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ABSTRACT 

As part of ongoing research into high
efficiency alcohol fuels utilization at the 
Solar Energy Research Institute, a gas com

bustion turbine was modified for use with re
formed methanol and tested. 'lbe reforming 
process for this application uses waste 
engine heat to convert methanol and steam in 
the presence of a catalyst into h ydrogen and 
carbon dioxide. We modified the standard 
combustor of a Garrett Model GTCP85-397 com
bustion turbine to burn the hydrogen and car
bon dioxide mixture. Heat exchangers to boil 
and reform a methanol and water mixture were 
sized, purchased, and connected to the tur
bine exhaust. Instrumentation was added to 
monitor turbine temperatures, pressures, and 
exhaust emissions. Turbine performance and 
emissions were measured at various loads with 
a distillate fuel and compared with perfor
mance on reformed methanol. Reformed alcohol 
yields a significant improvement in effi
ciency because waste heat is reclaimed as 
chemical energy in the fuel. 'lbe larger mass 
flowrate of fuel to the combustor increases 
power output, and emissions are substantially 
reduced. 

1. INTRODUCTION 

As a part of ongoing research into high
efficiency alcohol fuels utilization at the 
Solar Energy Research Institute ( SERI) , the 
Fuel Utilization and Systems Engineering 
Group has undertaken the modification and 
testing of a combustion turbine for use with 
steam reformed methanol. 'lbe reforming pro
cess for this application uses waste engine 
heat to convert methanol and steam in the 
presence of a catalyst into hydrogen and car
bon dioxide. A previous study by SERI and 
Westinghouse Electric Corp. states that there 
are several expected advantages to the use of 
reformed alcohol (Davies et al. 1983). 
First, waste engine heat is converted to 
chemical energy in the fuel, resulting in an 
overall increase in efficiency. Turbine 

power output is increased because greater 
fuel mass flowrates are required with re
formed alcohol compared to distillate. Hy
drogen has a low luminance flame resulting in 
potentially greater unit lifetimes and im
proved reliablity. Finally, NO emissions 
were predicted to be substantiafly lower than 
NO emissions from distillate fuels. x 

Methanol can be reformed to hydrogen and car
bon monoxide or carbon dioxide by strongly 
endothermic reactions. 'lbe reactions occur 

° at temperatures between 200 and 35D°C in the 
presence of a catalyst. Heat in this tem
perature range is available in the exhaust of 
piston engines and combustion turbines. 'lbe 
increase in fuel heating value as a result of 
methanol reformation is shown in Table 1. 

A system to take advantage of this reaction 
for automotive applications is described by 
Finegold et al. (1982) and for combustion 
turbine applications by Janes (1979).

2. SYSTEM DESCRIPTION 

The process and instrumentation for the 
steam-reformed methanol combusion turbine 
experiment is shOinl in Figure 1. Exhaust 
from the turbine flows to the methanol-water 
boiler, to the reformer, or is bypassed. 'lbe 
methanol-water fuel mixture is filtered and 
then pumped into the boiler. From the 
boiler, vapor flows through a flow measure
ment orifice and then to the reformer. 'lbe 

Table 1. Heating Value Increases Resulting 
from Methanol Reformation 

Increase in Lower 
Reaction Heating Value 

C H 0H +.heat+ 2H +CO 20% 3 2 
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Figure l. Steam-Reformed Methanol Combustion Turbine Process Diagram 
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reformer product gas is filtered on its way 
through a speed control valve to the cont
bustor. There are two gas sampling ports in 
the system: one at the boiler exit, the 
other at the reformer exit. A nitrogen purge 
prevents catalyst oxidation after shutdown. 

The turbine used for testing was a Garret 
Hodel GTCPBS-397 combusion turbine, obtained 
on loan from the u.s. Air Force. 'lhis unit 
was designed to supply both pneumatic power, 
as heated compressed air from the compressor, 
and electrical power from a 60 kW AC genera
tor connected to the shaft. The unit is 
rated at a total shaft output of 132 kW 
( 177 hp) at standard temperature and pres
sure. At zero electrical output, the unit 
can supply 3402 kg/h (7500 lb/h) of heated 
bleed air at a pressure of 338 kPa (49 psia) 

° °and a minimum temperature of 1 77 C (355 F ). 

Instrumentation was installed on the turbine 
to monitor temperatures, pressures, and emis
sions. Several tests were then concilcted t o  
obtain baseline performance data with a dis
tillate fuel. Baseline performance was char-

acterized by plotting efficiency.exhaust tem
perature,and NO�, CO, and o emissions as a 2 
function of load. These data also estab
lished design conditions, such as tempera
tures and fuel flowrates, needed to size and 
design the methanol reformation equipment. 

.U pon completion of baseline testing, work was 
begun on 110difying the turbine and assembling 
the hardware needed to reform methanol. lbe 
combustor was 110dif ied to burn a gaseous 
fuel, and the distillate fuel system was 
modified to allow the transition to reformed 
methanol. Concurrently, heat exchangers to 
boil a methanol-water mixture and reform the 
vaporized mixture were purchased. The equip
ment was received and assembled at the test 
site. 

The heat exchangers were mounted next to the 
turbine and turbine exhaust air routed to 
them with stainless steel piping. Dampers 
were placed at the heat exchanger exits and 
at a bypass to control the exhaust flow. 
Temperature controllers maintained boiler and 

2 



reformer temperature. '.lUrbine speed was 
measured with a magnetic sensor and input 
into a controller, which positioned a pneuma
tic control valve to maintain the desired 
turbine speed. 

A summary of boiler specifications is given 
in Table 2. These specifications were sent 
to heat exchange vendors for bids. 'lhermx
changer Inc. of Oakland, Calif., supplied the 
heat exchanger. The heat exchanger is a 
shell-and-tube unit with turbine exhaust gas 
on the tube side and boiling occurring on the 
shell side in a kettle boiler configura
tion. The boiler tubes are 38.1-mm (1.5-in.) 
diameter 304 stainless steel. 'lhe shell is 
0.61 m (24 in.) in diameter and is made of 
carbon steel. The total length of the heat 
exchanger is 2.44 m (96 in.). Boiler design 
pressure is 1380 kPa (200 psig). 

Reformer specifications are shown in Table 3. 
The methanol reformer was also supplied by 
Thermxchanger Inc. It consists of a tube
and-shell heat exchanger, methanol vapor and 
steam flowing on the tube side, and turbine 
exhaust on the shell side. The vertical 
tubes are 25.4 mm (1 in.) in diameter and are 
packed with catalyst pellets. The first pass 
through the reformer heats the methanol vapor 
and steam mixture to reaction temperatures. 
The first pass is 13 tubes in a co-flow con
figuration with the exhaust gas. The second 
pass, where the methanol is reformed, con
sists of 65 tubes and is in a counterflow 
configuration. The heat exchanger shell, 
tubes, and tube sheet are 304 stainless steel 
because of the maximum temperature of the 

° °turbine exhaust, which is 650 C (1200 F).

The catalyst used to reform the methanol va
por and steam mixture is a commerciall y  
available copper-zinc oxide o n  a n  alumina 
substrate, United Catalyst T2107. The 
catalyst pellets are 3.2-mm (1/8-in.) 
diameter, 3.2-mm (1/8-in.) long cyclinders. 

Hore instrumentation was added to monitor 
boiler and reformer operating conditions, and 
a differential pressure meter was added at a 
fuel orifice to calculate the methanol flow
rate. All pressure and temperature measure
ments were automated with a computer-

Table 2. Methanol-Water Boiler Specifications 

Exh.au•t Caa Process Cas 

Flow-rate 2584 kg/h (5700 lb/h) 472 kg/h (1050 lb/h) 
Preaaure d rop 1. 73 kPa (0.2S poi) 
Inlet te11perature 643°c (1190°r) 159°c (318°F> 
Heat duty 240 kW (821,QOO ltu/h) 240 kW (821,000 ltu/h) 
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Table 3. Reformer Design Parameters 

Exhauar: Gaa Proce•s C.a 

Flow ate 5284 kg/h (5700 lb/h) 472 kg/h (1050 1�/h) 
Preaeure drop 1. 6 1 kPa (0.234 pai) 58.6 kP• (8.5 psi) 

Inlet tempeuture 64 3•c (I l 90°F) 159°C (JIB°F) 
383°C (7 °Outlet t�enture 21 F) 316°C (60a°F) 

Heat duty 226.2 kW (722 ,000 ltu/h) 226.2 kW (722 ,000 ltu/h) 

controlled data acquisition system, which 
collected and averaged data obtained during 
an experimental distillate or reformed 
methanol run. Information on ambient condi
tions, loading, and fuel flowrate were re
corded during a run for subsequent computer 
processing. 

During testing, problems encountered with the 
emissions equipment and turbine operation did 
not allow a complete set of data to be 
taken. However, enough data were gathered to 
adequately characterize turbine performance 
on reformed methanol. 

3. RESULTS AND DISCUSSION 

3.1 Turbine Performance 

Turbine performance was characterized by 
plotting efficiency and exhaust temperature 
(corrected for ambient temperature) against 
turbine power output. The turbine power out
put was the sum of pneumatic power and elec
trical power. Efficiency versus power output 
is shown in Figure 2 for distillate and re
formed methanol load points. 'lhe solid line 
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Figure 2. Efficiency versus Load for 
Distillate and Reformed Methanol 



indicates the trend for distillate data, and 
the dashed lines show the maximum uncertainty 
(one standard deviation) associated with the 
distillate data, Thus all uncertainties 
associated with the distillate data are en
closed within the dashed lines. Reformed 
methanol efficiencies are shown, with their 
uncertainty indicated by the error bars, As 
expected, there was no significant improve
ment at low loads because of the extra load 
imposed by back pressure through the heat ex
changers, However, at higher loads the 
fractional loading associated with back pres
sure decreased, and efficiency improved sig
nif icantly--20% at 93 kW . lbe extra load 
placed on the turbine by back pressure can b e  
estimated b y  observing the distillate fuel 
flow increase observed when all of the ex
haust flow is transferred from the bypass to 
the reformer and boiler, The magnitude of 
the back pressure load was evaluted by 
obtaining a distillate fuel flowrate measure
ment when a constant. 6, 7 kPa (27 in, H o) of 2
back pressure was applied at idle, lbis in
creased fuel flowrate to 55.4 kg/h compared 
with approximately 49,0 kg/h without back 
pressure. Typical back pressure was 3, 7 kPa 
( 15 in, H 0), 2

3, 1,1 Turbine Exhaust Temperatures 

Figure 3 shows corrected turbine exhaust tem
peratures as a function of power. Since tur
bine exhaust temperature depends on the 
temperature of the air initially drawn into 
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Corrected Exhaust Temperature 
versus Load for Distillate and 
Reformed Methanol 

the compressor, the corrected exhaust tem
perature was reported as the turbine exhaust 
temperature minus compressor inlet tempera
ture, This corrects the te8')eratures to a 
common reference for co8')arison at different 
amb�ent conditions. As expected, exhaust 
temperature increased with increasing load, 
independent of the type of loading, 

Straight lines have been drawn through ex
haust temperature data for distillate and re
formed methanol to analyze trends. At low 
loads, back pressure increases the exhaust 

, te1J!perature for reformed methanol, At higher 
loads, this back pressure lqad becomes in
significant, and the increased power output 
is evident for the same exhaust tem
perature. If the data are extrapolated to 
near the maximum exhaust temperature for this 
particular turbine, an 18% increase in power 
output would be achieved, 

· 3.2 Emissions 

Emissions were the most difficult measure
ments to obtain because problems were en
countered trying to measure low turbine 
emissions, The emissions bench was orig
inally set up to measure automotive emis
sions, which are typically greater than 
turbine emissions. lberefore, we added a 
low-range CO analyzer, but this analyzer was 
not available for all of the tests. Addi
tionally, the NO analyzer developed a x 
problem with NO to N02 conversion; this 
problem was not solved until late into the 
testing, 

The o analyzer was typically accurate to 2 
0.1%, the NO analyzer to x l ppm, and the CO 
analyzer to 10 ppm. A DUch greater variance 
than this was seen between load points be
cause ambient operating conditions changed 
from day to day and thus combustion char
acteristics changed. To determine the degree 
of reliability of our measurements, a bag 
sample of exhaust emissions was collected and 
analyzed by Environmental Testing Corporation 
(ETC), a laboratory certified by the Environ

mental Protection Agency for emission mea
surements. A comp arison of ETC's results 
with ours is shown on the following plots of 
emission characteristics of the turbine, 

NO emissions as a function of load for disx 
tillate and· reformed methanol are shown in 
Figure 4. The solid line shows the expected 
NO levels for this turbine as supplied by x 
Garrett (Hasis 1982) . lbe ETC analysis 
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Figure 4. NOx Emissions versus Load for 
Distillate and Reformed Methanol 

showed an NO level at idle, burning distilx 
late of 13.5 ppm; we measured 13 ppm. Be
cause of this close agreement, we have confi
dence in the reported NO emission data shown x 
in Figure 4. 

As shown in Figure 4, the NO levels for rex 
formed methanol were significantly lower than 
distillate NO levels. 111ete is a sixfold 
decrease at i�le and a tenfold decrease at 
93 kW load. 111is confirmed our expectation 
of the ability of reformed methanol to sig
nificantly lower NO levels from gas turx 
bines. 

3.2.2 co 

CO emissions versus load are ShOiin in 
Figure 5 for distillate and reformed 
methanol, as well as the ETC analy sis. ETC 
obtained a CO emission of 620 ppm corrected 
to 15% o , and we obtained 580 ppm corrected 2
to 15% o • Since the results agree within 2
7%, this also confirmed our CO emissions 
data. Note that two separate lines for each 
fuel are shown: one is for electrical loads 
only and the other is for bleed air load with 
or without electrical loads. Bleeding air 
from the compressor effectively increases CO 
concentration because less dilution air is 
added to the exhaust. We chose to represent 
this as two separate lines to clarify·what is 
happening. As with NO • CO emissions werex
substantially reduced with reformed methanol. 
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Figure 5. CO Emissions versus Load for 
Distillate and Reformed Methanol 

o emissions aa a function of load for dis2 
tillate and reformed methanol are shown in 
Figure 6. If the trend was analyzed, 02 
emissions were less at low loads and more at 
higher loads. 111is corresponds to the trend 
previously seen with turbine exhaust tem
peratures. Since exhaust temperature re
flects fuel usage and thus o xygen consumed, 
the trend of o emissions following exhaust 2 
temperatures is not unexpected. 
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T able 4. Reformer Analysis 

lefor'""r Co•poaltlon (%)b 
sic• Product Load Carbon Hyd rogen Oxygen 

Run No. Teaperature (kw) la lance 
o

la lance Balance 

( C) co 

4R 1.42 208 0 
SR 1.23 221 IS.S 
f>R 1.62 229 43.S 1>0 o.a 20 19 0.1 0.94 1.00 1.02 
7R 1.\1> 247 47.2 &3 1.a 19 If> o.s 0.9S J.04 1.00 
BR 1.44 300 93.4 

•steaa-to-carbon mlar ratio. 

bFlgurea do not add up to 100% due to roundoff error. 

3.3 Reformer Performance Analysis 

Table 4 shows an analysis of reformer prod
ucts and conditions, including the incoming 
steam-to-carbon ratio; the reformer gas exit 
temperature; load; sample composition; and 
atomic carbon (CB), hydrogen (HB), and oxygen 
(OB) balances. 11\e reformed product analysis 
and atomic balances were performed in-house 
by techniques previously described (F:lnegold 
et al. 1983) . 'nle balances indicate accuracy 
of 94%-100% on the analysis of composition. 
Technical problems with collecting and 
analyzing samples did not allow all of the 
rune to be analyzed. 

Examination of the two samples on which data 
were obtained shows good conversion of 
methanol to hydrogen as indicated by the low 
concentration of unreacted methanol, even 
though the reformer product temperature was 
not near the 30o0c design point. 11\e large 
concentration of water is expected, con
sidering the large amount of excess steam 
being mixed with the methanol. 11\is excess 
steam helped to significantly reduce the NOx 
emissions from the turbine. 

4, CONCLUSIONS 

Although only a few reformed methanol data 
points have been obtained thus far, the 
significant improvements in efficiency and 
power are well documented, In all cases, the 
efficiencies of reformed methanol rune were 
greater than baseline distillate data, and in 
most cases significantly greater, 11\e trend 
of exhaust temperatures confirmed that power 
improvements can be expected and are pro
jected at 18% based on equal turbine outlet 
temperature. Both of these results confirmed 

the theoretical predictions of the 
Westinghouse study. 

As expected, eignif icant recbctione in NOx 
emissions were achieved, again confirming the 
prediction of the Westinghouse study. 11\e 
surprisingly low results were verified by an 
independent EPA -certified laboratory. A re
duction in CO emissions was also achieved, 
but this depends on the degree of reformation 
and amount of water in the fuel. 

11\e experiment demonstrated that commercially 
available equipment and catalysts can be ob
tained to reform methanol for combustion tur
bine applications. 
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