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Abstract

The Swiss national research proj&ticroPolygen[1] is focussed on cogeneration applica-
tions for buildings, for which combined heat andvpo generation with an electrical power
output less than 15 kW are of interest. Micro gabihes (MGT) were analysed as a possi-
bility for local energy supply in this power rangdéowever, nowadays MGTs are only avail-
able down to 30 k\/ To estimate the capability of MGTs with lower pavwoutput a theo-
retic model with the ability to simulate part lobehaviour was developed. In a first step the
model was calibrated based on performance datecofremercial state of the art MGT with
a power output of 30 kW In the second step the model was up scaled amgaed to an
existing 60 kW, MGT. Finally based on these results the extrajwlao power less than
15 kW, was performed.
As results of the upscale-model the manufactupsitormance data of

e the electrical efficiency as well as the generatdekctrical power output were

reached with an average deviation maximum of 11ah%b
e the waste heat temperatures were simulated witlative deviation maximum of
12.5 %.

For the theoretical downscale-model it was postdlad get similar deviations as with the
upscale-model. Therefore the part load behaviouhefdownscale-model is assumed to be
similar to that of the analysed commercial 30 addW micro gas turbines.
The downscale-model at full load was defined with

* an electrical power output of 15.2 kW,

* an electrical efficiency of 25 % and

e awaste heat temperature maximum of 252 °C.
The developed model for the estimation of the cdipabf micro gas turbines with electri-
cal power output less than 15 kW should be undedsés benchmark model for prospective
developments in the MGT market.

1 I ntroduction
The Swiss national research projaticroPolygen[1] is focussed on cogeneration applica-
tions for buildings, for which combined heat andvpo generation with an electrical power
output less than 15 kW are of interest. Micro gabihes (MGT) were analysed as a possi-
bility for local energy supply in this power rangdéowever, nowadays MGTs are only avail-
able down to 30 k\/ To estimate the capability of MGTs with lower pavwoutput a theo-
retic model with the ability to simulate part lobehaviour had to be developed.
In this sense, the idea was to build a simple thegmamic model, which reproduces the
performance data of a commercial available 30 KWTMIRd to use the manufacturer’'s giv-
en performance data to evaluate appropriate pHysigaoaches.
Then, a self-defined upscale-model of 60 kW eleatrpower output had to be developed to
validate the quality of the approaches made, aaogrib the manufacturer’s existing per-
formance data for a commercial MGT in the same pawege. The postulate was made,
that, if the existing performance data is reaché@timvan acceptable tolerance by using an
upscale-model, a theoretical downscale-model —guia same approaches and state of the
art technology- with 15 kW electrical power output could be develdpvith a similar accu-
racy to prospective MGT in this range. This benctknmaodel produces data, which have to



be understood as best-case performance data addi@os for possible future realistic de-
velopments on the MGT market.

Finally, the developed simulation models may beduseestimate the capability of MGT in
different local energy supply or building simulatso(IDA/ICE, TRNSYS) or the presented
thermodynamic approaches may be used to build speeific models to simulate part load
performance.

Micro gas turbine model
For the development of the thermodynamic approachemmercial MGT with 30 kW
power output was taken as state of the art. Furtbes, the fuel was defined as natural gas
and the given performance data were based on 18@itmms (15 °C ambient temperature, 1
atm ambient pressure, 60 % relative humidity). €hesnditions were also taken for the
simulation model.
The common micro gas turbine process is drawiRigare 1. At full load the process is de-
scribed as follows:
First, the intake air at 15 °C and 1 atm is usedHe cooling of the electronic devices and
the generator. This cooling/heating effect was eetgl in the simulation model, because of
missing data for validation. After the generatbe &ir passes through a single stage centrif-
ugal compressor, where the air with a mass floWd.81L kg/s is compressed to 3.8 bar (g)
and reaches a temperature of about 205 °C. Theairtpasses the annular-recuperator, heats
up to 510 °C and enters the combustion chambepegssure of 4.8 bar (a). The air-fuel ra-
tio A is about 7.5.
The turbine inlet temperature of the waste gashmta816 °C and expands in the single
stage turbine to 594 °C and approximately 1 g@mThe produced work is used to drive the
compressor as well as the permanent magnet genefé® rotation speed at full load is
96'000 rpm. Electricity is produced at a frequemdyl’600 Hz. To transform the electric
current to 50 Hz for the national grid a power camer is needed.
Finally, the expanded waste gas passes the retopemdnere it preheats the incoming air
from the compressor outlet. The waste heat leawesecuperator at a temperature of about
276 °C. Due to low emissions the waste heat mayslee for drying processes or heating of
domestic hot water.
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Figure 1: Micro gas turbine process
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The simulation model of the micro gas turbine pssceases on an open thermodynamic cy-

cle. Furthermore, the manufacturer dg@d] were used to determine the isentropic efficien-

cy of the components.

For the model the following assumptions are applied

* The preheating of the intake air due to the eleatrdevice cooling is neglected.

» The efficiency of the isentropic compression keepsstant over the whole operation
range.

* Heat and pressure losses are neglected.

* The combustion is ideal, adiabatic and isobar.



* The efficiency of the isentropic expansion keepsstant.

e Friction loss is neglected.

* The efficiency of the power generator is equal and keeps constant over the whole
operation range. In reality the efficiency is abOW5 at full load and decreases with
lower power.

« Mass flow changes due to fuel addition, air bearietg. are neglected.

In the following a rough description of the compobnmodels is given.

Compression: b2

Based on manufacturer data an isentropic compre$gcency of 84 % was determined. In
literature efficiencies in the range from 60 — 86c&®m be found for industrial compressors
used in gas turbine proces$Bk The efficiency range of turbo compressors ofrttamufac-
turer Garret, which may be used for smaller appbos, is between 71 — 80 §6]. There-
fore the determined efficiency is assumed to bésteathought a bit optimistic. However,
small variations of the temperature difference @Klmay change the determined efficiency
for turbine and compressor with about 4.5 — 8 %esEhchanges are factors of uncertainty in
known measuremeni{3] and would also affect the simulation model, if glge preheating
of the intake air wouldn't be neglected.

The pressure ratio and mass flow is assumed thebsaime as in the turbine.

K1 Tos—T1

K1 (Tys—Ty) .
Tys=Tipr«, T,=T +—277' =, Py =cpmm (T = T1), My =22 {2.1}
[A% 2711

Ambient temperatur;, compressor's exit temperatufg, compression pressure rape = p,/p,, isentropic
exponente, isentropic efficiencyy; ,, average specific heat capaaiy,, powerP,, mass flown

Combustion: P4
The fuel flow energyi.e. the energy, which is added in the combustisamber, is known
and related to the lower heating value (LHV).

T4 = QBS +T3 {22}

m Cpm
Turbine inlet temperaturg,, fuel flow energyQg, mass flowrh, average specific heat capadaity,, recuperator
exit temperature air sidg

Expansion: 45

The determined turbine efficiency at full load 8.5 %. In literature efficiencies for indus-
trial turbines up to 88 % are documen{&l In the considered range, e.g. turbochargers
made by Garrett, show efficiencies between 65 %18], i.e. the calculated turbine's effi-
ciency is realistic.

K—1

_ 1\« _ _ . _ Ts—Ty
Tss =Ty (o) * ) Ts = Ta = 0ig(Ty = Tss), Pr = cpmm (Ts = Ta), miz = 2 {2.3)
Turbine inlet temperaturg,, turbine exit temperatur®,, pressure ratipr = p,/ps, isentropic exponer, isen-

tropic efficiencyny,, average specific isobaric heat capacjty,, powerPr, mass flown

To simulate the turbine part load performance vitiametric flow rate function for nozzles
and orifices (outflow from a tank, filled with a mmpressible fluid7]) is applied. With the
turbine inlet temperature and the mass flow ragectirresponding pressure ratio of each part
load state can be determined.

m = puAy Vsy/2 Dta Ota {2.4}
woo | (&)5 _ (&)KT“ 2.5
s K=1|\Pts Pta




Mass flowm, outflow factory, exit aread,, outflow function¥s, isentropic exponent, turbine inlet pressure
pes = f(T,), fluid density o;4 = f (T, pe4) and ambient pressure at turbine exjt= 101325 Pa = constant

An alternative to the outflow function would be tB&dola equation for the turbine model
[7,9]. This model was not applied in this study.

Recuperator (Air-Air, counter flow): 23/52>6

The common recuperator, which is integrated indbwsidered MGT, is a counter flow an-
nular-recuperator. However, data about geomeioyy 8peed and construction were missing.
Therefore a simple model of a counter flow heabtexrger was used.

Q = k A ATm = m Cp56 (TS - Te) = ﬁl Cp23 (T3 - Tz) Wlth, R23 * R56 {26}
Heat fluxQ, heat transfer coefficiet, heat transfer surface araalog mean temperature differens&,,, mass
flow r, specific isobaric heat capacity (for aip, waste gas inlet temperatufg, waste gas outlet temperature
Te, air inlet temperatur®,, air outlet temperaturg;, heat flux capacity rati®

The part load behaviour of the recuperator was ifextias followq9,10]:

Ny, = 55 Re = 54,2300 < Re < 10%0.6 < Pr < 1.5;d;/l < 1 2.7
3
Nty = 0.0214(Re®® — 100)Pr4[1 + [ %/, | ] = 0.0214Re® (2.8}
with Re = @, k= % and the simplified relation
Av ot
k~a~Re%® or m®8 results as first approximation
kA = (kA (ﬂ')o'8 2.9

Nusselt numbeNu,,, characteristic length;, lengthl, thermal conductivityl, Reynolds numbeRe, fluid's ve-
locity w, kinematic viscosity, Prandtl numbePr, heat transfer coefficiedt, heat transfer surface argaawall
thicknesss, mass flown, index O: full load (operating point)

The results of the simulation model, based on #f;ned boundary conditions and the used
simplified approaches are shown kigure 2, Figure 3 and Figure 4. The abbreviation
HPNG mentioned in the figures stands for High-Presdlairal-Gas and assumes, that the
used gas is provided at the required pressure l@xisting source, i.e. no additional power
for compression is needed.
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Figure 2: Electrical power output to mass flow
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Figure 3: Electrical efficiency to mass flow

— [ [
w S W
o S o

deviation [%]

o
S

waste heat temperature [°C]|

w
S

o
o

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
mass flow standardised [-]
+ performance data 30 kW MGT HPNG

simulation

- = =relative deviation to performance data

Figure 4: Waste heat temperature to mass flow

The produced electrical power outpBidure 2) shows a relative deviation maximum of 12 %
(average 7 %) between the existing performance daththe simulation. The manufacturer
states a possible deviation of -1 k\ibr the power output and -2 % points for the eleat
efficiency at full load. Due to the lack of datastholerance is assumed to be valid over the
whole operation range (min values). Doing so, fheikated power output mostly stays within
this range of tolerance. The same applies to ewredal efficiency irFigure 3. The waste heat
temperature of the simulation Figure 4 shows a relative deviation maximum of 6.7 % (aver-
age 5 %) compared to the performance data. Sontieeofleviation may be explained by the
isentropic efficiencies of the turbine and compoesh reality these efficiency will vary over
the operation range. Since no such data for thesitgated MGT is available and to hold the
simulation model as simple as possible these effaies are kept constant. Nevertheless, the
defined approaches simulate the performance oMB& system with less than 7 % relative
average deviation and show correct characteristiesrefore with the developed model a good
approximation can be achieved. Improvements coal@dromplished if more data about the
components and measurements would be available.



3 Upscale-mode

The upscale-model for 60 kW electrical power outpas designed similar to the 30 kW MGT
model.

The idea of up scaling was, to evaluate the intteduapproaches with performance data of a
commercial 60 kW MGT of the same manufacturer.

A technical tolerable conformity of the resultstbé upscale-model would confirm the plausi-
bility of the approaches made. Furthermore, thisegates the postulate, that for the opposite
case of a theoretical down-scale model with siméfficiencies for the components, the simula-
tion would deliver similar technical tolerable rssuHowever, since no part load data for the
down-scale model are available they are extrapimbten the 30 kW MGT data. This had been
made for both of the models with 15 and 60.kWherefore, an air-fuel ratio had to be defined,
with consideration of technical aspects. In thigtisa the results of two different 60 kW MGT
simulation models are shownhigure 5, Figure 6 andFigure 7 and compared to the manufac-
turer’s performance data.

The simulation model with extrapolated data showstéer conformity with the manufacturer’s
data for electrical power output and electricaicgdhcy, than the simulation model based on the
given performance data for part load. Only the $tead waste heat temperatures in the range
below 16 % (10 kW) of full load are worse in thenslation based on extrapolated data. How-
ever, the simulated waste heat temperatures aerajntoo high, because of the defined low
turbine and compressor efficiency for MGT in thsagr range (60 kW). The reason therefore
can be found in the defined upscale conditions:allglarge system components (higher pow-
er) are more efficient than smaller components. él@s, the efficiencies for turbine and com-
pressor in the upscale-model are the same as iBGHaN MGT model. Furthermore, these
conditions change the recuperator’'s dimensionirdyarthe end the systems temperature char-
acteristics as well as the other performance valaghis case, the resulting waste heat temper-
atures are too high. In real applications a MGTI wiver be operating below 50 % load in
steady-state, because of economic reasons. Witkepain mind, the simulation results are in a
technical reasonable range of the same quality.a/keage relative deviation of the simulation
of a 60 kW MGT system compared to the manufactsineerformance data was 11.7 % for the
electrical efficiency and electrical power outpotld 2.5 % for the waste heat temperature.
Finally, considering that in the upper 50 % of lptte relative deviation maximum never ex-
ceeds about 10 % for every significant value, theetbped thermodynamic approaches and the
data extrapolation are confirmed in their usefudrfes upscale and downscale applications.
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Figure5: Electrical power output to mass flow
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Figure 6: Electrical efficiency to mass flow
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Figure 7: Waste heat temperature to mass flow

4 Downscale-model

The dimensioning of the downscale-model has beer & for the 30 kW and 60 kW MGT
models. Furthermore, technical aspects such gxtiperties of used materials (e.g. temperature
range) and technical restrictions for smaller congmts (e.g. technical possible pressure ratio)
were considered.

The model was dimensioned for an electrical powgput of 15 kW. For the best-case the same
isentropic efficiencies for the turbine and the poessor had been taken. Moreover, the recu-
perator was dimensioned for the defined operatoigtpThe mass flow is 0.19 kg/s and in the
combustion chamber about 61 kW (LHV) natural gasuisit. For the part load performance the
air-fuel ratio data of the 30 kW MGT were extragethand applied to the downscale-model, as
it had been done for the 60 kW MGT upscale-mod#éh extrapolated data.

Other boundary conditions are the turbine inletgerature of about 800 °C and the pressure
ratio maximum oft = 3 [6]. Furthermore, the turbine exit temperature mustdp below 650

°C. Otherwise the recuperator (made of stainlessl)stvould be damaged (e.g. by corrosion
and/or deposit), which would strongly reduce ifis time[11].

The simulation results of the 15 kW MGT are showrigure 8, Figure 9 andFigure 10.

They should be understood as best-case scenarize (samponent efficiencies as 30 kW
MGT).
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Figure 8: Electrical efficiency to electrical power output
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Figure 9: Electrical power output to mass flow
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Figure 10: Waste heat temperature to mass flow




5 Conclusion

Based on existing performance data of a comme30i&w MGT, a thermodynamic model was
developed. This model simulates the part load padiace of a MGT system and its compo-
nents by use of physical approaches. With thesmappes a relative deviation maximum of 12
% (average 7 %) to the performance data was adhieve

The analysis of the existing performance datac#teulated efficiencies of the components, the
scientific findings of their behaviour and theiflience on part load operation describe the
benchmark for state of the art systems. This b&es¢-or benchmark — based on the market lead-
er's know-how — can be found in the component'&rfiicy and has to be reached in prospec-
tive developments for smaller systems.

The turbine and compressor isentropic efficienagsvell as the pressure ratio maximum, mass
flow and data of a dimensioned recuperator at #feneld operating point are required input
values for the simulation model. Furthermore, thidueel ratio has to be defined to create the
part load behaviour. So, the developed simplifiedieh may simulate the part load performance
of a possible (future) MGT system. The generateuisition models can be used for the estima-
tion of capabilities of this technology in varicaigplications.

Another validation of the plausibility of the modelsults and its physical approaches has been
done by simulating a 60 kW MGT system. Furthermaré0 kW upscale-model with extrapo-
lated data of the air-fuel ratio of a 30 kW MGT waefined and reached similar quality in the
results as the simulation of a 60 kW MGT with tm®wn data for the air-fuel ratio which con-
firms the plausibility of the upscale-model. Furthere it can be postulated that the simulation
would generate similar technical reasonable resoitthe opposite case of a theoretical down-
scale model with the estimated benchmark efficesmtor the components.

Therefore a 15 kW MGT model was developed, whichtbeébe named benchmark or best-case
model, i.e. the part load performance is similathat of the existing 30 and 60 kW MGT sys-
tems and the dimensioned components have the sficieneies. This model meets the re-
quirements to estimate the capabilities of MGT t@tbgy for local energy supply of residential
buildings. Furthermore, future MGT with power outmf 15 kW or less have to reach this
benchmark performance to become competitive. Alalyehe cost-efficient components like
the compressor as well as the turbine need higtiafties. Otherwise, to reach electrical sys-
tem efficiency of about 25 % a higher temperaturthe recuperator exit on the air side would
be needed which leads to higher system temperatutbe combustion chamber and results in
a higher turbine inlet temperature as well. Highmmissions (especially NPwould result. Fur-
thermore the components would be negative affebtethe high temperatures. To achieve a
higher air temperature at the recuperator exitgelarecuperator would be necessary. Since the
recuperator is very cost-intensive the price coitipetess is hardly given. A high electrical
efficiency and low manufacturing cost of the comgats are essential for the competitiveness
[12]. These facts have to be kept in mind, becauseaygmdiiciency can always be reached, but
environmental impact and price competitiveness matybe forgotten. Because of these rea-
sons, the described downscale-model is based onttieeluced benchmark of the commercial
30 kW MGT system.

Finally, the estimated simulation model represémesprospective capability of MGT systems
with power output less than 15 kW, which could éached with the market leader’'s know-how
and highly efficient components. The theoretitél kW MGT HPNG ZHAWhodel was de-
signed for an electrical power output of 15.2 kW dwas an electrical efficiency of 25 %. The
waste heat temperature maximum is 252 °C.
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