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MILESTONE REPORT 
 
 
Executive Summary 
During this milestone period, the Energy & Environmental Research Center (EERC) completed 
Milestone 11 Complete Testing and Demonstration and Document Performance Data of the 
Power System. Based on the tests conducted to date, the gasification system has been a success. 
The gasification system has been run utilizing nine different feedstocks singularly and several 
tests utilizing mixtures of these different fuels and has performed well with all of the fuels. 
While some fuels are easier to handle such as wood pellets, in general, all of the fuels produced 
an acceptable-quality gas and the system was able to operate at a steady state. As previously 
reported, because of the inability to overcome the stock software shutdown faults in the C30, the 
modified microturbine was operated in cooldown mode, with externally controlled input of 
natural gas and syngas. Optimally, the modified turbine would have operated on syngas and 
produced up to 30 kW of power. This was not the case, and multiple issues limited the system’s 
operability and performance. With an output power of 4250 watts, the system only produced 
14% of the turbine’s rated power output and, without additional development, is not a viable 
stand-alone product at this time, although the performance achieved validates the potential to 
indirectly fire a turbine on low-Btu gas. 
 
Project funding was provided by customers of Xcel Energy through a grant from the Renewable 
Development Fund. 
 
Technical Progress 
During this performance period, the EERC completed analysis of the data collected during the 
testing of the integrated gasifier modified turbine system. Quantification of the performance of 
the gasifier and the turbine is discused below. 
 
Quantification of Gasifier Performance 
Testing of the gasification system was performed from February 2009 through July 2011. Total 
run time with nine different fuels was greater than 144 hours. Fuels tested included wood pellets, 
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pressed wood cubes, wood chips, coal, coal–wood chip mixtures, mulch, sawdust, switchgrass, 
charcoal, meat and bone meal, and fish rendering waste. During gasification testing, it was found 
that steady-state conditions were achieved with feed rates of 70–80 lb per hour and air injection 
rates of 1700 to 2100 scfh. Under these conditions, solid conversion efficiency varied between 
60% and 89%, with typical conversion being 80%, i.e., for every 100 lb of fuel fed, 80 lb was 
converted to a combustible syngas gas, with the remaining 20 lb mainly heat loss in the system.  
 
During testing syngas composition is typically monitored using a continuous emission monitor 
for five gases. Gases analyzed are hydrogen, carbon monoxide, carbon dioxide, oxygen, and 
methane. These five gases indicate the quality of the syngas and, based on their variation, can 
indicate what is occurring in the gasifier. Additionally, once steady-state conditions are achieved, 
a gas sample is collected and analyzed with a gas chromatograph quantifying 23 separate gases 
and produces a heat of combustion for the composite. In multiple tests, the syngas produced had 
an energy content of between 105 and 196 Btu/scf. Table 1 shows a typical gas composition 
produced by the gasifier. For comparative purposes, Table 2 shows what the composition of 
natural gas is in various markets across the United States In the syngas, the heat content is 
contained in the carbon monoxide, hydrogen, methane, ethane, propane, propylene, and 
acetylene which have a much smaller volume per standard cubic foot when compared to the 
natural gas. Natural gas will typically have a heat content of approximately 1000 Btu/ft3, where 
the syngas produced during this project was much lower. This required the heat exchanger 
turbine system to utilize a much greater volume of syngas compared to natural gas to obtain the 
same result. 
 
The goal of the work conducted at the EERC was to design and construct a gasifier that could 
integrate with and run a Capstone C30 microturbine. The C30 is a 30-kW unit with 25% 
conversion efficiency as specified by the manufacturer, which dictates 120 kW of total energy 
input to operate. If the average steady-state operational conditions of the gasifier are examined, 
typically 70 lb/hr of feed with 2000 scfh of air resulted in 80% solid conversion and produced a 
syngas with, on average, 137 Btu/scf. This condition combines to yield a system capable of 
producing 119.3 kW from the heat of combustion of the syngas, which is sufficient to operate the 
gasifier.  
 
Over the course of testing the gasifier, the unit has produced syngas with heat content of  
94.7 kW with some extremely wet biomass and as high as 145.3 kW with a dried fuel. This range 
represents the total thermal energy available at standard temperature and pressure. However, the 
integration process was designed specifically to close couple the gasifier with the turbine, 
allowing for hot gas to be fed into the turbine. By doing this, issues related to condensation of 
high-molecular-weight hydrocarbons (tar) are eliminated and the thermal energy of the gas 
because of its elevated temperature can also be utilized in the generator. During testing, syngas 
typically reached the turbine feed at nearly 800°F. This is 723°F above standard temperature and 
pressure (STP). By taking the specific heat of the gas (0.63 Btu/lb °F) and multiplying by the 
difference between STP and delivery temperature an additional 17.9 kW of thermal energy is 
potentially available. The sum of syngas heat of combustion and the thermal energy result in a 
gasification system with total production potential of 112.6 to 163.2 kW, depending on the 
quality of the fuel being gasified. 
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Table 1. Syngas Composition and Heat Content Gasifying Wood Pellets 
K. Martin’s           

Run No.: Normal Ideal  Specific Avg.  
Sample   mol% mol% Btu Gravity Compress mol wt 
Helium 0.0000 0.00 0.00 0.00 0.00 
Hydrogen 5.2248 5.2688 17.12 0.00 0.00 0.11 
Carbon Dioxide 5.1904 5.2341 0.00 0.08 0.00 2.30 
Propane 4.2231 4.2587 107.45 0.06 0.01 1.88 
Propylene 0.0016 0.0016 0.04 0.00 0.00 0.00 
Acetylene 0.0033 0.0033 0.05 0.00 0.00 0.00 
Isobutane 0.0000 0.00 0.00 0.00 0.00 
Carbonyl Sulfide 0.0000 0.00 0.00 0.00 0.00 
n-Butane 0.0000 0.00 0.00 0.00 0.00 
Hydrogen Sulfide 0.0000 0.00 0.00 0.00 0.00 
1-Butene 0.0000 0.00 0.00 0.00 0.00 
Isobutylene 0.0000 0.00 0.00 0.00 0.00 
t-2-Butene 0.0000 0.00 0.00 0.00 0.00 
Isopentane 0.0000 0.00 0.00 0.00 0.00 
c-2-Butene 0.0000 0.00 0.00 0.00 0.00 
n-Pentane 0.0000 0.00 0.00 0.00 0.00 
1,3-Butadiene 0.0000 0.00 0.00 0.00 0.00 
Ethylene 0.2407 0.2427 3.89 0.00 0.00 0.07 
Ethane 0.1562 0.1575 2.79 0.00 0.00 0.05 
Oxygen/Argon 1.1702 1.1801 0.00 0.01 0.00 0.38 
Nitrogen 64.2642 64.8053 0.00 0.63 0.01 18.15 
Methane 1.0016 1.0100 10.22 0.01 0.00 0.16 
Carbon Monoxide 17.6890 17.8379 57.31 0.17 0.00 5.00 

    Total 99.1651 100.0000 198.87 0.97 0.02 28.09 
0.9917 

K = 0.00 
L = 0.00 
M = 0.11 M1 = 0.00 M2 = 0.00 
Z = 1.00 

Real Btu (saturated) 195.54 
Real Btu (dry) 199.00 
Ideal Specific Gravity 0.97 
Real Specific Gravity 0.97 

  Average mol wt   28.09       
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Table 2. Typical Composition of Natural Gas, mol % 
Source Methane Ethane Propane Butane Nitrogen 

Alaska 99.72 0.06 0.0005 0.0005 0.20 

Algeria 86.98 9.35 2.33 0.63 0.71 

Baltimore Gas & Electric 93.32 4.65 0.84 0.18 1.01 

New York City  98.00 1.40 0.40 0.10 0.10 

San Diego Gas & Electric  92.00 6.00 1.00 – 1.00 

Source: Liquid Methane Fuel Characterization and Safety Assessment Report. Cryogenic Fuels Inc. Report No. 
CFI-1600, Dec 1991.  

 
 
Quantification of Turbine Performance 
The turbine has been fired with natural gas multiple times on 19 separate days from October 
2010 to July 2011. Many of those days, multiple firings of the turbine were performed to shake 
down the system and test the efficacy of the heat exchanger designed to extract heat from 
producer gas. Some of the turbine testing on natural gas was an attempt to find the optimum 
location for thermocouples to measure temperature to feed into the turbine-run software. The 
majority of these tests were for short periods of time because, as previously reported, of the 
proprietary software utilized by the turbine proving problematic for this endeavor. In addition to 
the inability to modify the system code, the turbine programming was extremely stringent in how 
it operated. If any of over 100 variables deviated from the programming’s expected value, the 
turbine would shut down. For example, if temperature rise at start-up did not occur within  
30 seconds, it would shut down. If rpm or pressure deviated, it would shut down. Based on these 
findings, it was decided early on that in order to succeed in the integration process, modification 
and testing would have to ensure that all standard operating conditions were mimicked as closely 
as possible. Of all variables examined, temperature was the most difficult to mimic. To achieve 
values within acceptable parameters, experimental measurement throughout the system over time 
was conducted until the optimal location was identified for thermocouple placement to allow the 
software to identify the required heat rates required. 
 
Additional challenges were encountered with communication between the turbine software and 
the data-recording system on a laptop computer. Capstone technical support diagnosed the issue 
several times both via phone and through a remote connection over the Internet. These sessions 
resulted in Capstone directing the EERC to purchase new communication boards several times. 
This change forced long sessions of reloading turbine programming and, each time, failed to 
correct the issue. In the final days of the project, a novel approach was suggested by the network 
staff, and an old laptop with an RS-232 connection was attached to the communication board–
transmitter interface. This change corrected the issue and indicated that the USB port within the 
communication–board interface was the actual source of the error. Unfortunately, because of the 
timing of the fix and the project end, collection of detailed data was not possible for all of the 
testing prior to the final run. Figure 1 illustrates the erratic nature of data collection prior to the 
fix. 
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Figure 1. Example of repeated attempts to start the turbine system. 
 
 

In Figure 1, approximately 20 attempts to start the system over 2 hours can be observed. Each 
peak is the system drawing power in order to initiate turbine rotation. As the distance between 
points indicates, the data were intermittently collected because of faulty communication between 
the turbine software and the data-recording system. Another important factor which Figure 1 
illustrates is that the intermittent data cause important information to be missed. During start-up, 
the turbine draws 9800 watts in order to initiate rotation prior to adding fuel. In Figure 1, the data 
never have a chance to record this information, thus misleading the user into believing peak 
power usage is closer to 6200 watts.  

 
Having corrected the communication problems, the final experiment was conducted involving 
the integration of the gasifier with the C30 turbine. Integration required several modifications to 
the original test plan. Concurrent with troubleshooting the turbine operational parameters and 
locating the optimal data measurement positions, developmental testing leading up to integration 
determined that because of Capstone’s software, there was no feasible way for the EERC to 
facilitate operation under normal firing conditions. To overcome this issue and achieve project 
goals, a system state called “cooldown” mode was identified in the turbine software system 
operational modes which would allow limited operation. This mode is designed to allow the 
turbine to cool after having been run at standard elevated temperatures. In cooldown mode, the 
microturbine ramps up to 45,000 rpm by drawing electricity from external sources while shutting 
off the fuel input. This increases airflow through the turbine until the combustor is cooled below 
190°C (374°F). It was determined that by externally controlled input of natural gas and syngas, 
turbine operation up to the steady-state operating temperature of 900°C (1652°F) in the 
combustor could be maintained. This allowed the analysis of the heat-transfer and thermal profile 
of the heat exchanger. However, under cooldown mode the turbine output contacts are opened 
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and the turbine does not pressurize up to normal operating pressure. This prevents production of 
significant shaft work, which is a function of the operating pressure. Nonetheless, operating 
under this mode allowed: 
 

1. Obtaining steady-state operating temperatures. 
2. Obtaining self-sustained operation on 100% syngas without an ignition source. 
3. Verifying that the designed temperature profile was achieved. 
4. Producing some shaft work, albeit much lower than during normal operation. 

 
 
As this fuel entered the turbine and was combusted, heat transferred through the modified heat 
exchanger and steady state was achieved gradually reduced the power being drawn from the grid, 
the 9800 watts drawn from external sources to power the turbine at the 45,000 rpms specified for 
this mode of operation. 

 
Quantification of Integrated Gasifier Turbine System 
Having determined that the only way to operate the turbine with the modified heat exchanger 
was to run in cooldown mode, the turbine was connected to the gasifier and the gasification-to-
electricity system was tested. The test of the integrated system consisted of only 1 day of 
running. However, both systems had previously undergone multiple days of testing as stand-
alone units. This allowed for no surprises when the actual integration testing occurred. To initiate 
the integrated system testing, the gasifier was started on wood pellets. This material was used 
because of its availability, consistency, and the ease with which it feeds. Once the gasifier 
reached steady state, heat up of the turbine was initiated using natural gas. After reaching the 
desired temperature in the turbine, the fuel bypass valve was opened and syngas flowed into the 
turbine. Figure 2 illustrates the thermal profile achieved during the integration process for the 
gasifier.  

 
As Figure 2 shows, during integration with the turbine, the temperature within the gasifier started 
to drop shortly after coupling. This drop in temperature was not because of issues relating to the 
coupling but rather human error in which the airflow to the unit was adjusted below optimal. 
This resulted in less partial combustion of the fuel in the gasifier and, in turn, a reduction in 
overall gasifier temperature. With target temperatures being 1200°–1400°F, syngas composition 
can fluctuate. However, this lower temperature was still within the acceptable range. 

 
Upon initiation of cooldown mode for the turbine, as previously stated, the turbine begins to 
draw 9800 watts of electricity from external sources. Figure 3 illustrates a period from start-up 
through shutdown during the integration test. 
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Figure 2. Example of thermal profile across gasifier during integration testing. 
 
 

 
 

Figure 3. Example of power use and production by syngas combustion in the turbine.  
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Examination of Figure 3 shows that initially the turbine drew the expected 9800 watts. As the 
syngas entered the system, power began to be generated by the combustion of the syngas, 
offsetting the turbine’s power requirement to maintain 48,000 rpm. Looking closely at the figure, 
the data show that over approximately 45 minutes the system reduced its power consumption 
then operated at an average of about 6000 watts of consumption. This indicates that during this 
integrated test period, the turbine was able to generate power from syngas combustion. If this 
change in power draw is normalized with 9800 watts being zero, then the power production over 
the test can be observed. Figure 4 below shows the resulting power based on the normalized data. 
 
Examination of Figure 4 shows that during the integration testing, the turbine generated between 
4250 and 3250 watts. The drop at 16:15 represents termination of the test and syngas being shut 
off. The slow drop in power production is a result of the modified turbine heat exchanger. The 
turbine’s heat exchanger postmodification contains a significant quantity of metal residual heat 
of which continues to power the turbine until it drops to equilibrium. For comparative purposes, 
Figure 5 shows a similar power curve generated by firing natural gas through the heat exchanger 
in shakedown testing of the heat exchanger turbine system prior to the integration of the heat 
exchanger turbine gasification system. Maximum power production shown here peaked at  
3681 watts prior to shutting off the gas. 
 
 

 
 

Figure 4. Illustration of normalized power produced from syngas. 
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Figure 5. Example of power produced with natural gas. 
 
 
Supporting the turbine modifications and control points chosen by the EERC, the turbine exit 
temperature, or TET, is the variable that most affects the turbine’s power output and control. 
Under normal operating conditions, the software attempts to maintain a TET of 1200°F. As 
testing protocol required manual control of fuel addition to the turbine via the bypass, the TET 
fluctuated over time. Figure 6 shows the thermal profile for the turbine’s TET during integration 
testing. 
 
 

 
 

Figure 6. Example of TET during syngas combustion testing. 



10 

As illustrated in Figure 6, the TET fluctuated between 1300° and 1100°F over the integration 
test. With the turbine’s TET goal of 1200 °F, the test fluctuated ± 8% from targeted operating 
temperature.  

 
Conclusions 
The goals of the project were to modify a Capstone C30 to operate on indirectly fired low-
pressure syngas, construct and test a 120-kW gasifier capable of supplying the modified turbine 
with the required syngas equivalent, and successfully integrate the two systems to produce 
power. Of these objectives, all were achieved over the course of the project with varying degrees 
of success.  
 
Based on the tests conducted to date, the gasification system has been a success. The gasification 
system has been operated on multiple fuels and has proven its versatility and robustness. The 
turbine, however, is where additional work is required. Optimally, the modified turbine would 
have operated on syngas and produced up to 30 kW of power. This was not the case, and 
multiple issues limited the system’s operability and performance. With an output power of  
4250 watts, the system only produced 14% of the turbine’s rated power output, and without 
additional development, is not a viable stand-alone product at this time although the performance 
obtained validates the potential to indirectly fire a turbine on low-Btu gas. Two areas need 
investigation to produce a viable system. As stated, the C30 turbine chosen for use in this project 
has proprietary software that was cumbersome to work with at best and did not allow for 
modifications to be made to account for the lower-Btu syngas and the experimental heat 
exchanger design. This caused difficulty in just operating the turbine on natural gas with the 
experimental heat exchanger. The result was that the only way to allow the turbine to produce 
power with the syngas heat exchanger system was to run the turbine in cooldown mode. Since 
cooldown mode is designed for shutting down the turbine after having run at high temperatures, 
this was obviously less than optimum. The system ran depressurized in this mode, and only a 
small amount of the predicted work could be generated by the syngas. To remedy this, a newer-
model turbine with user-friendly, user-programmable software would be required, which is 
outside the budget of this project. The second item requiring more work would be to build a 
better heat exchange system to power the turbine. During the running of the integrated system, 
what appeared to be molten metal was seen inside the heat exchanger. Upon examination after 
the testing, it was discovered that the burner nozzles were positioned allowing impingement of 
the flame on the heat exchanger fins which are constructed of a thin metal for good thermal 
conductivity. The leading-edge fins had melted and potential small holes developed in the heat 
exchanger shell. This would have two effects on the heat exchanger: 1) compromising the 
structural stability of the heat exchanger itself because of degradation of the shell and  
2) allowing combustible gas to pass from the flame side to the exhaust side of the heat 
exchanger, creating an explosion potential. To continue testing of the integrated system would 
require a complete redesign and rebuild of the heat exchanger, which is outside the budget and 
scope of this project. However, running the system in cooldown mode, which is a depressurized 
operation condition of the turbine, and obtaining the amount of work that was generated illustrate 
that the concept of the integrated gasification indirectly fired turbine system is at least plausible, 
and with more work, may become commercially viable. 
 
 



11 

Additional Milestones/Project Status 
Work has commenced on compiling the data and presentation materials for the final report in 
accordance with Milestone 12.  
 
 
LEGAL NOTICE 
 
THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY XCEL 
ENERGY. IT DOES NOT NECESSARILY REPRESENT THE VIEWS OF XCEL 
ENERGY, ITS EMPLOYEES, OR THE RENEWABLE DEVELOPMENT FUND 
BOARD. XCEL ENERGY, ITS EMPLOYEES, CONTRACTORS, AND 
SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR IMPLIED, AND 
ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS REPORT; NOR 
DOES ANY PARTY REPRESENT THAT THE USE OF THIS INFORMATION WILL 
NOT INFRINGE UPON PRIVATELY OWNED RIGHTS. THIS REPORT HAS NOT 
BEEN APPROVED OR DISAPPROVED BY XCEL ENERGY NOR HAS XCEL 
ENERGY PASSED UPON THE ACCURACY OR ADEQUACY OF THE 
INFORMATION IN THIS REPORT. 


