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Abstract. This work presents experimental results and peréorwe parameters for assessment of a small scale
cogeneration plant. The present system consista 88 kW natural gas microturbine, a heat recovery steam
generator, ammonia-water absorption chillers of 5 @7.6 kW for refrigeration and 3.8 RT (13.3 kWor freezing
purposes, fan coils and a cooling storage systelme. dbsorption chillers were previously powered layural gas
burned direct upon the generator. In the currenstegn, the residual heat of the microturbine exhayeses is
recovered into the HRSG, where it is supplied edhiller's generator whether by hot water or stedime performed
tests were focused on the 3.8 RT absorption chilidvich can reach temperatures down to -10°C. Faowdes of
operation were tested. The results obtained for liest mode were 23% and 31% for the microturbind an
cogeneration efficiency, respectively, and 0.4%lerCOP. The electrical power generated was 25kdthe cooling
power produced was 10 kW, although the minimum eestyre reached was +5°C. The cooling power andGiaP
increased with higher output electrical power anB${G pressures. The exhaust gases temperature deamsbf the
HRSG still showed potential for cogeneration. Thesessment parameters found were satisfactory, wtihahe
cogeneration system needs further improvementsligr do enhance the global efficiency.

Keywords: Small scale cogeneration plant, natural gas miarbine, absorption chiller, energy saving.
1. INTRODUCTION

The search for efficient energy conversion systhassincreased lately due to the limited availabiit fossil fuels
and the concern about global warming. In Brazi, tieed for expansion of the national electric ghe, constraints in
building new hydroelectric power plants by sociatl@ambiental matters and the large offer of natgaal coming from
South America countries, adds for the encouragenfeigsearches in new technologies of energy ceimeisystems.

The cogeneration systems related with combinediragpoheating and electrical power (CCHP) have hesad in
quite few commercial buildings via absorption @id, using “waste” heat from microturbines or regdcheat from
different industrial processes. The use of wastg teedrive absorption chillers is an alternativeywo cut operating
costs, whether for air conditioning or freezingpmses.

A small scale cogeneration plant with high perfonoe parameters is essential for its operational exwhomic
feasibility. Besides the particular benefits foe hwner of these kinds of systems, the use otelsisnology reduces the
total electrical demand from the national grid andnsequently, the need of expansion of the gridatwbrings
investment savings for the country. Cogenerationgravide significant increase of energy use, iisted generation
and should be considered as an alternative tecinddw stores that demands electricity, cooling hadting.

Recent results concerning experimental and theatetinvestigation have been reported in order tofiom the
technical feasibility and to show the potentiahthieve high global performance with small scalgec®ration systems
using absorption chillers (Medraret al, 2006, Takeshitat al, 2005, Rucker and Bazzo, 2004). Sun, Z. (2008)
addressed his work to commercial buildings, prawgdelectricity and cooling/heating using residuabth Results
showed that the primary energy saving of the camsidl cogeneration system was 37% more efficientpeoed to
conventional separate systems. More recently, RasshBazzo (2009) reported a thermodynamic modedind
Second Law analysis for a small scale cogeneratistem. An increase of about 67% of the energymasefound. The
corresponding COP of the absorption chiller wasudated around 0.49, in this case assuming thexblotat removed
from the microturbine exhaust gases and cold wataperature set to +5°C. Experimental resultsubirtg hot water
as an intermediate working fluid, have shown a G@ind 0.30 (Bazzet al, 2008).

This work reports experimental data of an exissngall scale cogeneration plant in operation at LEROFSC.
The experimental results are reported concerniegtéimperatures, the heat removed from the exhasssg the
cooling power produced, the COP and the efficienoiethe microturbine and the cogeneration plaom& assessment
parameters are presented and discussed for differetes of operation. Results are presented fordigtinct ways of
supplying heat to a -10°C absorption chiller: tiglunot water or through saturated steam.
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2. DESCRIPTION OF THE SMALL SCALE COGENERATION PLAN T

Test facilities consist of one system to store suqgply fuel to the plant, one 28 k\Wwicroturbine working as prime
mover, one heat recovery steam generator, one BLR®% kW) and one 3.8 RT (13.3 k)V\ammonia-water absorption
chillers, for refrigeration and freezing purposesspectively, two fan coils for air conditioningne cooling storage
system, one data acquisition system and seversbeefor temperature, pressure and flow rate measmts. Figure 1
shows the schematic diagram of the cogeneratidersys
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Figure 1. The small scale cogeneration plant scheme
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The prime mover is a Capstone Microturbine Modd) @#ich includes a compressor, a heat recuperatoatural
gas combustor, a turbine and a generator. Theimgtabmponents are mounted on a single shaft stggbday air
bearings and spin at up to 96000 RPM. The genermtmoled by the airflow into the microturbine.elutput of the
generator is variable voltage and variable frequeA€ power. Natural gas is the fuel used on thésteshich is
supplied by manifold cylinders. Operating at ISGdition, the microturbine produces 28 kW of elesatipower and
85 kW usable heat from the exhaust gases with teatyres around 270 °C (Capstone, 2001).

Absorption chillers are single-block brine-chillingiits equipped with an air-cooled condenser. Tiogption
cooling cycle is based upon a solution of water antmonia. Both chillers that compose the plant their power
system modified from a direct firing system to wajackets enclosing the generators. The jackets vpeoperly
designed and installed in place of the chiller'smbaistion chamber to provide hot water circulatiosuad the external
generator fins. One absorption chiller is a 5 ROWACF 60-00 that can reach temperatures dowrdt&€ {Robur,
2008), for air conditioning purposes, and is powdrg hot water. The other chiller is a 5 RT Rob@FA60-00LB, that
can reach temperatures down to -10°C (Robur, 2008Jreezing purposes, and it is powered whetlyehdt water or
steam. The cold water pipeline uses a brine saiutfiomonoethylene glycol 25% and water 75%, in mpssviding
freezing temperatures below -10°C.

The HRSG system consists of one diverter valve, @oss-flow heat exchanger, one steam generatoroaad
pump. The residual heat is recovered into the HRRBthe chillers powered by hot water, the watpelne is heated
in the heat exchanger and it flows direct into gemerators and no automatic device is used to aotite rate of
residual heat recovered.

For the -10°C chiller powered by steam, the hoewpipeline is linked to a steam generator thapbep heat to the
generator while the steam condenses. In this thseieat recovered rate is controlled by the pressuthe HRSG.
The heat increases the pressure in the HRSG untdbdmum value set. At this moment the diverteveahifts the
exhaust gases stream, releasing it to the atmasp¥ithrout taking any advantage of it (Fig. 1). THeat consumed by
the chiller's generator decreases the pressuren\iie gauge pressure reaches a minimum value,itbea valve
shifts the exhaust gases stream, directing therk toathe heat exchanger. This cycle repeats comtisly. This system
was developed in order to avoid overpressure inHR&G and to supply the required heat to provigesgion of
ammonia from the ammonia water solution, insidecthiéier’'s generator.

An air conditioning system, consisting of two 2.5 Rquastylus Chilled Water Fan Coil Trane, wasaiiet in the
laboratory to use the cooling power produced. Alingcstorage system was also installed for the saunposes.

Measurements of temperatures, pressures and flewvimastrategic points are used to obtain thermadyos
properties for further evaluation.

3. THERMODYNAMICS EQUATIONS
3.1. Thermodynamic Model
The model adopted in the present analysis is coetpad three subsystems: the microturbine (MT), hieat

recovery steam generator (HRSG) and the absormtiilfer (CH). This work focuses on the assessmdnthe
subsystems and the whole cogeneration system.g=ypresents the model adopted.
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Figure 2. Thermodynamic model of the small scatgeoeration plant

All the thermodynamic properties were obtained fiengineering Equation Solver (Klein and Alvarad@0g).
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3.2. Performance Parameters

The cogeneration system is evaluated accordinglyotoe performance parameters in order to identibnr for
improvements. Based on the First Law of Thermodyoanthe following parameters are chosen for evaloeof the
subsystems microturbine (MT), heat recovery steamerator (HRSG) and absorption chiller (CH), aslasl the
cogeneration system (cog):

V\./MT

vt = m 1)

Qgen _ M5 Cop (5~ )

=_ 2
HRsG Qurse  Ms[tRg(B— T) @
_WMT + Q:ool_zvvi
Ncog = i, LHVAG (3
cop= Qoo _ MR (%~ T) 4)

Qurse M3 ERg(®~ T)

wherey, is the First Law efficiencyiyt is the output power of the microturbingy is the mass flow rate for the,
point, LHV\¢ is the lower heating value of natural g@en is the heating power provided to the chiller’s getor,

QuRrsc is the heating power provided to the HRSG&,,, is the cooling power producedp is the specific heat, and
the subscriptdhw, eg andb mean hot water, exhaust gases and brine, respbctily, is the temperature for tHeh
point, W is the electrical power related to the brine amdm@nia-water pumps an@OP is the coefficient of
performance of the absorption chiller. The loweathreg value was calculated based on the composgitioratural gas
from SCGAS Co. and found 47308 kJ/kg. The eledtpoaver consumed by the pumpéf () is 0.93 kW. The pumping
power referred to the hot water pipeline was naistered in this work.

COP’s evaluation comprises the efficiency for coglpower production of all the processes of heatsier from

the exhaust gases to the chiller’'s generator. HR®@iciency is just applicable when operating witht water, as the
temperatures T[5] and T[6] are the same for steaneition.

4. EXPERIMENTAL RESULTS AND ANALYSIS

The tests were focused on the Robur ACF 60-00LBlech{-10°C). Different modes of operation weretées
concerning to chiller's heat source, electricalpotipower and the devices that consume the coplovger produced.
Four modes of operation are reported:

a) Mode 1 — Steam, 25 k\and fancoils;

b) Mode 2 — Steam, 25 kjvand cooling storage system;

c) Mode 3 - Steam, 20 k\wand cooling storage system;

d) Mode 4 — Hot water, 10 k¥yand cooling storage system.

4.1. Mode 1 — Steam, 25 k\Wand fancoils

In Mode 1, the absorption chiller was powered laast. The test was carried out for maximum and minirsteam
gauge pressure set to 6 bar and 2.7 bar respgctivie maximum pressure was set high enough tovaltmeneration
plant to reach the steady state condition, aimiaguse of the heat recovery rate control device. fEneoils were
designated to consume the cooling power.

Figure 3 shows the temperature profiles along fionehe thermocouples T[3], T[4], T[5], T[7], T[§]laced at the
points indicated in Fig. 1 and Fig. 2:
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Figure 3. Thermal behavior for Mode 1

In the first 50 minutes, some adjustments were dortke plant to certify a proper operation. Aipisrged from the
HRSG, which explain drops in T[5]. Changes wereeadtmthe brine pipeline in order to set the farsctil consume the
cooling power produced (drops in T[7] and T[8]) t&f 135 minutes the system reaches the steadycstathtion. The
minimum temperature reached was about +5°C. Theeh@mperature did not reached a lower value dueigb
cooling power consumption by the fan coils. The ggapressure in the HRSG stabilized at approximadelyar,
generating steam around 152°C.

Figure 4 presents the heat recovered and the ¢goptiwer for Mode 1.
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Figure 4. Heating power recovered and cooling pgweduced for Mode 1

When the microturbine starts, the exhaust gaseasllisn a low temperature and little heat is reradvfrom the
exhaust gases. As they become hotter, the heataeszbincreases, reaching a maximum value. Frotrpthiat on, the
water pipeline temperature goes up and the temperalifference between the streams became smaibking the
heat recovered to decrease. By minute 40th, thpdeature of the steam reaches 120°C (Fig. 3), lamdystem starts
to produce cooling power. That is the minimum terapee required for separation of ammonia from amiarevater
solution. The maximum cooling power observed wa&WQ lower than the 13.3 kW nominal cooling poweicase of
direct firing burning system. At the steady staiadition, the COP was found 0.49. For this modfgiehcies of about
23% and 31% for the microturbine and the cogermnailant have been found, respectively
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4.2. Mode 2 — Steam, 25 k\Wand cooling storage system;

In Mode 2, the cooling power is stored in the coglstorage system. The test was carried out foirmar and
minimum gauge pressure set to 2.9 bar and 2.7 dspectively. Figure 5 shows the temperature psofite the
thermocouples T[3], T[4], T[5], T[7], T[8] placed tne corresponding points indicated in Fig. 1 &gl 2
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Figure 5. Thermal behavior for Mode 2

As shown in Figure 5, the exhaust gases tempega(lif8] and T[4]) and the HRSG temperature (T[5ijrease
until 60 minutes of the operation. From that paint the diverter valve starts to control the happower recovered.
T[5] is kept between 141°C and 143°C, the corredpansaturation temperatures at the minimum andmax gauge
pressures set, respectively. T[3] and T[4] presgalical behavior due to the redirecting of the &xt gases between
the chimneys (Figure 1). The outlet brine tempeeatii[7], drops from 23°C to -6.5°C. The steadyesta not fully
reached because the cooling power is not beingegnstored in the cooling storage system. For théson, the brine
temperatures have a tendency to keep in decreasthdo not stabilize.

Figure 6 shows the heating power supplied to th&sE8Rand the corresponding cooling power producedhby
chiller.
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Figure 6. Heating power recovered and cooling pgweduced for Mode 2

The cogeneration plant takes about 60 minutesachréhe full operation in this mode. During thd fiperation, the
heating power supplied is intermittent. In the setbour, from 60 up to 120 min, the total suppleating power was
calculated to be approximately 11.3 kW (see shadma below @ksc in Figure 4), producing an equivalent cooling
power of about 6.9 kW. These results lead to arpieteCOP of 0.61.
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A large heating power is lost to the atmospheretdube low cooling storing capacity of the plakiodifications
are in progress to provide suitable cooling powarscmption. Currently, efficiencies of about 24%l &0% to the
microturbine and the cogeneration plant have beend, respectively.

4.3.Mode 3 — Steam, 20 kW) and cooling storage system;

In Mode 3, the output power was set to 2QkWhe test was carried out for maximum and miningauage pressure
set to 2.9 bar and 2.7 bar respectively. Figuraoivs the temperature profiles for the thermocoupl&3, T[4], T[5],
T[7], T[8].
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Figure 7. Thermal behavior for Mode 3

The thermal behavior for Mode 3 is similar of Mo2l€Fig. 5), except for the lower temperatures @& é#xhaust
gases, T[3] e T[4], due to the lower output powdre brine temperature, T[7], drops from 13°C taG7°

Figure 8 shows the heating power supplied to th&sE8Rand the corresponding cooling power producedhby
chiller.
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Figure 8. Heating power recovered and cooling pgweduced for Mode 3

Approximately 90 minutes was demanded to reachofudiration in this mode. During the full operatitnom 90 up
to 170 min, the total supplied heating power wdsutated around 10.8 kW (see shadow area belgpsgdn Figure
6), producing an equivalent cooling power of ab&g8tkW. These results lead to a potential COP 36.0Efficiencies
of about 22% and 26% to the microturbine and thgeneration plant have been found, respectively.
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4.4. Mode 4 — Hot water, 10 kW and cooling storage system

In Mode 4, hot water is used to power the chillgénerator. The output power was set to 1Q.KMgsts with higher
output power were not possible to perform due tdtation problems in the hot water pump. In thisdepthe hot
water thermocouples (T[5] and T[6]) measure thetirlnd outlet temperatures in the HRSG. Figure @wvshthe
temperature profiles for the thermocouples T[3R]TT[5], T[6], T[7], T[8].
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Figure 9. Thermal behavior for Mode 4

Working with hot water, no automatic devices isdus® control the heat recovered rate. The temperattithe hot
water pipeline (T[5]) stabilizes at approximatel$01C. It should be noted that T[6] (return of hoater from the
chiller’s generator) is not much different from T.[$he minimum temperature obtained was -6°C aktin of the test.

Figure 10 shows the heating power recovered anddbkng power consumed. In addition, the heat Begpo the
generator can be calculated in light of the measafd|[5], T[6] and m[5], and is also shown in Hi@.
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Figure 10. Heating supplied to the HRSG and togéagerator and cooling power produced for Mode 3

In the steady state condition, the cooling powe&dpced and the heating power recovered was abkwt 4nd 11
kW, respectively. These values are lower than ésellts presented for Modes 1, 2 and 3 due to twerlonass flow
rate of the exhaust gases for the output poweDkW\L,. Efficiencies of about 13%, 16% and 92% for thenotiurbine,
the cogeneration plant and the HRSG have been ffourtis mode, respectively.

4.5. Results for measurements and performance parasters

Measurements of mass flow obtained in the testdlandelated specific heats are presented in Table
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Table 1. Mass flow rate and specific heat

Mode m; mz My Ms Mg mz Mg CPeg CPnw CPo
(kg/s) (kg/s) (kg/s) (kg/s) [kd/kg-K] | [kd/kg-K] | [kd/kg-K]
1 0.0023 0.242 - 0.67 1.03 - 3.80
2 0.0022 0.240 - 1.10 1.03 - 3.78
3 0.0019 0.197 - 1.09 1.02 - 3.78
4 0.0016 0.151 1.99 0.99 1.02 4.27 3.78

The electrical, heating and cooling

presented in Table.

power and theinmassessment parameters calculated for the syastem

Table 2. Output power and assessment parameters

Mode Wo (KW) | Qursc(KW) | Qcool(kW) COP () nur (%) Neoc (%0) Nhrsc (%0)
1 25 20.1 9.9 0.49 23 31 -
2 25 11.3 6.9 0.61 24 30 -
3 20 10.8 3.9 0.36 22 25 -
4 10 11.5 3.6 0.31 13 17 92

The presented results show that the microturbie#fisiency reduces with the output electric powes, expected
accordingly to Capstone System Manual, 2001. Alse,usable thermal power available is reduced,tdube lower
temperature (T[3]) and mass flow rate of the exhgases, as shown in Table 1 and 2.

The COP was greatest for Mode 2, however partehtrat contained in the exhaust gases is loseterthironment
due to the heat recovery control. The highest oggtiower produced was found in Mode 1, relatedhéohigh HRSG
pressure.

Mode 4 presented the smallest value for the effiyeof the microturbine and COP. In the steadyestaindition,
part of the heat recovered from exhaust gasesisriots way to the generator {Q< Qursg), probably due to losses in
the heat exchanger and the hot water pipeline,basreed in Figure 10. HRSG's efficiency was founfi20for a
electrical output power of 10kW. This parameternghithat COP could be improved.

In Mode 1, a great amount of heat is recoverechénabsence of any control devices. In the end eftekt, the
HRSG stabilizes at approximately 4 bar. At thanpaall the heat recovered from the exhaust gassspplied to the
generator, and no heat is stored in the HRSG. Htemparticular cogeneration plant, this should e gressure desired
in full operation to maximize the use of the micarbine thermal energy. Nevertheless, the exhaiustsgemperature
downstream of the heat exchanger (T[4]=190°C) shitnas considerable heat is still available for augation, and
another HRSG should be considered in addition ektkisting one.

The tests showed the decrease of the microturbieisiency with lower output power, as expectede&@er
electrical power provided higher heat recovery rate the HRSG and higher cooling power productlpn the
absorption chiller, as shown in Table 1. Small s@@generation plants should not be designed t& imgpartial load,
in order to attain enhanced efficiencies.

A workbench with electrical resistances is beingtatied inside the storage cooling system in otdeevaluate
cooling power production and COP for different eutbrine temperatures. Also, different HRSG pressuare being
tested systematically to evaluate quantitativelyP&Operformance. An analysis to evaluate the uateyt of the
results is in progress and will be reported inréhfer work.

5. CONCLUSIONS

Experimental results for a small scale cogeneragtlant were reported. Steam and hot water were ts@dwer
the generator of an -10°C absorption chiller. Theults obtained for the best test were 31% and #&3%he
cogeneration and microturbine efficiency, respetyivand 0.49 for the COP. The maximum output eleatpower
obtained was 25 kW and cooling power produced wasiel0 kW (2.8 RT). For cogeneration efficiencypmovement,
another HRSG should be considered in addition @ftkisting one, in order to recover the heat alvkdlan the exhaust
gases downstream of the heat exchanger, due tchighitemperature (T[4]=190°C).

The microturbine’s efficiency was observed to daseewhen working in partial load, as expected. Thaat
recovery rate and the cooling power produced weeatgr for full load operation. The tests perfornsbdwed that
CORP is greater for higher output electrical powsst IRSG pressures. Furthermore, improvements iHER8G could
lead to an increase in the COP, as efficiency o6BRvas found 0.92. Small scale cogeneration pkmsid not be
designed to work in partial load, in order to attanhanced efficiency for the microturbine and@@P for absorption
chillers.
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