piston inside) on both sides of the motor. This version fits in the 
frame of the system and should be able to provide sufficient flow, since the capacity is doubled due 
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to the two identical compressor heads. Electrical connections are the same and only limited changes 
to the gas lines are required.  
 
 

 
Figure 2: Double head fuel compressor with increased capacity 

 
Once a prototype of this version was delivered, an extensive mapping of its performance was done. 
Flow was measured at different speeds with different back pressure. Total power consumption, 
current and voltage at each of the three phases for each operating point was also recorded. A 
summary of those measurements can be found in Table 5. 
. 
 

Nf Pf Wf V1 V2 V3 I1 I2 I3 Pw 

[Hz] [rbar] [g/s] [V] [V] [V] [A] [A] [A] [W] 

10 1.00 0.31 146 146 146 1.90 1.90 1.90 150 

20 1.00 0.58 166 166 166 1.93 1.96 1.90 250 

30 1.00 0.92 203 203 203 1.95 1.98 1.90 360 

40 1.10 1.25 236 236 236 1.93 1.97 1.86 480 

50 1.20 1.49 264 264 264 1.99 2.00 1.91 620 

55 1.30 1.57 276 276 276 2.03 2.06 1.94 693 

60 1.37 1.62 277 277 277 2.20 2.20 2.10 775 

                    

20 2.00 0.39 165 165 165 2.10 2.14 2.07 273 

30 2.00 0.67 203 203 203 1.96 2.00 1.92 380 

40 2.00 0.96 236 236 236 2.02 2.06 1.96 510 

50 2.00 1.23 264 264 264 2.06 2.09 1.98 645 

55 2.00 1.35 277 277 277 2.10 2.10 2.00 720 

60 2.00 1.45 277 277 277 2.30 2.33 2.20 810 

                    

40 2.25 0.94 234 234 234 2.10 2.17 2.05 540 

50 2.20 1.15 264 264 264 2.08 2.12 2.01 660 

55 2.20 1.32 277 277 277 2.13 2.14 2.05 740 

                    

40 2.50 0.84 235 235 235 2.10 2.15 2.04 535 

50 2.50 1.14 264 264 264 2.14 2.17 2.07 670 

55 2.50 1.19 277 277 277 2.10 2.20 2.11 750 
Table 5: Double head fuel compressor mapping table 
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This data gave some promising results, and the fuel compressor was installed into a prototype 
EnerTwin unit for further testing. Next test was to check if the power electronics is able to support 
this higher load. Even though that has been designed with capacity of up to 800W, it has never been 
tested with such a high load. 
 
Deurr Technik had a remark on this version regarding the allowed ambient temperature for the 
electrical motor. They had some considerations with respect to the higher load of the fuel compressor 
motor and the ambient conditions. Where the motor with single head could easily run at ambient 
temperature of 60 °C, this version due to the higher currents, cannot dissipate the heat from the coils 
inside as effectively. Therefore, for the first version a temperature limit of 40 °C has been posed. 
That affects the operating envelope of the system and introduces some limitations for the allowed 
inlet temperature. However, more tests with the complete system are required to determine the exact 
acceptable ambient conditions for the motor and to determine what is the effect on the system 
operation. In mean time, there is a request to Deurr Technik to look into a version of the motor that 
can operate at higher ambient temperatures.   
 
The double head fuel compressor was placed into an EnerTwin prototype. The first tests were done 
on this configuration. The larger compressor, the extra fuel lines and the extra cooling line for the 
second head made the space inside more occupied. This issue, while from operational point of view 
is not causing any issues, makes the maintainability more complex. In the future, some attention has 
to be put on that, in order to keep the system user friendly when it comes to maintenance.   
 

 
Figure 3: EnerTwin Prototype with double head fuel compressor  

.   
First tests with mixture of natural gas (Groningen gas, ~85% CH4) and air, to levels where methane 
concentration was 65%, were done with the system. The fuel compressor was performing as 
expected: stable speeds and operation. More tests will be required, where CH4 concentration is 60% 
or below. Tests with CO2 instead of air will lead to higher fuel compressor speed, as the molecular 
mass of the carbon dioxide is higher than of nitrogen, requesting more power to compressor the 
mixture to the desired pressure. 
 
Running with G20 (100% CH4), introduces more consequences to the fuel compressor speed and 
flows. In G20 there is 100% methane and to reduce it to 65%, more CO2 has to be pumped. As 
stated before, CO2 has an adverse effect on the fuel compressor performance and combustion. Next 
to the power consumption that will have also effect on the control. The latest will be discussed in 
section 5.  
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4. Combustor adaptation 
 
Since the composition and the fuel flow rate are different, optimisation of the combustor and swirler 
will be necessary to have stable flame and emissions within the requested limits. One of the changes 
is to adjust the hole size of the swirler through which the fuel is entering the combustor. The higher 
flow rate through the same cross area will result in higher velocity of the jets. The latest will result in 
change of the NOx and the CO emissions due to the different mixture of the air-fuel mix, flame 
temperature and cooling of the combusted gases.  
 
In the picture below, the design of the combustor can be found with its separated parts: upper and 
lower casing and in the middle the liner and the swirler. The function of swirler is to mix properly the 
fuel coming into the combustor with the compressed air. The liner contains the flame and with the 
different cooling zones makes sure that the combusted gases cool down in a correct rate, to control 
the emission levels.  
 

 
Figure 4: EnerTwin combustor design 

 
 
Initial tests were done first on a separate MTT lab set up and later implemented in a modified 
EnerTwin system. That was done, since the process of tuning is iterative with each time adjusting 
small things in the combustor. On the lab setup, more measuring instrumentation is present that 
helps the test process, e.g. next to fuel flow also the air flow mass is measured to follow and record 
the fuel to air ratio.  
 
As a starting point the size was determined by increasing the hole size proportional to doubling the 
flow, keeping the speed of the jets equal to the original design. Different conditions have been tested, 
like cold and hot starts. The first test was done with a hole size of 0.6 mm instead of the original 0.45 
mm.   
 

Liner 

Swirler 

Combustor 
casing 
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The tests showed good results with natural gas of the type G25 mixed with air, where the level of 
CH4 was varied from 70% down to 55%, showing satisfactory results. Lower than 55% of CH4 
operation was not possible due to limitation of the fuel compressor. The combustion temperature 
was decreasing to levels where both efficiency and emissions were not satisfactory anymore. Here 
it has to be noted that the latest is not related to the combustor design but to the energy/flow input 
to the EnerTwin system, which is limited by the fuel compressor capacity, as stated before.  
 
The first tests with 0.6 mm showed good emissions for both CO and NOx down to 65% CH4, but 
when lowering further the content of CH4 the CO emissions were raising. Also, at part load (lower 
speed), the emissions of CO were above 80 ppm. Next step was to increase the size of the holes to 
0.65 mm. With that adaptation the tests were repeated giving significant reduction in the CO level. 
As expected, the NOx emissions raised a bit, but still way below the 38 ppm limit.  
 
 

Swirler holes 0.6mm @230krpm, steady state, mixture with Air 

Gas type CH4 O2 CO2 CO NO NO2 

[-] [%] [%] [%] [%] [%] [%] 

G25 84.77 18.02 1.62 34 32 4.4 

G25 75 18.02 1.62 42.5 28.1 4.4 

G25 65 18.02 1.62 74 21 4.7 
Table 6: Emissions measurements when running at 230krpm 

 

Swirler holes 0.6mm @210krpm, steady state, mixture with Air 

Gas type CH4 O2 CO2 CO NO NO2 

[-] [%] [%] [%] [%] [%] [%] 

G25 84.77 18.3 1.49 51.3 21.1 4.5 

G25 75 18.27 1.49 50 17.3 3.8 

G25 65 18.26 1.49 76.7 12.7 3.7 

G25 60 18.25 1.49 141 10 4.2 
Table 7: Emissions measurements when running at 210krpm 

 
Based on those measurement, next tests were done with adapted swirler, where from the 14 holes 
7 were left at 0.6 mm and the other 7 were with increased diameter of 0.7mm. That should reduce 
further the speed of the jets coming out of the swirler. This helped the emissions by reducing mainly 
the CO levels. 
 

Swirler holes 7x0.6mm&7x0.7mm @230krpm, steady state, mixture with Air 

Gas type CH4 O2 CO2 CO NO NO2 

[-] [%] [%] [%] [%] [%] [%] 

G25 84.77 18.05 1.63 12.4 29.1 2.7 

G25 75 18.04 1.63 14.6 26.6 2.6 

G25 65 18.04 1.63 21 24.7 2.8 
Table 8: Emissions measurements when running at 230krpm 
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Swilrer holes 7x0.6mm&7x0.7mm  @210krpm, steady state, mixture with Air 

Gas type CH4 O2 CO2 CO NO NO2 

[-] [%] [%] [%] [%] [%] [%] 

G25 84.77 18.25 1.48 24.3 18.3 2.6 

G25 75 18.25 1.48 18.6 15.3 2.1 

G25 65 18.4 1.48 42 16 3.1 

G25 60 18.4 1.42 47 11.9 2.8 
Table 9: Emissions measurements with Air when running at 210krpm 

 
Next tests were done with mixing the natural gas from the grid with CO2 instead of air. The swirler 
was again adapted such that all 14 holes have diameter of 0.65 mm. Here it was noticed that 
reducing the content of CH4 (from the standard natural gas) makes the fuel compressor work harder 
to deliver the same energy input. The emissions with that swirler were getting better and only the 
capacity of the fuel compressor was limiting the system to run at lower content of CH4. Below 60% 
CH4 it was not possible anymore to run at full load.  

 

Swilrer holes 0.65mm  @210krpm, steady state, mixture with CO2 

Gas type CH4 O2 CO2 CO NO NO2 

[-] [%] [%] [%] [%] [%] [%] 

G25 84.77 18.4 1.4 30.6 26.8 4.5 

G25 75 18.4 1.36 35.6 16.8 3.5 

G25 65 18.38 1.44 38 7.5 2.3 

G25 60 18.36 1.45 38 4.1 1.4 
Table 10: Emissions measurements with CO2 when running at 210krpm 

 
Once the initial tests on the MTT set up were finalised, the combustor of the prototype EnerTwin 
system was adjusted accordingly and prepared for further tests with G25 gas mixed with CO2 to 
check what will be the behaviour of the system.  
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5. System Control adaptation 
 
Initial tests were done with mixture of G25 and air. It has been decided to test first with this mixture 
since with this composition the combustion is in general more stable than with CO2. Later additional 
tests were done with substituting the air by CO2 and as last running with a mixture of CH4 and CO2. 
Those tests with the EnerTwin system were used mainly to adjust the control table for the new fuel 
compressor and its behaviour with varying gas compositions. The control table is used by the overall 
control to determine the required fuel compressor speed, based on values like temperature before 
and after recuperator, start conditions (cold, warm or hot start) and other parameters, like engine 
speed and pressure after the engine compressor. The control uses a proportional-derivative (PD) 
logic to achieve certain temperature of the cycle by adjusting the fuel compressor speed. The 
reference values for the required temperatures (as function of the engine speed), the values of the 
different gains of the PD logic and other required parameters are stored in a look-up control table. 
Adjusting the gains and the reference values is required to adapt the control to the new condition. 
Here not only the different compressor characteristics play a role when adjusting the table, but also 
the gas composition. It must be noted that even though a control table can cover a certain range of 
the gas composition (ratio between CH4 and CO2) it will not be possible to cover the complete range 
with only one table, meaning that multiple tables have to be used for the system, and setting which 
table to be used will depend on the levels of methane in the fuel.  

5.1 Additional quick response temperature sensor 

To help the development process, an additional temperature sensor was placed right after the turbine 
wheel in the clamp between the turbine scroll and the diffuser (see Figure 7). It is a 1 mm 
thermocouple that gives much faster response of the system behaviour and can detect any variation 
of engine speed and FC speed/fuel input. For better visualization and understanding of the difference 
in the positioning of the two sensors, the standard and the additional one, the pictures below show 
the complete recuperated gas turbine cycle, where the second one shows the graphical 
representation of the part with the combustor, diffuser and engine with the locations of the sensors.  
 

 
Figure 5: EnerTwin’s recuperated gas turbine cycle 
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Figure 6: Positioning of the quick response sensor behind the turbine wheel 

 
 

 
   

 

 
 
 

 

Figure 7: Position of the quick response sensor between turbine and diffuser 

 
The standard thermocouples that are used to control the EnerTwin are positioned further 
downstream and have a diameter of 3 mm. That gives them robustness for long time operation, but 
it means that in general their response is slower. On the one hand, because they are further 
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downstream, they can be in certain whirl measuring slightly different temperature, and on the other 
hand due to their thickness they have slightly higher thermal inertia. The thermal inertia of the 
material (turbine scroll and diffuser) also plays a role during start up. When they are still cold and 
absorbing heat, the standard thermocouple will detect the temperature changes with much larger 
delay. For the standard EnerTwin, the control is tuned in such a way that this not causes overheating 
of components before the control responds and in time decreases the fuel input and by that the 
temperature. With the double head fuel compressor and its capability to provide higher flow rate, a 
small variation in speed can lead to fast temperature increase which, if too high, can damage the 
turbine. This is especially valid during start up, where the speed, the pressure in the combustor and 
the air flow are still low and small variation of fuel compressor speed has large effect on the air to 
fuel ratio. What makes the process even more complicated is the fact that it is a recuperated cycle. 
During warm/hot restarts there could be still a lot of energy stored in the recuperator that leads to 
increasing the combustor inlet temperature even before there is any combustion. That results in 
much lower fuel input required and a small fuel compressor speed variation can easily exceed the 
temperature limits. When there is a variation of the CH4 content, this process becomes even more 
challenging, since the control does not know what the content is, and it will respond only to the 
temperature variations. That is why already at an early stage it was decided to work with different 
control tables, dependent on the CH4 content in the gas. At higher speeds and flows those issues 
are less critical since the air to fuel ratio increases and there is more margin for the control to adjust 
the required fuel compressor speed.  
 
Once stable operation was achieved with the mixture of air, further testing could be done replacing 
the air with CO2. That could be used as an intermediate testing gas type before the last step, which 
would be to work with different mixtures of only methane and carbon dioxide, varying from 60-65% 
methane up to 75% methane.   
 

5.2 Different control tables 

As already mentioned, a couple of control tables will be required, where the choice which table to be 
used must be done before starting the system. That puts a requirement to the quality of supplied fuel 
and how much it can vary, meaning that for a single setting no large variations can be allowed. To 
get a better understanding why this is required, few examples for different scenarios are discussed, 
where some of them were already mentioned earlier.  
 
Having a composition that can vary will cause different conditions for the control that can cause 
problems with ignition, overheating, flame outs, unstable combustion, etc. In the previously 
mentioned situation, where a hot restart takes place, the control is set to deal with this situation by 
using lower speeds of the fuel compressor. This is done by measuring the temperature of the 
recuperator before the start. However, if in the next moment (e.g. next start) the composition changes 
and the amount of CH4 drops significantly, the control will still try to protect the system by using 
reduced fuel input (since it does not know about the reduced content of CH4). That will lead to a 
situation where the energy input will not be sufficient, resulting in a flame-out. In general, if only the 
content of the CH4 changes, the control will have difficulties, but to certain extend it will still be able 
to cope with that. What makes the task more difficult is the presence of carbon dioxide and its 
negative effect on the combustion. When present in higher volumes, the fuel compressor has to run 
at higher speeds to compensate for this effect. This can be taken into account when adjusting the 
control table and higher speed of the fuel compressor will be determined by the controller. Now, if 
there is only one table and those settings are used with high CH4 content in the fuel, it will lead to a 
situation with overheating. If the table is set to prevent this situation then it will result in either flame 
out or eventually not be able to ignite and start. Small variations in the gas composition during 
operation are possible and the control is capable to follow those changes by adjusting the speed of 
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the fuel compressor, but when there is a significant change in the composition from one start to 
another, there is a risk that the control will not react fast enough. The control will continuously be 
challenged between overheating and under-fuelling the system, depending on the fuel and the 
condition of the system, whether it is hot or cold start. 
 
Those different scenarios have to be covered by the control. For biogas applications, the approach 
will be similar to the case of natural gas where different gas bands exist and the system has to be 
set properly for each one of them. Different tables for different ranges of CH4/CO2 contents will have 
to be applied. It limits the operation of the system when large variations are present but when the 
user insures certain stability in the biogas composition and the system is set with the right control 
table that will be not a problem. 

5.3 Gas mixture station set-up 

For the test purposes, a set-up was prepared where natural gas (G25) was used from the grid and 
could be mixed with air. The set-up consisted of a Bronkhorst mass flow meter (measuring the G25) 
and a Bronkhorst mass flow controller, measuring and controlling the amount of air required to obtain 
the desired gas mixture. In the picture below, the set-up can be seen, where on the left side is the 
mass flow controller and on the right side the mass flow meter. Both devices are connected to a PC 
on which a LabView environment is installed. The LabView gets the data from both units, records it 
and sends the control input to the mass flow controller. Later the same set-up has been used for the 
CO2 tests and G20/CO2 tests. 
 
 

 
Figure 8: Set-up for G20/G25 with Air/CO2 gas mixtures 

 
Before each test, in LabView the correct factors for the main gas (G20 or G25) and for the mixing 
gas (Air or CO2) have to be set in order to obtain the correct mixture. This is required since the 
different gases have different properties and since certain volumetric composition is required, both 
Bronkhorst units operate based on mass flows.  
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For the G25 gas, a standard grid connection has been used, while G20 is obtained from gas bottles. 
For the mass flow controller when running with air, pressurized air has been provided from an air 
compressor at 5 bars. When running with CO2, pressurized gas bottles have been used where the 
pressure from the bottle is reduced to 5 bars, being the recommended supply pressure for the mass 
flow controller.  

5.3.1 Mixture of G25/Air 

In Figure 9 the evolutions of temperature (measured with two different thermocouples) and rotational 
speed are reported. The graph allows to notice the large difference between the quick 1 mm 
thermocouple (red) and the standard thermocouple (blue). It is a good example of how easily the 
turbine wheel can be overheated during a cold start. Once the speed increases and the flow 
becomes higher, the difference between the measurements of both sensors will become smaller, 
until they almost coincide.  
 

 
Figure 9: Cold start with mixture of G25 and air 

 
Multiple iterations were needed to smoothen the start and to make sure that during cold and hot 
starts the quick thermocouple was not measuring values above 1100K for long periods. Since the 
speed is low during starts (so stresses are lower) it is accepted that the temperature of the turbine 
can be slightly higher for a short period of time. The table was not optimised completely since there 
were more tests to be done with CO2. 

5.3.2 Mixture of G25/CO2 

Next tests were done with substituting the air by CO2. Here again different iterations were required 
to tune the control mainly during starts. From Fig. 10 it can be seen that the ramp up from ignition 
speed 9000 rpm until 190000 rpm (minimum part load) is the most difficult part. The quick 
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thermocouple indicates very fast that the limit temperature of 1100 K is reached and the control tries 
to keep it below. For cold starts and with lower CH4 content it is needed that the temperature in the 
combustor and after the turbine is high enough, otherwise flame outs will occur.  
 

 
Figure 10: Cold start with mixture of 65% G25 and 35% CO2 

 
The ‘bumps’ of the red line indicate where the control is being limited in order not the raise the 
temperature too high. With the different mixture of CH4 and CO2 those ‘bumps’ are either more 
smooth or more sharp, depending on the energy density of the fuel.  
 
For the hot restarts, the maximum allowed temperature of the recuperator at start has been lowered 
from 850K to 750K. Where the natural gas system can restart with those high temperature 
conditions, for the biogas version it was proven that it is very difficult to have stable control that can 
cover different fuel ranges and can stay below the high temperature limits for the turbine.  
 
With this adaptation one control table was used for hot and cold starts with methane content of 
60% to 75%. Those tests were done mainly with standard ambient conditions and it has not been 
tested how the system will behave at high and low ambient temperatures. This will be tested at a 
later stage of the testing program.    
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5.3.3 Mixture of G20/CO2 

As expected, the tests with G20 and CO2 show that the behaviour is different with respect to the G25 
tests, mainly due to the higher concentration of CO2. In the previous tests in the G25 type of gas, a 
small portion (14-16%) of the gas was nitrogen which now is replaced by heavier CO2 gas. That has 
an effect on the flame stability and additional changes and tuning were needed.  
 
In the graph below, first a cold start and then a warm start are shown. During the test, different 
parameters has been adjusted in order to get ignition and stable ramp up of the system. The fuel 
compressor speed during the ignition attempt was used as a control setting and also the gas mixture 
content was adjusted towards richer mixture of CH4.  
 
The initial mixture that was used during the test consisted of 65% CH4 and 35% CO2. With no other 
changes in the control the system managed to start and accelerate to 200.000 rpm. This is still part 
load with respect to the system, but once this point is reached it can be assumed that the flame is 
stable and danger for flame-out is no longer present. At that operating point, the temperature and 
the mixture inside the combustor are quite stable. The first two attempts (two most left spikes of the 
red line in the figure) indicate problems with ignition and flame stability. Even though that there is a 
high percentage of CH4, the effect of the CO2 is clear. Before the start it was checked that there is 
no presence of air or other gases inside the installation. All the gas line up to the system was purged 
prior to the test. To improve the situation, the initial speed of the fuel compressor during ignition was 
increased with a couple of Hz. That has been done by adjusting the polynomial which determines 
the speed of the fuel compressor during ignition, based on predetermined values and the 
temperature of the recuperator.  
 

 
Figure 11: Cold and hot start with mixture of 65-70% G20 and 35-30% CO2 

 
A few small adjustments were required before stable and ignition and ramp up were obtained. In the 
graph that is the sixth attempt, which is followed by increasing the speed to 200.000 rpm. It can be 
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seen that during the ramp up the quick responding temperature sensor was indicating values around 
and below 1100K, which is satisfactory result.  
 
After that, a warm restart (recuperator at 550 K) was tested. A couple of different attempts were 
done, again with small adjustments in the fuel compressor speed. This time, the small adjustments 
were not enough. Because of the heat stored in the recuperator, the ignition speed of the fuel 
compressor is lower, as calculated by the polynomial and that was resulting in no ignition or quick 
flame-outs. At that point, it was decided to increase the minimum content of CH4 to 70%. This change 
had an immediate effect and ignition and ramp up were possible. However, approaching higher 
speeds of 180.000 -190.000 rpm, the quick responding thermocouple indicated temperatures of 
above 1100K. 
 
Those tests indicated that the presence of CO2 significantly influences the behaviour of the system. 
It indicated also that cold and warm start pose quite different conditions for the start-up and some 
different approach needs to be found. Changes in the control table and possible increase of the 
ignition speed from 90.000 rpm to higher speeds, e.g. 105.000 rpm or 115.000 rpm (meaning more 
air flow), will be required. Another conclusion from this test made, was that different control tables 
and logics will be needed for the different ranges on the CH4 in the fuel. Having one table for a range 
of 60% to 75% is not feasible.    
 
Future tests will show what will be the minimum achievable content of CH4, not only with respect to 
combustion stability, but also from fuel compressor capacity. The control can be improved to be able 
to run with lower CH4 content (e.g. 60% CH4), but at full speed of the gas turbine engine the required 
work from the fuel compressor to provide the fuel flow could be not enough.  
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6. Additional hardware changes 
 
Next to the changes discussed earlier in this report, running on biogas will require some additional 
hardware changes to the system. The heat exchanger, some gaskets and the exhaust pipes are 
among the components that would need further attention, possible redesign and different choice of 
materials. 

6.1 Heat exchanger 

The material of the heat exchanger was recognised as a major concern and redesign will be required 
to cope with the aggressive combustion products of the biogas. The impurities in the biogas can 
cause the aluminium heat exchanger to corrode very fast, shortening the life span of the heat 
exchanger, causing undesirable leakages of water and exhaust gases into the system. Products like 
carbonic or sulphuric acid will have a negative impact on the material. When looking for alternatives, 
where different materials or coatings can be used, one of the main criteria is that the system has to 
meet the efficiency requirements. The original heat exchanger has very high effectiveness of around 
97-98%, meaning that more than 97% of the heat from the hot exhaust gases is transferred to the 
water side. To meet this high performance requirement and to make the design robust enough for 
the biogas, makes this task very challenging.  
 
As a first option it has been decided to go for a stainless steel version. Stainless steel offers good 
solution for the sulphur and ammonia acids. Few different companies have been approached for 
possible cooperation, one of them is Alfa Laval. In the picture below, one can see two possible 
designs from stainless steel on the left-hand side and on the bottom right the present heat 
exchanger.    
 

 
Figure 12: Different design options for a heat exchanger 
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It is clear from the picture that the designs offered at this point lead to different flanges and ways of 
connection compared with the present version. It means that applying such design will require 
significant changes to the interfaces between the recuperator and the heat exchanger. Possible 
solution is installing these heat exchanger prototypes outside to the system using adapters for the 
interfaces. Such approach could be accepted for a first test, in order to validate the performance of 
the heat exchanger and the whole system. The build-up of the stainless steel version has different 
internal design, mainly for the air side and that can have large effect on the gas turbine cycle. With 
respect to the application area where normal boilers are used, here the air side design has to deal 
with 7-8 times larger air flows for the same heat power. Larger flow means that the pressure drop 
can be too high, reducing the efficiency of the turbine, which means lower electrical efficiency.  
 

6.2 Gaskets and exhaust pipes 

In the gas path from the recuperator via the heat exchanger and finally via the exhaust, there are 
different locations where gaskets are used between the interfaces of the different components. The 
first location in the existing design is between the recuperator and heat exchanger, where a gasket 
made from silicon material is used. In the case of biogas application, it must be changed by a different 
material. The selection of the gasket will mainly depend on the (possible new) interface between 
those two components. As indicated previously, the redesign of the heat exchanger can cause a 
change in the interfaces. Possible alternative is the use of metal gaskets, which will be more 
expensive and can add complexity to the solution, but can provide the needed robustness.  
 
The next connection is between the exhaust pipes and the heat exchanger. The present sealing 
rings of the standard aluminium pipes must be changed, since the possible different acid residues 
will damage them. The standard exhaust pipes are made of aluminium. They have to be also 
replaced by a different type, suitable to operate under the more harsh conditions. This component, 
however, is also dependent on the chosen design of the heat exchanger.  
 
Working out the various options, including further testing, analysis and implementations of the 
stainless steel heat exchanger are ongoing at the time of writing this report. The results of this work 
and the consequences with respect to other parts in the exhaust design will be covered in the next 
deliverable of the project, scheduled for 2021.  
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7. Conclusions 

 
In an effort to modify the existing EnerTwin, a natural gas-fired microCHP system, to a version 
running with biogas both control and hardware changes are needed. The different compositions of 
the fuel affect the combustor design, the fuel supply system, the control and the material choice of 
certain components.  
 
First tests with an adjusted combustor showed good results with respect to emissions (CO and NOx) 
and flame stability. Different levels of CH4 were tested with stable emission levels and combustion 
at nominal speeds. The control was also adjusted to be able to deal with the different fuel 
compositions, increased fuel flow and different fuel compressor. The control was very stable when 
dealing with reduced content of CH4, down to 60%, but with the remaining gas being equally divided 
between CO2 and N. When the nitrogen was replaced by carbon dioxide, the control shows 
instabilities during ignition and ramp up to higher speed. More testing is required to do the fine tuning 
with mixtures down to 60% CH4 and 40% CO2.  
 
The double head version of the Duerr Technik fuel compressor shows quite promising results with 
respect to flow-pressure behaviour and capabilities to provide the required flow for gas mixtures with 
CH4 levels down to 60-65%. Some limitation with respect to ambient temperature is at this point 
present, with compressor motor allowed to operate at ambient temperatures up to 40-43 °C. Duerr 
Technik is working on improving both capacity and ambient limitations of the compressor. However, 
even with the present state of the fuel compressor the system still has a satisfying operating 
envelope.   
 
Different heat exchanger designs are being evaluated at the moment, with main objective to 
withstand the harsh conditions, imposed by the biogas composition, while preserving the good 
performance with respect to heat transfer and pressure loss. Stainless steel is the most favourable 
material that can be used for the redesign. Special attention will be paid to the interfaces in the new 
design, since that can introduce complexity to the assembly of the heat exchanger into the rest of 
the EnerTwin system.  
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