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ABSTRACT

Due to its high economic impact, when a new technology is handed
over from manufacturer to customer, the contractually fixed
guarantees and specifications have to be proven. Besides guarantees
concerning environmental tasks, such as flue gas emissions, the
availability and performance data of the new technology are the key
issue. Field performance usually lacks very accurate measuring
equipments and stable measurement conditions, as in many
manufacturer testing laboratories. In this work a methodology was
developed to evaluate performance and emissions under field
conditions, together with a critical analysis of the resulting
uncertainty of the main parameters, which are representative of the
system performance, which was also detailed. In order to overcome
field measurement difficulties, a methodology was used to measure
combustion air flow rate from emission and gas flow rate
measurements. The evaluation procedure was demonstrated by
testing a microturbine based cogeneration system, which comprises
a microturbine, a heat recovery system, and a steel storage hot water
tank, providing electrical energy to Pontifical Catholic University of
Rio de Janeiro grid and thermal energy for heating domestic water
in cogeneration to its gymnasium showers. Data were acquired at
carefully chosen stable test periods in which the gas microturbine
was setup to produce electrical energy at nominal power outputs of
100, 75, 50 and 25% of maximum load. In addition, this paper
presents an economical analysis for the system, which operates
during peak hours (17:30 to 20:30) from Monday to Friday.
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N water inlet
NG natural gas
outr  Water outlet

X analyzed variable
ac phase A,BandC
T thermal
TOT total
INTRODUCTION
Nowadays, technological advances  have

improved the overall economics to the extent that the
microturbine can now offer many potential solutions
to wvarious utility and waste-heat requirement
problems. The actual benefits depend largely on the
particular situations, but cost savings and improved
reliability/power quality are examples of the types of
results that can be expected (Ho et al., 2004).

The present work proposes to show the operation
and evaluation of a gas microturbine based
cogeneration system, providing electrical energy to
Pontifical Catholic University of Rio de Janeiro
(PUC-Rio) grid from a gas fired 30 kW microturbine,
and thermal energy for heating domestic water in
cogeneration to its gymnasium, through a heat
recovery system.

The system includes a Natural Gas (NG) fired 30
kW microturbine, that provides a fraction of electrical
grid supplied power and demand, while operating in
the Grid Connect Mode; a heat recovery system, that
was ducted to the exhaust of the microturbine to heat
domestic water for the showers of the PUC-Rio
gymnasium, and a steel storage hot water tank.

For performance evaluation, based on economical
analysis, it was determined that the microturbine
cogeneration system would have to operate during
peak hours (17:30 to 20:30) from Monday to Friday,
when the utility tariffs are higher. This work also
calculates the uncertainty of the main parameters,
which are representative of the system performance.

Finally this work also shows the results of the
emission study of microturbine based cogeneration
system. The operational data were collected to
demonstrate the performance and emission of the
technology. The system energy performance was
monitored and is reported in this paper.

THE GAS MICROTURBINE
Overview of microturbine systems

Microturbines are small combustion gas
turbines using operating principles developed from
the turbocharger technologies, which are available in
large trucks and the turbines that exist in aircraft
auxiliary power units (Onovwiona and Ugursal,
2006). A microturbine consists of a compressor,
combustor, power turbine and electric generator
(Capstone, 2001), that is coupled to a digital power
electronic equipment to produce high quality
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electrical power. However, some manufacturers have
developed a regenerated system that pre-heats the air
as it passes from the compressor to the combustion
chamber and increases the efficiency, such as shown
in Fig. 1.

The power production process in microturbines
(similar to the industrial gas turbines), involves the
pressurization of the intake air by the compressor.
The compressed air and the fuel are mixed and
ignited in the combustion chamber. The resulting hot
combustion gas expands in the power turbine, which
drives the compressor and provides power by rotating
the turbine shaft.

Microturbines are being introduced into the
cogeneration market by manufacturers to meet the
electrical and thermal demands of both building and
industrial applications. They offer a number of
advantages when compared to reciprocating internal
combustion or gas turbines based cogeneration
systems; they include a compact size, low weight,
small number of moving parts, and lower noise
features. In  addition, microturbine  based
cogeneration systems have high-grade waste heat,
low maintenance requirements (but requires skilled
personnel), low vibration, and short delivery time.
However, in the lower power ranges, reciprocating
internal combustion engines have higher efficiency.
Besides the use of NG, other fuels like diesel, landfill
gas, ethanol, industrial off-gases, and other bio-based
liquids and gases can be used (Onovwiona and
Ugursal, 20006).

EXHAUST GASES

RECUPERATOR
‘COMBUSTION
CHAMBER

FUEL

INVERSOR
GENERATOR | I

AIR = - AIR
—

BEARINGS

COMPRESSOR TURBINE

(OPTIONAL)

Figure 1. Regenerated microturbine system.
Microturbine emission characteristics

Microturbines have the potential of producing
low emissions. They are designed to achieve low
emissions at full load; however, emissions are higher
when operating under reduced load. The mains
pollutants from the use of microturbines systems are
Nitrogen Oxides (NOy), Carbon Monoxide (CO) and
Hydrocarbons (total unburnt hydrocarbons — THC),
and negligible amount of Sulphur Dioxide (SO,). All
microturbines operating on gaseous fuels feature a
lean premixed (dry low NO,, or DLN) combustor
technology, which was developed relatively recently
in the history of gas turbines and is not universally
featured on larger gas turbines (EPA, 2002).

Nitrogen Oxides (NO,) emissions, form in the gas
turbine combustion process as a result of the
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dissociation of Nitrogen (N,) and oxygen (O,) into N
and O, respectively. Reactions following this
dissociation result in seven known oxides of nitrogen:
NO, NOz, NO3, NzO, N203, N204, and N205. There
are three mechanisms by which NO, is formed:
Thermal NO,, Prompt NO;, and Fuel-bound NO.

The main NO, formation mechanism associated
with microturbines is the thermal NO, (Onovwiona
and Ugursal, 2006), which involves a series of
chemical reactions in which oxygen and nitrogen in
the combustion air dissociate and subsequently react
to form oxides of nitrogen. The formation rate is
primarily a function of temperature flame and the
residence time of nitrogen at that temperature; this
temperature depends on the Air to Fuel Ratio and the
air temperature into the combustion chamber
(Kehlhofer et al., 1999).

Prompt NO, is the formation mechanism of
reacting molecular nitrogen in combustion air with
hydrocarbon radicals, such as C, CH, and CH,, and
occurring in the earliest stage of combustion.

Fuel-bound NO, (also known as organic NO,)
are formed when the fuel contains nitrogen as part of
the hydrocarbon structure (Onovwiona and Ugursal,
2006). Molecular nitrogen, present as N, in some
NG, does not contribute significantly to fuel NOy
formation (EPA, 1993).

Carbon  monoxide  (CO)  emissions, in
microturbines, is a colorless, odorless, and poisonous
gas, that is formed as a result of incomplete
combustion of fossil fuel. CO emissions result when
there is insufficient residence time at high
temperature (Onovwiona and Ugursal, 2006). CO
emissions are also heavily dependent on the operating
load. For example, a unit operating under low loads
will tend to have incomplete combustion, which will
increase the formation of CO (EPA, 2002).

Hydrocarbons or total unburnt hydrocarbons
(THC) emissions, are an extensive group of chemical
compounds that are composed of hydrogen and
carbon. THCs, same as CO, also is a product of
incomplete combustion. Emission levels of THCs
decrease as combustion temperatures increase. THCs
are not pollutant criteria. However, some reactive
Volatile Organic Compounds (VOC), which is a
subset of THCs, contributes to smog (Capstone,
2000). In general, the THCs emissions rate is
function of residence time, the emission
characteristics of CO and THC are the same with
reference to the combustion efficiency (De Carvalho
and Teixeira, 2003).

SYSTEM DESCRIPTION

Such as referenced in ASHRAE (2001), Huamani
(2005) and Orlando (1996), cogeneration or
Combined Heat and Power (CHP) system is the
thermal system that produces both electrical or
mechanical energy (power) and useful thermal energy
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from a single energy stream such as oil, coal, natural
or liquefied gas, biomass or solar.

The CHP system presented in this work utilizes a
NG-fired Capstone microturbine model C30
(regenerated) LPNG, a CONUAR heat recovery
system ITC1 model, and a steel storage hot water
tank. The NG-fired regenerated microturbine, was
configured to provide a fraction of electrical grid
supplied power and demand, while operating in grid
dependent mode; this configured form is called Grid
Connect Mode (Capstone, 2004). An autotransformer
reduced the microturbine generator’s 440-volt, three-
phase output to 220-volt, three-phase, to match PUC-
Rio electrical distribution system. The NG is
delivered to the system at 15 psig (103 kPa). The
NG-fired microturbine includes a gas booster
compressor that degrades the performance of the
microturbine by 2 kW at standard conditions.

In order to recover the waste heat from the
exhaust gas generated by the microturbine, a heat
recovery system was used. This system is specifically
designed for integration with NG-fired microturbine
and can heat domestic water up to 85 °C to be
utilized in PUC-Rio gymnasium showers.

The hot water is pumped through the fin tubes of
the heat recovery system by an onboard pump, to a
1000 liter steel storage hot water tank located on the
top of PUC-Rio gymnasium. In order to control the
hot water outlet temperature, the heat recovery
system was equipped with an actuator that opens or
closes a divertor flap in the heat recovery system.
When the divertor flap is open, the exhaust gas passes
through the heat exchanger tubes and gives up heat to
the extruded aluminum fins from each tube; when the
divertor flap is closed, the turbine exhaust is directed
out of the unit without passing through the heat
exchanger.

For temperature monitoring, Pt 100 Q class A
(Resistance Thermal Detector — RTD) were used,
with 316 stainless steel case. The microturbine CHP
system was equipped with pressure transducers. A
turbine flowmeter was installed to measure the NG
flow rate and heat recovery system outlet water. All
temperature, pressure and mass flow readings were
continuously measured by a calibrated analog to
digital-digital to analog (ADDA) data logger, Agilent
34907A. Flue gas analyses were realized using a
combustion TESTO gas analyzer model 454-350
M/XL. Some detailed specifications of the NG-fired
recuperated microturbine, heat recovery system and
steel storage hot water tank are provided en Table 1.
Instrumentation and points used for measuring
parameters are shown in the Fig. 2.

Based on utility tariffs and costs of both
electricity and NG, Table 2 shows the economical
analysis, for the system operating during peak hours
(17:30 to 20:30) from Monday to Friday; it shows
that the PAYBACK is 4,7 years and the Internal Rate
of Return of Investment (TIR) is 17 % a.a, and the
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annual economy is 5322 US$/year (considering US $
1,0=R $ 1,90).
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Figure 2. Schematic diagram of the cogeneration
system.

Table 1. Specification of NG-fired recuperated
microturbine, heat recovery system and steel storage
hot water tank.

Capstone Microturbine
Nominal Power Output 30,0 kW
n 25,0 %
HI 404000 kJ/hr
HR 14400 kJ/kWh
Texhaustga_s 275 °C
Ecxhaust gas 327000kJ)/hr
Vexhaust gas 0,31 kg/S
Conuar Heat Recovery System
Ppump 1,5 kW
Voltage 3*220V — 60 Hz
Tmax H20 95°C
Work Fluid Water
Steel Storage Hot Water Tank
Capacity 1000 liters
Voltage 220V
Material Stainless Steel AISI 304
Tubes Stainless Steel
Emergency Power SkW

Table 2. Economical analysis of microturbine CHP
system for Peak Hour.

Economical Analysis of microturbine CHP system
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uncertainty of the measurement parameters are
presented.

Electrical and thermal performance analysis

Such as referenced in (EPA, 2002) and (EPA,
2003), the specific verification factors associated
with the electrical and thermal performance test are:

Heat and Power Production Performance; (i)
Electrical power output and heat recovery rate at
partial and total load, and (i) Electrical, thermal, and
total system efficiency at partial and total load.

Power Quality Performance; (i) Electrical
Frequency, and (if) Voltage output.

To evaluate power production and energy
conversion performance, the Performance Test Code
on Gas Turbines (ASME PTC22-1997) has been
adopted. Before starting the test, the gas microturbine
shall be run until stable conditions have been
established, that is achieved when some measured
parameters do not vary from the computed average
for the operating conditions during the complete run
by more than the value shown in Table 3, that
indicates the maximum permissible variations for
power output, fuel flow rate, barometric pressure, and
ambient air temperature.

The test plan specifies a series of carefully
chosen stable test periods in which the system was
modulated to produce electricity at selected nominal
power output of 28, 21, 14 and 7 kW (EPA, 2003).
Such as gas turbines, gas microturbines have
sensitivity to ambient conditions, and because of that,
the test run should not exceed 30 minutes, and in no
case shall the interval between readings be greater
than 10 minutes (ASME PTC-22, 1997). For this
work, the duration of the test run was 20 minutes, in
which the measurements were taken every 5 minutes,
and the hot water temperature was modulated to 85
°C.

Table 3. Maximum allowable variation during test
periods for some operational parameters (ASME
PTC-22, 1997).

Measured Parameter Max1mum Allowable
Variation
Power output +2%
Fuel flow rate +2%
Barometric pressure +0,5%
Ambient air temperature +2.2°C

Electric Energy tariff US$/kWh | 0,203
Natural Gas tariff US$/Nm® | 0,442
Power Output kW 25,0
Efficiency % 22,7
Specific Consumption Nm’/kWh | 0,45
Electric energy supply by MTG | kWh/month | 1631
Thermal energy of exhaust gas | kWh/month | 3189
Hot water production (85°C) 1/month 44374
Annual economy US$/year 5322
Payback year 4,7
TIR %a.a. 17

PERFORMANCE AND EMISSION ANALYSIS
Performance monitoring

In this section, a technique for performance
analyses and a methodology to calculate the

The electrical efficiency of gas microturbine is
calculated from Eq. (1)
Po
I (1
To calculate the average fuel mass flow rate; the
volumetric flow rate, pressure, and temperature of
NG were measured with an in line turbine flow
meter, a transducer, and a RTD, respectively. The
LHV of NG was supplied by CEG (Local Gas Utility
Company of Rio de Janeiro), as an average value of
the test day. Then, the fuel input energy was
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calculated using average values from N
measurements of the NG mass flow, during the test
run, using Eq. (2):
HI =m.LHV 2)

To calculate the average heat recovery rate of
water; the volumetric flow rate, and supply and return
water temperature were measured with an in line
turbine flow meter, and a RTD, respectively, using
Eq. (3).

O 1120= V20 - Pr2o-Crmro -(Tour =Tiv ) (3)

The specific mass and specific heat of water
were calculated at the supply and return average
measured water temperature.

The thermal and total efficiency are calculate
using Eq. (4) and Eq. (5):

Ouzo
_ ¥H20 4
nr HI 4
Nrorar = N+10r )

The power quality is evaluated from electrical
frequency and voltage output. When an electrical
generator operates in parallel with the utility grid,
there are a number of issues of concern; the voltage
and frequency from both gas microturbine and grid
must be the same. Another parameters that are
necessary to indicate are the power factor and
transient voltage, but they were not measured in this
work.

Electrical frequency and voltage output were
measured, and were analyzed to determine the
maximum, minimum, average, and standard
deviation, respectively.

The average values and the standard deviation
from N measurements of any variables were

calculated using Eq. (6) and Eq. (7), respectively.
i=N

(6)

(M

Uncertainty analysis

All measurements of physical quantities are
subject to uncertainties. These may be due to bias
error in the equipment used for calibration and
measurement, or to random scatter caused by, for
example, a lack of sensitivity of the equipment used
for the measurement (Herschy, 2002).
Uncertainty is a parameter, associated with the result
of a measurement (e.g. a calibration or test) that
defines the range of the values that could reasonably
be attributed to the measured quantity. In this section,
a methodology to calculate the uncertainty of the
performance parameters, which are representative of
the microturbine CHP system, is presented.

Orlando et al. A Methodology for Evaluating Field ...

The process of estimating uncertainties in the
microturbine CHP system is based on certain
characteristics of the variables of interest as estimated
from its corresponding data set. The information
includes: The arithmetic mean (Eq. (6)), The
Standard Deviation of the data set (Eq. (7)), and
Uncertainty of measurement instrument.

The standard uncertainty is calculated with the
Eq. (8):

uy =Sy (3)

Such as referenced by Assungdo and Orlando
(2004), Mendes and Rosario (1995), and ISO GUM
(1995), the number of repetitions of a measurement is
small, typically varying between three and ten. In
these work, we take into account the fact of the
sampling is small, for that reason the t-Student
distribution (tgugent), value is 3,31 (3 degrees of
freedom, for 4 measurements), with a confidence
level of 95,45 %. Considering the uncertainty of
measurement instrument, the standard uncertainty is:

Uc =tstudent * V(MX)Z +(uM )2 (9)

In a general situation the uncertainty value is
calculated with the next equation:

NNCANCIRN A
o T T (] {00

The composition (%), UHV and LHV (kJ/Nm’®),
and specific mass of NG (kg/Nm’), at 20 °C and
101,325 kPa, were obtained from the gas utility
company data (CEG), as an average values over the
test day, and are shown in Table 4. Such as
referenced in Assun¢do and Orlando (2004), the
uncertainty of LHV was estimated in +1% through

Eq. (11).

N 2 (N :
(ZLHV,..%J +[in.uLHViJ (11

i=1

Table 4. Average values of NG composition for
performance and emission at 20 °C and 101,325 kPa.

Perform. monit. Emission performance
Com. | Stable Long Flue gas | % or
Test .S

test test emission | (ppm)
CO, 0,2892 | 0,3060 | 0,004 0, 18,4
CyHgs | 4,4974 | 4,3911 | 0,496 CO (1,2)
N, 0,7773 | 0,7355 | 0,022 CO, 1,5
CH, 93,5846 | 93,7697 | 0,041 NO (0,7)
C;Hg | 0,7733 | 0,7295 | 0,007 NO, (0,0)
IC, 0,0223 | 0,0191 | 0,008 H, (6,3)
NCy 0,0399 | 0,0344 | 0,697 HC (8,4)
IC; 0,0057 | 0,0049 | 95,123 - -
NC; 0,0061 | 0,0053 | 0,298 -- --
>Cg 0,0044 | 0,0044 | 3,304 -- --
UHV | 38475 | 38421 -- -- --
LHV 34714 | 34664 -- -- --
p 0,7124 | 0,7111 | 0,7019 - -
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Emission monitoring

The environment has to deal with ever larger
concentrations of pollutants due to the use of all types
of combustion process. Smog formation, acid rains
and the constantly increasing number of allergies are
a direct results of this development. The path to
environmentally friendly energy production must
therefore lead to a reduction in the emission of
pollutants, which is only possible when the existing
equipment is working correctly and defective
equipment is taken off line; for this, flue gas analysis
and a flue gas analyzer enable us to measure the
concentrations of the pollutants present in a
combustion process.

Flue gas analysis includes the detection of gases
and vapors in connection with control of chemical
and metallurgical process, control of environment
and in the field of safety control. A whole class of
analytical instruments is available using physical or
physical-chemical detecting methods.

Such as referenced above, the flue gas analysis
were realized using a combustion TESTO gas
analyzer model 454-350 M/XL. This is a self
contained emission analyzer system capable of
measuring oxygen (0O,), carbon monoxide (CO),
nitrogen oxide (NO), nitrogen dioxide (NO,), sulfur
dioxide (SO,), and hydrocarbons in combustion
emission sources, while acquiring data on pressure,
temperature, and flow (EPA 2003). Fig. 3 shows a
schematic of the model that was used. The
uncertainties of the flue gas analysis are: O, (2% of
m.v.), CO (5 ppm), NO (5 ppm), CO, (0.3%), and
HC (400 ppm).

Such as above, when fuels are burned there
remains, besides ash, a certain number of gas
components. The presence of pollutants in a flue gas
stream can be expressed in terms of the
concentrations of the individual gas components, the
following units are the most common:

e Parts per million (ppm).

e Milligram per cubic meter (mg/Nm® or

mg/m’).

In the flue gas analysis, for a gas turbine, the
data measured are commonly corrected to 15%
oxygen in the exhaust gases, since they operate in an
“excess air” mode. Other combustion sources such as
IC engines, boilers, furnaces, etc. may be corrected to
3% to 7% oxygen, or reported uncorrected (Capstone,
2000).

Electrochemical
Sensor

/Prohe Sample
:=--_:->/Line /
= 7

Moisture 1

Removal Pur:m

Figure 3. Testo Inc. Model 350 sampling schematic.

)
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Excess air, concentrations of CO, and O, were
expressed in %, while concentrations of NO,, CO,
and THC were measured in ppm by volume (i.e.
volume of gaseous pollutant per million volumes of
ambient air) at the test oxygen concentration.
Basically, the SO, concentration found in this
research was very low (not exceeding 3 ppmv) and
was excluded from further analysis. The levels of
NOx and CO were corrected to ppmv at 15 % O,
using Eq. (12) and Eq. (13), such as referenced in De
Carvalho and Teixeira, 2003.

(021-[02],,)
0.21-[0, ]

2 Imeas

*NO (12)

NOx_lS% = X_meas

where,

NO; ;50 1s the concentration of nitrogen oxides at 15
% O, ppmv, [O2] ., is the oxygen corrected value
(15 %), NOx yess is the concentration of nitrogen
oxides measured during the tests at ppmv, and
[O2] .e0s 18 the oxygen measured concentration during
the tests.

021-[0,],,
(021—[[02]L )*comm 9
) 2

meas

CO\sp, =

where,

COjs9; 1s the concentration of carbon monoxide
at 15 % O, ppmv, and CO,,. is the concentration of
carbon monoxide measured during the tests.

These corrected values were then converted to
mg/m’, which is a typical unit for ambient air
monitoring, with Eq. (14):

12,187*C ppvisvso, *M

C 3=
mg/m (273,15+7)

(14)

Where;

Cmg/,,f is the concentration of gaseous pollutant at
mg/m’, Copmvises 02 1s the concentration of gaseous
pollutant in ppmv at 15% O, (from Eq. (12) and Eq.
(13)), M is the molecular weight of gaseous pollutant
at g/mole, and T is the conversion temperature.

The AFR plays an important role in the
efficiency of the combustion process. The ideal 4AFR
is referred as stoichiometric, and is the target that the
feedback fuel control system constantly shoots for. If
AFR is less than the stoichiometric value, complete
combustion cannot occur; and if AFR is greater than
stoichiometric value, a complete combustion can be
obtained.

When testing an energy production system in the
field, the measurement of the combustion air is
always difficult because it is not ducted. Therefore, a
methodology had to be used to measure the air fuel
ratio (AFR) from emission measurements.

In this paper, the AFR value can be found from
the composition of a NG and the exhaust gas
emissions. The composition of NG was obtained
from the gas utility data, while the combustion
TESTO gas analyzer was used to analyze a gas
sample in dry base. The remaining gases are then
expressed as a percentage (by volume) of the total
dry gas constituents. With the Emission Performance,
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showed in Table 4, and using the Eq. (15) the
combustion equation can be balanced.

R*C,H, +Ry*N,+R*CO, + R*Oy + RN, —>

P*0, + P,*CO + Py*CO, + P,*NO + P*NO, ...

+ Pg*H ,+ P;*HC + B*H, O + Py*N, (15)
Then the AFR value for the combustion process

can be calculated, using the Eq. (16).
(Ry*M , +Rs*M )

(R*M y +R*M y +R*M (o, )
(16)

Table 5 shows some parameter of NG in the emission
test day.

AFR =

Table 5. Measured parameters of NG in the emission
test day.

Parameter Value
Power yrg (KW) 23,1
Tng (°C) 29,9
Vng (Nm3/h) 10,89
PNG (kP a) 92,38

RESULTS

In this chapter, the performance monitoring,
uncertainty analysis and emission monitoring of the
gas microturbine cogeneration system, during the
development of both stable and long test periods, are
shown.

Performance Monitoring

In this section, the results for performance and
uncertainty analyses, of the measurement parameters
of microturbine cogeneration system, are presented.

Electrical and thermal performance analysis

Table 6 summarizes the average variation of
operational parameters during the stable test. It can
be seen that the variation during the tests is smaller
than the maximum allowable one. Table 7, and Table
8 summarizes the average performance values and
the NG, water, and exhaust gases condition during
the stable test period at the PUC-Rio gymnasium.

Figure 4 shows graphically the variation of
frequency and voltage output during the stable test
period.

Table 9 shows the performance of the
microturbine CHP system during a long test period.
The system was operating during peak hours, at
different loads. A maximum heat recovery rate was
reached when the system operated at maximum load.

When the system operates at maximum load (100
%), it supplies 25,0 kW of electrical power, and 43,9
kW of thermal energy; while the electrical, thermal
and total efficiency are 22,7 %, 39,9 %, and 62,6 %,
respectively, for a hot water flow rate of 10,7 m’/h.

Orlando et al. A Methodology for Evaluating Field ...

Table 6. Average variation for operational parameters
during the stable test period.

o, Po VNG Pams Tams
+2% | £2% +2% +2%
100 % 0,07 0,57 0,04 0,12
75 % 0,15 0,15 0,04 0,49
50 % 0,92 0,24 0,05 0,80
25% 1,24 0,64 0,04 0,60

Table 7. Average performance values during the
stable test period.

100% | 75% | 50% | 25 %
T (°C) | 294 | 290 | 286 | 285
Pas (kPa) | 99,7 | 997 | 99.8 | 99,7

HI (kW) | 110,1 | 93,0 | 74,1 | 574
Po (kW) | 250 | 21,0 | 138 | 7,0
N (%) 22,7 | 22,5 | 186 | 122
Qo (kW) | 439 | 387 | 292 | 21,9
nr (%) 39,9 | 41,6 | 394 | 381

Nrota (%) | 62,6 | 642 | 580 | 503

Table 8. Natural gas, water, and exhaust gas

condition during the stable test period of
cogeneration system.

100% | 75% | 50% | 25%
Vg (Nm’/h) 11,4 9,6 7.7 6,0
Py (kPa) 86,6 883 | 89,0 | 954
Txg (°C) 21,2 212 | 21,0 | 21,0
Vino (m’/h) 10,7 10,7 10,5 | 10,7
ATyp0 (°C) 3.6 32 2,5 1,8
Tex (°C) 298,6 | 2833 | 2604 | 2407
Tex out (°C) 1420 | 1302 | 1153 | 1005

When the system operates at minimum load (25
%), it supplies 7,0 kW of electrical power, and 21,9
kW of thermal energy; while the electrical, thermal,
and total efficiency are 12,2 %, 38,1 %, and 50,3 %,
respectively, for a hot water flow rate of 10,7 m’/h.
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Figure 4. Frequency and Voltage Output variation
during the stable test periods, cogeneration.
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Table 9. Performance average values of microturbine
cogeneration system during the long test period.
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Table 10. Maximum, minimum, average and standard
deviation of frequency and voltage output.

Condition Tests % Value f Va Vg Ve
Param. Unit | 100% | 75% | 50% | 25% (Hz) (V) V) V)
TR °C 26,6 27,5 26,8 28,2 Avg. 60,0 262 261 263
Pams kPa 100,3 | 100,3 | 100,0 | 100,0 100 % Max. 60,0 263 262 264
Po kW 25,8 21,0 14,0 7,0 Min. 60,0 262 260 262
n % 232 22,7 19,0 12,3 St. Dev. | 0,0 0,5 0,9 0,9
Tng °C 19,5 21,2 19,8 21,1 Avg. 60,0 260 258 261
Pne kPa 86,4 87,1 88,3 91,4 750 Max. 60,0 260 259 261
VG Nm’h | 11,6 9,6 7,7 5,9 Min. 60,0 260 258 261
ATEgx Gas °C 140,9 | 129,3 | 1459 | 1525 St. Dev. | 0,0 0,0 0,6 0,0
ATwmo °C 32 2,6 2,4 1,9 Avg. 60,0 257 255 258
Qo kW 38,9 31,2 29,6 23,6 50 9% Max. 60,0 257 255 259
HI kW 111,3 | 92,5 73,7 57,1 Min. 60,0 257 254 258
Nt % 34,9 33,7 40,3 41,3 St. Dev. | 0,0 0,0 0,5 0,5
NroTAL % 58,0 56,4 59,2 53,6 Avg. 60,0 253 250 254
259, Max. 60,0 254 251 255

Uncertainty analysis Min. 60,0 | 251 248 252
Table 10 shows the maximum, minimum, St. Dev. 0,0 1,4 1,5 1,3

average and standard deviation of electrical
frequency and voltage output for each phase.

Table 11 summarizes the instrument uncertainty,
and uncertainty values of the parameters for nominal
power output of 28 kW, during the stable test period.
The instrumentation used to measure of voltage
output, current, frequency and power output was
supplied by microturbine manufacturer; and the
uncertainties are referenced in (Capstone, 2004).

The electric power industry accepts that the
voltage output can vary to within = 10 % of the
standard voltage (254 V) without causing significant
disturbances to the operation of most end use
equipment, and for the frequency to within + 1 % on
the standard frequency (60 Hz) without causing
overheating on the equipment (EPA, 2002 and EPA,
2003); Table 10, shows that the voltage output and
frequency are varying within the indicated limits, for
100% of load.

The power output uncertainty is = 1,7 kW, which
is greater than the recommended values in EPA
(2002), and EPA (2003); this is possibly due to the
high microturbine internal sensor uncertainty of + 1,0
kW. The same thing happened to voltage and current
output; current output meter uncertainty was + 1,1 A
and voltage output meter uncertainty was + 6,9 V.

The NG LHYV uncertainty, as shown in Table 11,
is + 680 kJ/Nm’. As shown in Mendes and Rosério
(1995), it influences all LHV depend parameters like,
electrical efficiency uncertainty (£ 4,2 %), thermal
efficiency uncertainty (x 9,1 %), water heat
recovered (£ 6,8 kW) and energy input uncertainty (+
18,7 kW).

Table 11. Uncertainty values during the stable test
eriod.

Parameter Instrument Measurement
uncertainty uncertainty

Va, Vi, Ve (V) +6,9 +12

I (A) +2,5

Is, Ic (A) =11 18

f (Hz) + 0,03 + 0,05
Po (kW) +1,0 +1,7

n (%) +42
HI (kW) h +19
Vg (m’/h) + 0,36 +0,62
PNG (kPa) + 6,5 +11

T (°C) +0,6 +1,0
LHVyg (kJ/Nm’) + 680
11 (%) - 9.1
Vino (m’/h) +0,18 +0,3
Quo (kW) - £6.8

Emission Monitoring

The emission study of the CHP test system was
performed over a wide range of microturbine nominal
power output (28, 21, 14 and 7 kW). Figure 5 and
Figure 6, respectively, present the measured values of
CO and NOy emissions, in ppmv at 15% O, ,as a
function of the nominal power output. These results
show the significant influence of the nominal power
output on emission rate. The minimum cumulative
rate of CO and NOj is observed at full nominal power
output (28 kW): 2,80 ppmv at 15% O, (3,12 mg/m’)
of CO, and 1,48 ppmv at 15% O, (2,72 mg/m’) of
NO,. These data are within the limits specified by the
manufacturer (40 ppmv at 15% O, of CO and 9 ppmv
at 15% O, of NOy), which are shown in Table 12 (De
Carvalho and Teixeira, 2003).

Such as shown in Fig. 5 and 6, when decreasing
the microturbine nominal power output, the emission
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rate of CO and NO,, increases; the maximum CO and
NOy levels were observed at the nominal power
output of 7 and 14 kW, respectively. Figure 6, shows
that the cumulative CO + NO, emission rate increases
gradually with reduction of the microturbine nominal
power output.

Table 12. Comparison between measured and
manufacturer values of emissions from microturbine

(ppm @ 15% O»).

Emission | Calculated | Manufacturer
Gas value value

CO 2,80 40

NOx 1,48 9

Clppm15%

Figure 5. Concentration of CO and NOx (ppmv at
15% O,) vs microturbine nominal power output

Cmg/m:

Figure 6. Concentration of CO and NOx (mg/m’) vs
microturbine nominal power output.

Figure 7 shows the variation of oxygen, and
carbon dioxide concentrations with the microturbine
nominal power output. O, concentration, in flue gas
emission, increases with the microturbine nominal
power output reduction, while CO, concentration
decreases with it.

19,0

Figure 7. Concentration of O, and CO, vs
microturbine nominal power output.

Then, the balance of combustion equation (Eq.
(15)), and the AFR (Eq. (16)), resulting in:
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0,01435*Cp357H40s15 + 0,01*N, + 0,0042*CO, +
21,309%0, + 79,441*N, 2 18,37*0,+ 0,0001 *CO +
1,49*CO, + 0,000065*NO + 0,0006*H, +
0,0008*HC + 2,906*H,0 + 80,138*N,

AFR =121

POTENTIAL MARKET DISPLACEMENT

The potential market displacement from the
utility company by the microturbine in the city of Rio
de Janeiro, Brazil, was estimated using the available
data bank for 7980 clients, including residential,
commercial, industrial and government type electric
energy supply contracts, during peak periods (17:30
to 20:30, except weekends), and off peak periods.

The internal rate of return of the investment in
the gas fired microturbine was calculate considering
an investment cost of US$ 1200/kW, O & M cost of
USS$ 15/MWh, and an analysis period of 15 years.
Utility energy tariffs for both electricity and natural
gas included type of contract and period of the day,
for both power and energy consumption.

The criteria for selecting the clients that would
potentially migrate from electric energy supply by the
utility company to gas fire microturbine electric
energy production was an internal rate of return of
investment of at least 15% a year.

As a first result, residential type clients (same
tariff for both peak and off peak periods) were
excluded from the list of potential clients. It was also
concluded the potential clients would have only to
operate the microturbine during peak periods, so that
its operation would be economically feasible. Thus,
835 clients were selected out of 7980.

The electric  energy  potential  market
displacement from the utility company was then
calculated in 473 MW and 33703 MWh/month,
which is small when compared to the amount of
commercialized energy by the utility company.

Therefore, it was concluded that the use of a
microturbine to produce electric energy is not
presently a matter of concern to the utility company.

CONCLUSIONS

On time tests confirmed the manufacturer’s
specifications. Field measurements are not generally
considered to be as accurate as the laboratory
measurements upon which the manufacturer’s ratings
are presumably based. Electrical capacity was
measured; it demonstrated that the system can be
maintained in continuous synchronization with the
utility grid, within the usually accepted values by
industry.

An uncertainty analysis shows that if smaller
uncertainty values are required to meet the
commissioning values, the LHV must be measured
during the test, and not as a daily average , as
supplied by the utility company.
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Emissions tests of the microturbine based CHP
system have been conducted to determine the
emissions output for a variable nominal power
output. Operation at reduced microturbine nominal
power levels increases the cumulative emissions (CO
+ NO,) of the flue gas components. Results of tests
showed that the operation of the microturbine at full
load power output produces the lowest emissions of
air pollutants (primarily CO and NOy). The latter are
within limits specified by the microturbine
manufacturer.

A methodology was used to measure the AFR,
without ducting the combustion air, what is always
difficult in the field.

Finally, the cogeneration potential of the
microturbine based system was evaluated. The results
show that the overall usage of the fuel chemical
energy was not very high. The choice of the operating
conditions of the waste heat boiler must be done in
order to optimize the system efficiency.

The electric energy potential market
displacement from the utility company by the gas
fired microturbine was estimated, showing that it
should not be a matter of concern to the present
supplier of electricity to the client, which would
migrate to a gas supplier.
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