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Trigeneration systems have been used with advantage in the last years in distributed electricity gener-
ation systems as a function of a growth of natural gas pipeline network distribution system, tax
incentives, and energy regulation policies. Typically, a trigeneration system is used to produce electrical
power simultaneously with supplying heating and cooling load by recovering the combustion products
thermal power content that otherwise would be driven to atmosphere. Concerning that, two small scale

) trigeneration plants have been tested for overall efficiency evaluation and operational comparison. The
g:igzﬁeerraattlizg first system is based on a 30 kW (ISO) natural gas powered microturbine, and the second one uses
CCHP a 26 kW natural gas powered internal combustion engine coupled to an electrical generator as a prime
mover. The stack gases from both machines were directed to a 17.6 kW ammonia—water absorption
refrigeration chiller for producing chilled water first and next to a water heat recovery boiler in order to
produce hot water. Experimental results are presented along with relevant system operational param-
eters for appropriate operation including natural gas consumption, net electrical and thermal power
production, i.e., hot and cold water production rates, primary energy saving index, and the energy
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utilization factor over total and partial electrical load operational conditions.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Energy concern has been considered as an important variable
for governmental police makers lately as well as for commercial
and industrial production cost reduction. It has been drawn an
energy shortage scenario for the near future, which boosts new
technologies and processes development aiming at a continuous
efficiency growth in using a given primary energy source. In this
way, distributed energy systems have been largely investigated as
an economical way for supplying electrical and thermal energy,
mainly for special applications in which reliability is a key point
[1-3]. Attention has increasingly been driven to an efficiently and
environmentally sustainable useful electrical and thermal power
production. Combined cooling, heat, and power (CCHP) or trigen-
eration systems is a relatively old technology that converts the
energy content in the fuel chemical bonds into a simultaneous
production of electricity, heating, and cooling. It has become an
economical available machinery configuration to supply those
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demands from a single source of primary energy, with the advan-
tages of saving energy, money, and making an environmental
intelligent use of fossil fuels [4,5]. By generating electricity on site,
the typical losses associated with transmission of electricity basi-
cally vanish. Also, the thermal energy in stack gases can be used for
on-site production of either heating, or cooling, or both, as in our
case.

Presently, distributed energy systems represent less than 10% of
total energy produced worldwide [6]. A trigeneration system has
the great potential of reducing carbon emission and air pollutant
emissions besides it can increase energy efficiency of power plants
[7,8], hotels [9], hospitals [10], supermarkets [11—13], airports [14],
and shopping centers [15]. The potential of energy savings by using
the CCHP systems in many countries have increased in the last
years as a function of natural gas infrastructure network distribu-
tion growth in populated urban centers, fuel tax incentive as well as
energy regulations by federal governments concerning distributed
electrical power generation in those countries.

Concerning fossil fuels used for electrical power generation,
natural gas is the one more environmentally friend than other fossil
fuels due to its low rates of gaseous or none pollutant emissions and
it also presents a clean burning process. Micro cogeneration
systems offer greater overall energy efficiency than conventional
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electricity generation by central thermal power plants, achieving
less primary energy consumption, reducing CO, emissions and
lowering energy costs [16].

Trigeneration systems can be characterized by electrical power
generation of a few kilowatts to dozens of megawatts; they are
also located near to final users, avoiding expensive transmission
lines that accounts for considerable losses. Typical efficiency of
a central power plant (combined cycle configuration) can reach at
most 55%, a micro CCHP technology can achieve efficiencies up to
85% [6], considering all forms of useful energy produced. Heat is
recovered from the prime energy engine stack gases by a heat
recovery system, and chilled water is obtained by incorporating an
absorption refrigeration chiller that is also powered by the waste
heat from the hot stack gases [17—19]. The introduction of an
absorption chiller in a trigeneration system implies in increasing
the overall efficiency of the fuel molecule energy content. In
a recent work, Preter et al. [20] published experimental results of
a trigeneration system in which cooling water was produced from
recovering waste heat of a 30 kW (ISO conditions) microturbine
using an adapted direct fire absorption chiller, showing that, for
some specific operational condition it is possible to obtain
relatively overall system primary energy utilization factor as high
as 70%.

Two configurations of trigeneration systems have been tested by
the authors. The first one is based in a natural gas fired micro-
turbine as the prime mover and a commercial ammonia—water
based absorption cycle for chilled water production, and a heat
recovery boiler for hot water production. The second trigeneration
system tested is based in a natural gas fired internal combustion
engine with the two other waste heat recovery systems just
mentioned. In this paper it is presented the experimental aspects of
operation of those systems. A comparative evaluation of two design
options of trigeneration systems was carried out as a method of
establishing a decision planning strategy before the selection of the
actual most convenient alternative for a given application. The
comparison was carried out by performing mainly technical anal-
yses aspect of trigeneration systems.

2. Trigeneration system description

The CCHP developed and tested in the laboratory was composed
of two different system configurations: a system using a micro-
turbine (MT), and a system using an internal combustion engine
(ICE). In both cases the combustion products were driven to an
absorption refrigeration chiller (ARC) and to a heat recovery boiler
(HRB). The absorption chiller used was originally a direct fired
natural gas powered commercial model, and it was technically
modified in order to operate with the stack gases. Some modifica-
tions into its electronic control system were performed too.
Equipment specifications are given in Table 1. Previous authors
[21,22] have tested similar systems separately.

The coefficient of performance (COP) of a commercial ammo-
nia—water single stage absorption chiller varies between 0.6 and
0.7, depending on the condensing and evaporating temperatures.
Originally, the direct fired ARC had a built-in flute type burner. The
combustion chamber and the heating system were modified by
replacing the flute type burner by a new device built to receive the
hot stack gases from either the MT or the ICE. Additionally, the
chiller ignition system originally designed to control the flute type
burner was replaced by a manual driver system.

Fig. 1a shows the schematics of the first trigeneration system
configuration formed by the microturbine, the heat recovery
boiler, and the ammonia—water absorption chiller. Fig. 1a also
shows additional and supporting subsystems for the trigeneration
test rig which are: a natural gas compressor (GC); a cooling load

Table 1
The two trigeneration system equipment description and operational data.

Equipment Model/manufacture Characteristics
Microturbine (MT) Capstone Power = 30 kW (ISO),
C30 [23] 400 V/3 phase

Natural Gas?

Internal Combustion Leon Heimer Power = 33 kVA, 220

Engine (ICE) ATED 19/21 [24] V/3 phase
Natural Gas®
Gas Compressor (GC) CompAir Pmax = 6.5 bar
VO04G [25] Qmax = 36 m3/h
Heat Recovery Boiler (HRB) Unifin Micogen Max Heat Recovery = up to
MG1-C1 [26] 73 kW
Ammonia—Water Robur Cooling Capacity = 17 kW,
Absorption Chiller(ARC) GAHP-AR [27] Natural Gas

2 Data from Capstone Microturbine Corporation.
b Data from Leon Heimer S/A.

circuit for simulating the air conditioning load (Qarc); a heating
load circuit that simulated the hot water load (Quw); an electrical
transformer to connect the MT to the building power grid. As seen
in Fig. 1, the combustion products are driven to both the ARC and
the HRB. Dumpers D and D, allow controlling the mass flow rate
to each piece of equipment. Fig. 1b shows a still picture of the
three main components assembled together for operation and
tests.

The second system configuration was similar to the first one,
except for the fact that the MT was replaced by the internal
combustion engine as can be seen in schematics in Fig. 2a. A still
picture of this second trigeneration system is shown in Fig. 2b. In
this second configuration two other modifications were necessary:
the natural gas compressor for the ICE was unnecessary because
the ICE ran at a low pressure natural gas (3.0 kPa); the ICE’s
switchboard load transfer panel (Fig. 2a) could not make load
parallelism to the local power grid in opposition to the MT, so
a resistive electrical load simulator system composed by three
different electrical load levels (9.0, 18.0, and 21.0 kW) was built to
dissipate the electricity produced by the electrical generator, as one
can see in the schematics in Fig. 2a.

Temperature measurements of combustion gases, natural gas,
hot water, cold water, and admission air were made with K and T
type thermocouples with nominal uncertainty level of +0.1 °C.
Natural gas flow was measured with a natural gas volumetric
metering type with uncertainty of £0.0001 m>/h. Combustion
gases pressure and velocity were measured in two points by taking
the gas velocities using a 3 mm 0.D. and 100 mm long Pitot tube.
Combustion gases flow was calculated by the EPA Methods [28—30]
with calculated uncertainty of +0.05 kg/s. Hot and cold water flows
were measured using specific volumetric metering types with
uncertainties of +£0.001 m3/h. Electrical power was measured using
a multiple parameters digital transducer. The experimental data
were stored using a PC and a data acquisition system NI DAQ-9172
was used.

Electricity tracking operation mode was established for the tri-
generation system. Firstly, the system had to supply the electrical
energy to meet the electrical energy demand; next the thermal
energy from the combustion gases was driven for producing chilled
water in ARC; and, finally, the remaining thermal energy from the
hot flue gases was recovered for water heating. It is important to
stress that the major part of the stack gases from either the MT or
the ICE was driven to the ammonia—water absorption cycle (ARC)
for production of chilled water.

Thermal load (Qac) was applied to the chilled water circuit to
simulate an actual situation, such as a commercial installation,
where chilled water should be used for air conditioning system. The
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Fig. 1. Trigeneration system with MT. (a) schematics showing the machinery and supporting testing equipment; (b) still picture of the assembled system.

remaining thermal energy of stack gases was recovered by the heat
recovery boiler unit (HRB) to produce hot water. A thermal load
simulation system (Quw) for the hot water was also built to simu-
late an actual installation.

The cogeneration plant efficiency is, normally, measured by
evaluation indexes used to establish a global system performance.
In this work, two indexes were used: the first is the Energy

Utilization Factor, or EUF, proposed in [31], which is defined as
follows in Eq. (1):

where, EPrs is the electrical power produced by microturbine or
internal combustion engine, Qurg is the useful heating power
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Fig. 2. Trigeneration system with ICE. (a) schematics showing the machinery and supporting testing equipment; (b) still picture of the assembled system.

produced by heat recovery boiler, Qagrc is the useful cooling load
produced by absorption chiller, and FP is the total available heating
power obtained from burning fuel. FP, is calculated according to Eq. (2):

FP = mp x LHV 2)

where, mr is the measured fuel mass flow rate and LHV is the fuel
lower heating value. A slight modification in Eq. (1) was introduced
in order to take away the self-electricity consumption accounted by
ECrs.

Using the EUF concept and accounting the total electrical power
consumed by the trigeneration system (ECrs), Eq. (1) becomes:

(EPrs — ECrs) + (Qnrs + Qarc) (3)
FP

The second performance index is the PES (Primary Energy Saving),
as described in [32], established by the European Directive, which is
a methodology for determining the efficiency of cogeneration
systems given by the Primary Energy Saving, PES, given by Eq. (4):

EUF =
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1
~ CHP H, CHPE, )
Ref H, = Ref E;

PES = |1

where, CHP H; and CHP E, are, respectively, the average thermal
and electrical efficiency of a CHP plant or process during an oper-
ation year, and Ref H; and Ref E, are, respectively, the reference
efficiencies of separate thermal and electric production processes.
According to other authors [32,33], a CCHP plant must present a PES
as high as 10% to be considered as an efficient one. All of those
magnitudes were either directly measured or calculated for both
tested systems. According to [33], the reference efficiency of
thermal production processes Ref H, = 0.9, and the reference effi-
ciency of electric production processes Ref E, = 0.525. Table 2
presents the values used to perform the trigeneration systems
EUF and PES calculation in next section.

3. Results and analysis
3.1. Trigeneration operating with microturbine

Table 2 shows the experimental data for the inlet and outlet
temperatures, inlet and outlet flow rates of gases and water of each
piece of equipment of the first trigeneration system based on the
microturbine as the prime mover. During all tests, the ammonia—
water absorption chiller was setup for the maximum specified cooling
capacity 17.6 kW, at a condensing temperature of 30 °C and a cooling
water delivery temperature at 7 °C with a temperature difference of
10 °C (difference between chilled water delivered and returned). The
average volumetric water flow rate measured was 2.0 m>/h. The heat
recovery boiler was setup for gas temperature limits between 260 °C
and 370 °C, and hot water temperature limits of 20 °C—80 °C. The
volumetric hot water average flow rate was 1.86 m?/h.

Two test runs were carried out with the microturbine: one for
partial power set at 15 kWe| (50% of electrical ISO power capacity),
and the other for the maximum local electrical power delivered by
the microturbine at site condition, which, achieved 24 kW, It is
important to note that the measured average electrical power
consumed by the trigeneration system ECrs was 1.5 kWe.

Results from temperature and mass flow rates measurements
are presented for the local condition as shown in Table 2. During the

Table 2
Main measured data for the trigeneration systems based on the microturbine (MT)
and on the internal combustion engine (ICE). Ty = 20 °C; Pagm = 93.3 kPa.

System parameters MT ICE
15kWe 24 kWe 18 kWe 21 kWg
Natural gas flow rate, Qyc (Nm>/h) 7.3 10.5 8.8 9.6
Total stack gas mass flow rate, 0.186 0.289 0.026 0.032
msc (kg/s)
Stack gas temperature from prime 295 342 500 586
mover (°C)
Differential gas temperature 57.2 26.3 383 392
in HRB (°C)
Differential gas temperature 86.1 138.8 248 264
in ARC (°C)
Electrical efficiency (%) 22.6 25.6 25.8 27.6
Total stack gas thermal power, 53.2 96.8 13.0 18.8
Esc (kW)
Heat Rate, HR (KW,/kWe;) 4.4 3.9 3.9 3.6
CHP En (%) 0.256 0.276
CHP Hn (%) 0.343 0.151
Ref En (%) 0.525 0.525
Ref Hn (%) 0.9 0.9

tests, the average on site conditions were: atmospheric pressure,
Parm = 93.3 kPa; environmental average temperature of 20 °C; and
relative humidity of 66%. ISO conditions are: environmental
temperature of 15 °C, relative humidity of 60%, and ambient pres-
sure of 101.325 kPa.

All tests were carried out with the dump valve D1 (refer to
Fig. 1a) fully opened (100%) and the dump valve D2 partially opened
(50%), which permitted a higher flow of stack gases to be directed to
the absorption chiller, and less hot gases flow reached the heat
recovery system. This operational condition was imposed to guar-
antee that the full absorption chiller cooling capacity was obtained.

When the microturbine ran at 15 kW, the total stack gases
mass flow rate measured was 0.186 kg/s, the available thermal
power in the stack gases was about 53.2 kWy,, and the heat rate was
4.4. When the microturbine was producing 24 kW, (maximum
power), the stack gases mass flow rate was 0.289 kg/s, the available
thermal power in the stack gases was 96.8 kW, and the heat rate
was 3.9 as can be seen in Table 2. The stack gases thermal power Egg
is defined as follows:

Esc = msgCy_s(Tsg — Tamp) (5)

where, msg is the stack gases mass flow rate, C,_sc is the stack gases
average specific heat at constant pressure, Tsg and T,yp are the
stack gases and environment air temperatures, respectively. A
precise stack gas analysis would require knowing its chemical
composition. However, it was considered the stack gases average
specific heat as the nitrogen’s, i.e., Cp_sg = Cp—n2 = 1.04 k] /kg K [34].
The heat rate, HR, is the ratio between the total available fuel
power, FP, to the net electrical power, EP, is given by Eq. (6):

FP
HR = P (6)

At the maximum cooling capacity of the absorption chilled an
average COP = 0.612 was obtained [35], and, therefore, the
minimum stack gas energy necessary to supply that cooling
capacity was about 28 kWy,. From this simple energy analysis, the
thermal power of the stack gases far exceeded the necessary
thermal power to operate the absorption chiller at the maximum
capacity, but this plain operational condition was not achieved in
laboratory. Only on the second operational condition at a full
electrical load (24 kWe)), the amount of thermal power available in
the stack gases delivered by the microturbine (96.8 kWy,) was
enough to produce the full chilled water load by the absorption
chiller. After analyzing the chiller distillation column, where the
thermal energy from the combustion gases is supplied to the
chiller, it was noticed that it has a low effectiveness when operating
under predominantly convective heat transfer regime as in the
present case. Quite possibly, such a piece of equipment was initially
designed and manufactured to operate predominantly by a combi-
nation of radiation and convective heat transfer modes as a conse-
quence of direct fuel burning. So, the modifications completed in
the absorption chiller generator revealed that the maximum cool-
ing thermal power can be obtained only for the microturbine
operating at maximum capacity.

The temperature difference (AT) was measured for both situa-
tions of partial and full electrical load over the ARC and HRB devices
(Table 2). Stack gases mass flow rates were also measured and they
are shown in that table. One can observe that the absorption chiller
full operation can be attended just when the microturbine operates
at 24 kWe. In this way it is possible to determine the limit of
operational condition of the trigeneration system designed to
produce electrical energy as the primary demand to be met, chilled
water (at 10 °C) and hot water (at 40 °C). For those results, and
using Eq. (3), the EUF reached a 56.3% value. The PES calculated by
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Eq. (4) reached 15.1%. Fig. 3 shows the energy flux diagram for the
trigeneration system with MT. Data are for the full load operational
mode as displayed in Table 2. As seen, due to the low effectiveness
of the used ARC and in HRB in using the available thermal power
from the stack gases, considerable thermal power still exits the
trigeneration system with the combustion gases exhausted to
atmosphere. This is a fact that draws attention to the effect that the
heat recovery equipment in a trigeneration system must be sized to
ensure the greatest efficiency possible. Accounted losses in this case
were about 43.7%, as can be seen in Fig. 3.

3.2. Trigeneration operating with internal combustion engine

The second test battery was carried out having the ICE as the
prime mover, as discussed in Section 2 (Fig. 2). Table 2 shows the
main data obtained. The same setup parameters and local condi-
tions from the first battery test occurred for these tests.

In this case, two test batteries were carried out with the ICE: one
for electrical power setup at 18 kW, (partial load), and the other for
the full electrical power delivered by ICE, that in this case was
21 kWal.

Tests were carried out having the damper D1 (see Fig. 2a) fully
opened (100%) and the damper D2 partially opened (50%), which
permitted a higher stack gases flow to be directed to the absorption
chiller, and a small fraction of stack gases flowed to the heat
recovery system. This operational condition was imposed to guar-
antee that the total absorption chiller cooling capacity was
attended.

At partial electrical load (18 kWg)), the total stack gases thermal
power delivered was 13 kWy,, which corresponded to a heat rate of
3.8, and in second case (21 kWg)), the total stack gases thermal power
delivered was 18.8 kW, with a heat rate of 3.6. Temperatures of

ELECTRIC POWER

22.6%
REFRIGERATION
30.3% - COP = 0.6
FUEL
100%
)
HEATING L

4% - n=70%

LOSSES
43.1%

Fig. 3. Energy flux diagram for the trigeneration system operating with microturbine,
EUF = 56.3%, and PES = 15.1%. Magnitudes are calculated from data in Table 2.
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REFRIGERATION
11.8% - COP =0.5

-

HEATING
3.3% - = 70%

FUEL
100%

LOSSES
57.3%

Fig. 4. Energy flux diagram for the trigeneration system operating with internal
combustion engine, EUF = 42,7%, and PES = 44.2%. Magnitudes are calculated from
data in Table 2.

stack gases delivered by ICE reached the maximum temperature of
586 °C, according to the experimental results, and temperature
difference at absorption chiller generator reached 392 °C. Therefore,
at partial load (18 kW), from the total amount of thermal power
capacity available in stack gases, Egg, about 57% was effectively
transformed into cooling load by absorption chiller (COP = 0.57, in
this case). For the second case (21 kWe), about 62% of total amount
of thermal energy available in stack gases was effectively trans-
formed into cooling load. It occurred because of low chiller generator
efficiency due to the predominance of convective heat transfer
phenomenon instead radiation heat transfer, as discussed above. The
same could be observed for the microturbine case, although in that
case, stack gases flow was much higher than for internal combustion
engine’s, enabling a higher use of thermal available energy. Using ICE
as the prime mover, the EUF calculated by Eq. (3) reaches 42.7%, and
the PES calculated by Eq. (4) reaches 44.2%.

It can be observed in Fig. 4 that the EUF reached 42.7% in the case
of internal combustion engine (considering just stack gases as
thermal power source). Changes in the heat recovery system
configuration should be done to permit the use of a larger part of
ICE available thermal power. It is noteworthy to mention that the
engine water cooling jacket was not considered in this work and
the cooling water energy was accounted as losses. Of course, there
is a potential for using that thermal energy.

4. Conclusions

Experimental results were obtained for two trigeneration
systems, one using microturbine, and other using an internal
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combustion engine as prime movers. Parameters for appropriate
operation and system characterization including natural gas
consumption, electrical power, hot and chilled water production
over two operational conditions for the two trigeneration system
configurations are presented. Results show that a EUF of 56.3%, and
PES of 15.1% with a heat rate of 3.9 were obtained for the first
configuration analyzed (MT). The second system configuration
using ICE presented EUF of 43.7%, and PES of 44.2%, with a heat rate
of 3.6. The thermal power from the engine water cooling jacket was
not considered in this work and this thermal power can potentially
be used as well. The heat recovery process in ARC and HRB (the
compromise between stack gas temperature and mass flow rate)
for both prime movers investigated is a key for the best small tri-
generation plant efficiency.

Results show that both system configurations are viable, but
modifications performed in absorption chiller (gases driven
directly into the generator chamber) did not permit to obtain better
EUFs. It is suggested to carry out designing modifications in the
ARC in order to improve the poor heat transfer process in the
generator column, possibly using thermal fluids as the heat transfer
fluid.
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Nomenclature

ARC absorption chiller

cop coefficient of performance

G specific heat at constant pressure [J/kg k]

ECrs total electrical power consumed by the trigeneration
system, in Eq. (1) [W]

EPrs electrical power produced by trigeneration system
(microturbine or internal combustion engine), in Eq. (1)
(W]

EPrs total electrical power consumed by the trigeneration
system, in Egs. (1) and (2) [W]

EUF energy utilization factor of trigeneration system, in Eq. (1)

FP total available fuel power, in Egs. (1), (2), and (6) [W]

HR heat rate

HRB heat recovery boiler

ICE internal combustion engine

ISO international organization for standardization (standard

conditions specified in the following ratings: ambient
temperature of 15 °C, relative humidity of 60%,
and ambient pressure of 101.325 kPa).

LHV lower heating value [J/kg]

MT microturbine

m mass flow rate [kg/s]

Qurs useful heating power produced by heat recovery boiler, in
Egs. (1) and (2) [W]

Qarc useful cooling power produced by absorption
refrigeration chiller, in Egs. (1) and (2) [W]

Subscripts

air air

ARC absorption refrigeration chiller
F fuel

HRB heat recovery boiler

ICE internal combustion engine

el electrical power

SG stack gas

th thermal power

TS trigeneration system
Greek

n Efficiency
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