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Abstract. The search for energy efficiency improvement g@mmon concern in many companies. Cogeneration is a
well known energy conservation technique. In Brdzibmass cogeneration plants are widely spreadthen other
hand, natural gas plants are not so common, spigcialthe industrial sector. In this work, a prelimary technical

and economic study is carried out for a cogenerapitant application in an automotive industry loedtin Sao Paulo.
Three 2435 kW generator sets based on reciprocatilegnal combustion engines are selected to gergrawer. The
heat associated to the engines exhaust gases eoeeared to generate steam. When compared to therdustatus

(no cogeneration), annual savings of about 2,3 MR$expected, resulting in an almost 3 years palybac

Keywords: Cogeneration, Natural gas, Automotive industntetnal combustion engine.

NOMENCLATURE
E Generated energy (MWh/year) e Electrical
F. Cogeneration factor (-) ec Economizer section
I Investment (MR$) ev Evaporator section
L  Moverload (-) f  Fuel
N  Number of operating movers (-) g Exhaust gases
Q Heat demand; heat transfer rate (kW) |  Saturated liquid
R Revenue (MR$/year) m  Prime mover
T Temperature (°C) n  Nominal
W Power output (kW) o Overall
X Weighting factor (-) p Pinch point
¢ Specific heat (kJ/kgK) s Saturated steam
h  Enthalpy (kJ/kg) st Stack
k Interest rate (%) t  Thermal
m Mass flow (kg/s) Acronyms
Greek letters DPB Discounted payback (years)
n Efficiency (-) IRR Internal rate of return (%)
p  Specific mass (kg/m3) LHV Lower heating value (kJ/m3)
Subscripts NPV Net present value (MR$)

¢ Condensate

1. INTRODUCTION

Cogeneration is a well known energy conservatichri&gue. Most of cogeneration plants applied inBhazilian
industrial sector uses biomass, due to the largeladility of this fuel in both sugar/ethanol andlp & paper
industries. Several studies of such applicatiorsnadely available in the literature, such as Easist al (2009, 2007),
Marshman et al (2010) and Cortés and Rivera (2abOpame a few. Natural gas cogeneration plantsherother
hand, are not so common in the Brazilian indusingluding the metal manufacturing sector. Howev&wme
discussions about incentive policies in order tangje these scenarios are presented by Szklo(2bah).

In general, metal manufacturing industries do nasent demand profiles suitable for cogeneratiomgestheir
power demand profile are quite different from thesat demand profile, in terms of both magnitude temporal trend.
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Nevertheless, the literature presents some workghie application (Ozalp and Hyman, 2006; Salalet 2008).
Studies of a cogeneration plant for and automatidestry in Brazil is presented by Coelho (2001J &ibeiro (2004).
In both works, it is considered the generation aif\water as utility. In the present paper, it isgmsed a cogeneration
plant for power and steam generation in an automotidustry located in Sao Paulo. The plant is eomel based on
the actual energy demand data from the factorypdtformance is computationally simulated considgtioth prime
mover data and energy demand data. A preliminasp@uwic analysis is performed in order to quantifg potential
energy cost reduction of this application.

2. ENERGY DEMAND DATA

The factory has a plant for utility distributionraposed of two natural gas boiler (one for backuy) ane electric
boiler, also for backup. Saturated steam is geeérat an absolute pressure of 1,1 MPa. The contderetarns to the
boiler at the same pressure, but at a temperafu®@ 8C. The steam flow is measured hourly by tbhédeb operator.
The power demand is measured automatically everynitiutes. The steam and power demand data composes
comprehensive and up-to-date database. This isuauafly favorable situation, since in most cases ttiermal
demands must be estimated due to the lack of eegbtdata (Orlando, 1996).

The factory data related to an one year periodr(f8ptember 2010 to August 2011) are collectedcandolidate
in Fig. 1. The demands shown in Fig. 1 refers ® mhedian of the values at each hour of each dayeSihe
thermodynamic states of the saturated steam anthireg condensate are known, the steam demandecaaltulated
through Eq. (1):
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hour
Figure 1. Power and steam demand

Q=m,(h—h,| (1)

It is clear from Fig. 1 that the power demand imgreater than the steam demand. Thus, the hadahsmategy
for plant operation is recommended. The plant sEigied to meet all the steam demand, so that thempgenerated
contributes to reduce the power demanded from tite i the power-match strategy were adopted,ehgould be a
significant exceeding heat that should be rejettigtie environment, compromising the overall effiay.

3. COGENERATION PLANT DESCRIPTION AND MODELING

The proposed cogeneration plant is shown in Figliee reciprocating engine-based generator seisk&gha
12V275GL+ are selected as prime movers. The nonpoaler output of each generator set is 2435 kW. Fiéwmt
associated to the engines exhaust gases are redawea heat recovering steam generator (HRSG).pld@ should
operate in heat-matching mode, i.e., the genesastisr are selected so that the heat from the exbasss is enough to
generate all the steam required from the procesk#ise factory. The current utility plant becomesrtpof the new
cogeneration plant for backup purposes.

The part-load performance of the prime mover igmaikto account based on the manufacturer datar&gression
from these data for 05L < 1,0 results in Egs (2-4), which relates the mdwad to the efficiency, exhaust gases mass
flow and exhaust temperature, respectively. Thestdimit of the load range is due to the minimuradoecommended
for a reciprocating engine-based generator sebvB#tis limit, the prime mover cannot keep the &recy stable and
its efficiency is very low (Matelli et al., 2011).
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Figure 2. Proposed cogeneration plant.
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In order to characterize the heat-match mode, #ad¢ tecovered froml prime movers operating at a loadnust
be equal to the steam demand at any time, accoEtings). The exhaust gases specific heat is cereidconstant and
equal to 1,15 kJ/kgK.

Q=N{myc, (T, —T)¢ 5)

At 7:00, the steam demand is maximum (Fig. 1),hsd three engines in full load operation are rexlito meet
such a demand. At other instants, both engine loadd the number of operating engiégan vary. The load and
number of movers are calculated so that a pinchtdi20 °C is kept in any time. Pinch point isgivin Eq. (6). The
exhaust gases temperature at the pinch point ¢sileééd through Eq. (7), which also gives the heatsferred in the
HRSG evaporator section. The heat transferredeiHfRSG economizer section is given in Eq. (8).

AT =T o= T ®)
Qev:N{ mgcp,g(Tg_Tgyp):mS(hS_ hl)z’ )
Qu=N{ My, [T, =T =M h—hJ¢ ®8)

The power generated is calculated through Eq.i§%his equation, the nominal power output of egeherator set
is equal to 2345 kW. The fuel consumed by the plantalculated according Eq. (10). According Sédal®aas
company, the fuel presents a lower heating valusletp 39348 kJ/m3 and a specific mass equal t6 Rg/m3. The
overall plant efficiency is given in Eq. (11).

W=W,_A NL 9
m =W p /[yLHV | (10)
No=p [ W+Q, )/ LHV| (11)

The set of equations previously presented comptheesogeneration plant model. The model is comjuutally
implemented through the EES, a software basedehl#wton-Raphson algorithm that also presents agallibrary
of thermodynamic data for several substances. Tdaelris solved for every hour of the day in ordedétermine the
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number of operating engines and their respectigddalong the day. Other important parameters alkmlated are
the consumed fuel, the generated power, the owdfadiency and the exhaust gases temperatureeatétk.

4. ECONOMIC MODEL

The economic model aims to quantify the profitapibf the cogeneration plant investment when coeghdo the
current energy costs of the automotive industrys Bxpected the investment generates an annuahuevequal to the
current expenses minus the cogeneration expersebpan in Tab. 1.

Table 1. Current and cogeneration expenses.

Expenses Current status Cogenaration
(MR$/yr) (MR$/yr)
Natural gas 2,979 8,785
Power 32,696 24,479
Generator set maintenance - 0,169
Total 35,675 33,433

The unitary costs used to calculate the expenssepted in Tab. 1 are presented as follows. Clyreéhé average
power cost is 171,43 R$/MWh. The average power tab®t into account peak and off-peak periods. Tie¢ ionthly
bill is composed of a fixed value of about 43 kR#ésp0,94 R$ for each consumed cubic meter. Whesidering
cogeneration, the gas company can offer a spedie pf 0,77 R$/m3 (see section 5.1). The generptasler also
represents an avoided power expense, but the geneed maintenance cost must be taken into accotetgenerator
set manufacturer informs a maintenance value df USD/MWh. Since the current utility plant should kept for
backup purposes, it is considered that the maintnacost regarding the steam generators does raigeh
significantly. From Tab. 1, a revenue of about RB$/yr can be expected.

The total investment is about 5,7 MR$, estimatednfthe following figures:

- Generator set Waukesha 12V275GL+: 1,4 MR$ each;

- Heat recovery steam generator: 0,26 MR$;

- Building and mechanical/electrical assembly: 22%heftotal invested

In general, the investment profitability is assdsgough three interrelated parameters: discoupssdback, Eqg.
(12); net present value, Eqg. (13); and interna ddtreturn, Eq. (14).

opg=_N(1-KkI/R (12)
In(1+k |
Npyor Ltk ['-1 (13)
k(1+k|"
R(1+|RR) -1_ ”
k(1+IRR)"
5. RESULTS

The simulation results are presented in Tab. 2. gtaet fuel consumption is around 18100 m3/day;gbeerated
electric energy is around 132 MWh/day; and the geted thermal energy in the form of saturated stsaamound 78
MWh/day. Since the power output, the exhaust géleasand the exhaust gases temperature dependeoantjine
load, the overall efficiency also depends on tteelJdhence varying along the day. The maximum olveffitiency is
0,6291 at 07:00; the minimum is 0,5936 at 11:0G @herage daily efficiency is 0,6132. The loadaft the overall,
power and thermal efficiencies is shown in Fig. 3.
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Varying the number of operating engines provedealproper strategy for efficiency maximization.1&00, for
instance, two engines with a load equal to 0,94&&tmthe demands and the overall efficiency is&I6¥ three
engines were operating at this time, their loadld/dne 0,6546 and the overall efficiency would be7@9.

The Brazilian natural gas companies can offer thed With a special price for cogeneration if thantlmeets the
criteria defined in the proper legislation (Brag&06). The Brazilian Electricity Regulatory Agen@neel) stipulates
that a plant can be legally qualified as a cogdiwerglant if Eqs (15-16) are satisfied.

E,>0,1fE, (15)
1 E
E_ Ee+7t = FC (16)

f

E, E andE.are readily calculated from Tab. 2; andX depends on the plant nominal power and the fued asd
they are taken from Tab. 3. For the case presenttts work,E = 125513 MWh/yrE = 28487 MWh/yr E.= 48399
MWh/yr, F. = 1,86 andX = 0,51. With such values, Egs. (15-16) are botisfead.

Table 2. Simulation results

Hour Mg QS N L mg Ty Tt W m; 7o
(kgls) (kW) -) ) (kgls)  (°C) °C) (kW) (kgls) (-
1 1,139 2737 2 0,9435 4,964 403,3 163,9 4602 0,2256 0,6284
2 1,111 2671 2 0,9205 4,935 399,3 164,7 4495 0,2211 0,6259
3 1,083 2604 2 0,8975 4,903 3954 165,5 4390 0,2168 0,6231
4 1,111 2671 2 0,9205 4,935 399,3 164,7 4495 0,2211 0,6259
5 1,111 2671 2 0,9205 4,935 399,3 164,7 4495 0,2211 0,6259
6 1,333 3205 3 0,7364 4,613 367,7 171,1 5511 0,2821 0,5967
7 1,722 4139 3 0,9512 4,973 404,6 163,6 6957 0,3407 0,6291
8 1,583 3806 3 0,8745 4,870 3914 166,3 6428 0,3187 0,6201
9 1,556 3739 3 0,8592 4,846 388,8 166,8 6324 0,3145 0,6180
10 1,444 3472 3 0,7978 4,738 378,2 169,0 5915 0,2981 0,6082
11 1,306 3138 3 0,7211 4,579 365,0 171,6 5410 0,2781 0,5936
12 1,139 2737 2 0,9435 4,964 403,3 163,9 4602 0,2256 0,6284
13 1,417 3405 3 0,7824 4,708 375,6 169,5 5813 0,2940 0,6055
14 1,583 3806 3 0,8745 4,870 3914 166,3 6428 0,3187 0,6201
15 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
16 1,583 3806 3 0,8745 4,870 3914 166,3 6428 0,3187 0,6201
17 1,417 3405 3 0,7824 4,708 375,6 169,5 5813 0,2940 0,6055
18 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
19 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
20 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
21 1,167 2804 2 0,9666 4,990 407,3 163,1 4710 0,2302 0,6306
22 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
23 1,389 3338 3 0,7671 4,678 372,9 170,0 5712 0,2900 0,6027
24 1,333 3205 3 0,7364 4,613 367,7 171,1 5511 0,2821 0,5967

Table 3.F; andX factors (Brasil, 2006)

Nominal power Natural gas, coal and petroleum prtluc Other fuels
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(MW) X Fe X Fe
W,>5 2,00 0,47 2,50 0,32
5<W, <20 1,86 0,51 2,14 0,37
W, >20 1,74 0,54 1,88 0,42
0.7
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Figure 3. Load engines effect on the cogeneratiant gfficiency.

The investment period is 25 years, which is theeetgd life of the generators set. The referenazést rate k is
taken as the minimum profitability rate (MPR) oéthutomotive industry, which accepts any investntiesit presents
MPR > 8%. For these parameters, the results frapthliminary economic analysis are DPB = 2,9 yedRV = 44
MR$ and IRR = 35%.

Currently, the Central Bank of Brazil's MonetaryliByp Committee (COPOM) is signaling a reduction tire
benchmark interest rate. A sensitive analysis shgwhe effects of the interest rate rates on tle@wmic analysis
results is shown in Tab. 4. The lower the interat, the lower the DPB and the higher the NPVthenother hand, the
IRR is favored in a scenario with higher rates.

Table 4. Effect of the interest rate on the ecowaanialysis.

k DPB NPV IRR

(%) (years) (MR$) (%)

5 2,71 46,7 345
6 2,76 45,8 34,7
7 2,81 44,9 34,9
8 2,87 44,0 35,2
9 2,93 43,2 35,4
10 2,99 42,3 35,7

5. CONCLUSION

In this work, a preliminary technical and econorstiedy was carried out for a cogeneration plantiegfibn in an
automotive industry located in S&o Paulo. Three52d48/ generator sets based on reciprocating intexoalbustion
engines are selected to generate power. The hsatiated to the engines exhaust gases are recoteigeherate
steam. The number of operating engines are caézllat order to maximize the overall efficiency. Thmposed
cogeneration plant proved to be technically feasilheeting the criteria established by the BraziliEectricity
Regulatory Agency (Aneel). Regarding the prelimyneconomic aspect, annual savings of about 2,3 ktie®xpected
when compared to the current status (no cogenajatiesulting in an discounted payback of almostopak. At the
end of the investment, a net present value of 44 MR a internal rate of return equal to 35%.
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