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ABSTRACT

Since the oil crisis in the seventies the importance of the energy in the industry and in the tertiary services has been growing. Factors like globalization of the markets, the internal birth of similar industries, the need to cut costs to be competitive, the national energy planning for industry sectors and the environment protection, produces a continuum effort by the industry to centre investigation resources in the optimization of the energy production and utilization. One of technology used to achieve these goals is the combined heat and power – CHP. This work describes the energy and exergy analysis performed in a 4 MW cogeneration plant of a cane sugar refinery. Improvements in the overall plant efficiency were achieved.
Keywords: CHP, exergetic analysis, sustainability.
INTRODUCTION

The cogeneration technique is nowadays widespread in terms of energy analyses (Afonso, 2014, 2016). The application of this technology takes in account only the energetic analysis of the plant, always useful, and it is the first approach. However, the energetic analysis by itself doesn’t enable to look for the irreversibility’s that occurs in the several components of the CHP. This is an important issue as it enables to look for the components of the plant where there is a possibility for improvements. A powerful tool in the pursuit of sustainability energy technologies is the exergetic (or 2nd law) analysis of operating systems. This kind of analysis is a practical utilization of classical thermodynamics, opening horizons to the determination and distribution of cost through sub-systems, identifying the critical irreversibility’s localization and suggesting possible ways of improvement (Kotas, 1995, Afonso, 2012).
The system under consideration is a plant composed by the firsts two natural gas reciprocating engines installed and operating in Portugal, each one with a power of 2 MW. Each engine has a recovery system transferring heat from the cooling water, lubricating oil and intercooler circuits, to a heat exchangers network disseminated along the plant.  Common to both engines, there is a recovery boiler that uses the exhaust gas line, producing low-pressure steam that is consumed in the process. With this tool, improvements in the overall plant efficiency were achieved.
THE CHP SYSTEM AND THEORETICAL ANALYSYS
The layout of the power plant is shown in Fig.1.

[image: image34.wmf]Irreversibilities Engine 1

Heat recovery 

system

7%

Intercooler

32%

Cooling water Heat 

Exchanger

5%

Oil cooler

2%

Air cooler

 2nd stage

40%

Air cooler

 1st stage 

10%


Fig. 1 – Layout of the cogeneration power plant.
Each system was analyzed making in this way possible to compare the effectiveness of each sub-system and engine, identifying the critical points for irreversibility’s. A special attention is given to the recovery systems since it is a direct way to reduce losses without major changes in the engine's conception.
The energy balance was done by means of mass balances and the calculations of individual energy loads of the different streams. In order to calculate the exergy associated with each different type of input and output it’s necessary to apply different formulations. 
The exergy associated with heat transfer is:
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(1)                
The exergy associated with work transmission is by definition equal to its value.
Exergy associated with pressure and temperature is:
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(2)
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Exergy associated with chemical reactions:
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The irreversibility’s can be calculated by means of an exergy balance or using directly the Gouy-Stodola (Kotas, 1995) equation:
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After evaluation of each individual irreversibility’s, it is necessary to calculate the efficiency of the overall installation. Three types of formulations can achieve that purpose (Kornelissen, 1995):
Classical formulation:                                                                                                              (6)
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Rational formulation:                                                                                                               (7)
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The Transiting energy formulation:                                                                                             (8)
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which can be written as:

(9)

where in equations 8 and 9 Etr is the transiting exergy, and is calculated by equation 10:
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METODOLOGY AND RESULTS
This study was divided in two parts, first it was performed an analysis of the project conditions, and then measurements were carried out in order to determinate the actual performance. The analysis was performed in both engines, the boiler and the heat recovery system.
In design conditions, the engines achieved an electrical efficiency of 40 %, while the boiler was responsible for the production of steam corresponding to 20 % of the total energy, the heat exchangers network corresponding to 23 % and the losses were 17%.
The system consists in a circulating pump, the intercooler and an air cooler system that cools down the water from 45.4ºC to 40 ºC. The hot water flows from the intercooler into the air coolers and then after been cooled goes into the intercooler again. The heat it´s transferred from the engine to the atmosphere without recovery.
In this work it has been proposed the installation of one heat exchanger in each engine increasing the temperature of the boiler’s feed water. The investment is 11.000 € and the time to install and working at full operation is of 2 months. The annual recovery will be of 3.66 GJ which is the thermal equivalent to 100.000 kg of thick fuel oil used to heat this water. The annual economy will be of about 13.000 € and the payback period will be less than one year, which is very satisfactory.
The second part consists in the measurement of operating parameters and the execution of the energy and exergy balance. The system was divided into three main areas: the recovery boiler, the heat recovery system and the engine itself. The calculation of the efficiencies was done with the First Law of Thermodynamics (Çengel, 1998, 2001), and with the ones presented by equations 6-8. The efficiencies of the plant, boiler and the heat recovery system are represented in Figs. 2, 3 and 4 respectively for three different loads (100%, 80% and 50%). 
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Fig.  2 - Plant efficiency.

Fig. 3 - Boiler efficiency
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Fig. 3 – Heat recovery system

For all kinds of formulations, and from the above figures it´s concluded that the higher is the working charges the better will be the efficiency of every system, being that the value of the system's efficiency depends on the type of formulation used. If the classical equation is used, the obtained value of the efficiency would lead to somehow not exact conclusions, due to the fact that not all of the inlet flows of exergy are used and it does not take into account the objective of the system. But it has a purpose, for it can be a tool for comparison between installations that only have been taking into consideration this type of definition. The efficiency values obtained by the rational and transiting exergy are better approximations to the process reality due to fact that this type of equations takes into account the exergy necessary for the objective. or the effectively decrease.
The rational form can only be compared to the classic way since it is a different combination of the same elements, but that clearly marks the objective of the process. This is the better way to know exactly which exergy currents were necessary to achieve the desired exergy flow.

The transition form is the way to calculate the plant efficiency that implies, however, more calculations. It characterizes the exergy exchange in the process, not all of it, but only the changes operated in the plant (the real changes), and not the exergy necessary for the transformations. It can be somehow compared to the heat released by steam in a water/steam heat exchanger: the heat that flows from the steam to the water is the heat of vaporization, not the total heat of the steam, only the difference between the vapor and the liquid state. The liquid heat is necessary to the operation but it goes through the system without participation in the process, and that way is not considered.
The results of the exergy balance allow the distribution of exergy through the different parts of the system as shown in Fig. 4.
Fig. 4 - Engine exergy distribution.
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This is the distribution of the participant’s exergy flows. The value of the irreversibility’s is very representative outnumbering the electric production and will be the next part of the study. The irreversibility’s of the turbochargers will be a part of the "Others" in the Fig. 5, as well as the irreversibility’s associated with the combustion equation.
The analysis of figure 5 clearly states that the distribution achieved plays a vital role in the optimization of the system. The highest values were obtained by the cooling system, and boiler and some irreversibility’s were found in the heat recovery system and alternator.  As the cooling system represent a major place in the irreversibility’s, it was studied for each engine. Fig. 6 shows the irreversibility’s of engine 1. For engine 2 the results are almost the same. In spite of the operating conditions of the motors being slightly different, about 1% in some systems, the low temperature air coolers are responsible for about half of the irreversibility’s of this system.
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Fig.5 - Irreversibility distribution.
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Fig.6 – Irreversibility’s in engine 1.

After having spotted the irreversibility’s, the next phase is the optimization of the engine. This was made in 3 stages: plant re-testing in different operating conditions, project of control changes, and the project of modifications that imply the installation of additional equipment.
At first, some tests were made and controllers were set to more favorable conditions, namely the main controller for the heat recovery circuit that caused an increase in heat recovery from about 800 kWh to 950 kWh. The heat recovery is set by a controller that varies the frequency of the circulating pumps. The value set by installing the controller was a minimal set point that causes the operation of the air cooler and heat circuit to operate partially. The change was to transfer more heat to the recovery system and less to the air cooler, by stopping some fans and heating less water in the CHP.
Another change proposed is the change in the operating conditions of the high temperature circuit of the intercooler that would minimize the work of the engine’s air coolers. The only function of this equipment must be minimized - transferring heat to the atmosphere. The less it is spread, the better efficiency the system will have. The measured conditions stated that the water was cooled bellow the necessary engine’s temperature, because of the transducer misplace. In that way some more hot water was being taken apart from the recovery system in order to compensate this sub-cooling.
Another change proposed is the automatic control of the heat recovery system. In this way the efficiency would be greater since the negative exergy flows would be absent from normal work. If the valves before the heat exchangers were automatic, and the temperature in each side of the unit measured, by means of a PLC, it would be possible to automatically switch the flow from the less interesting units, to the ones that maximize the exergy flow. The study of the interaction of this system with the CHP has revealed that in some cases there are some of the units that must be shut-off in order to maximize the operation. For example, there was a unit that sometimes instead of cooling the engine’s water, in reality it was heating it, as the secondary water flow was hotter that the engine’s system. In this way, it should be chosen more efficient units that send automatically the hot flow in. The calculations done during the test period revealed that there would be an increase of about 3,8 % in the recovery system efficiency and the investment will be about 10.000 Euro. 
During the study there were found some more points of improvement like the efficient lighting, thermal protection of the plant, and the total increase in the efficiency would be of 5,86 % if all of the measures would be executed.

CONCLUSIONS
As major conclusions of this 12 months’ work, besides the important thermodynamic characterization of the plant, with the determination of global and local irreversibility’s, there were achieved an improvement in the overall efficiency.

This is one of the first studies of this kind performed in the Portuguese industry and reveals to be of significant importance as it is an example to follow by other initiatives and also it understates that the co-operation between the university and the industry can produce positive practical results. Some other similar project will occur in the near future in the same CHP.
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Tabelas

		

				Conparação de Rendimentos

				Load (%)		100		80		50

				First Law		66.3		62.1		55.4

				Classical		55.4		50.9		28.5

				Racional		47.7		45.8		23.6

				Transition		52.6		46.6		24.0

				Caldeira

				Load (%)		100		80		50

				First Law		64.4		62.6		60.7

				Classical		63.9		60.8		51.8

				Racional		54.6		51.5		44.3

				Transition		54.4		51.3		44.1

				Consumo específico

				Carga (%)		100		80		50

				(N) m3 / kWh		0.249743		0.257145		0.3069

				Carga (%)		100		80		50

				T vapor		133.1		130.6		127.4

				P vapor		2.01		1.79		1.37

				T gases à entrada		189.6		181		161.3

				T gases à saída		449		450		490

				H vapor		2736		2720		2720

				Carga (%)		100		80		50

				Recuperação de calor (kWh)		858		660		428

				Produção de vapor (Kg/h)		2234		1783		1322

				Carga (%)		100		80		50

				T gases à entrada		189.6		181		161.3

				T gases à saída		449		450		490
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geral alteração 2

		Sistemas de refrigeração

		Alternador

		Caldeira

		Recuperação de calor

		outros



Distribuição das irreversibilidades

6.7856860905

4.9472338111

9.4197109325

1.2428134677

77.6045556982



Gráfico3

		oleo

		agua

		Mistura 1

		Processo

		Ventiladores

		Mistura 2



Distribuição das irreversibilidades no motor 1

1.4146794056

5.4953010326

32.9379168322

6.5336185148

11.4379299692

42.1805542457



Folha1

						100		80		50

						1		1		1

				oleo		21,430		6,334		4,672

				agua		55,885		52,432		45,310

				mist		394,199		287,187		153,439

				proc		81,349		118,972		93,013

				ventil		151,114		99,147		62,125

				mist 2		500,548		125,688		60,763

						2		2		2

				oleo		11,938		5,159		4,672

				agua		73,734		63,482		45,310

				mist		382,719		290,119		153,439

				proc		72,761		125,857		93,013

				ventil		118,676		104,719		62,125

				mist 2		494,379		93,376		60,763

						517,865

				oleo		33,369		11,492		9,343		1.4		0.8		1.1

				agua		129,620		115,914		90,620		5.5		8.4		10.8

		939,906		Mistura 1		776,918		577,307		306,879		32.9		42.1		36.6

				Processo		154,111		244,829		186,026		6.5		17.8		22.2

				Ventiladores		269,790		203,866		124,249		11.4		14.9		14.8

				Mistura 2		994,927		219,064		121,527		42.2		16.0		14.5

				total		2,358,734		1,372,472		838,644		100.0		100.0		100.0

				Caldeira		1518689.52266019		1360049.90417739		1345632.60009841

				TABELA		17,427,231		14,965,564		26,481,471

				DIF		13,549,807		12,233,043		24,297,194

				Sist. Calor		200372		10717		8457

				Caldeira		1518689.52266019		1360049.90417739		1345632.60009841

				Sist. Refrigeração		2,358,734		1,372,472		838,644

				Alternador		797,616		638,093		398,808

				outros		12,551,819





Folha2

		

		100		irreversibilidades totais						17,427,231

		5.9083854802		Sistema de refrigeração Motor 1						1,029,668

		7.5000611527		Sistema de refrigeração Motor 2						1,307,053

		8.7144624525		Caldeira						1518689.52266019

		1.1497647197		Circuito de distribuição no processo						200372

		4.5768371875		Alternador						797,616

		72.1504890074		Outros						12,573,833

												196147.701239988

										17,427,231		-133.4392560042

										100		4357.8943919996





refrigeração

		P. óleo

		P. refrigeração

		P. Mistura

		P. processo

		ventilad alta

		ventilad baixa



Irreversibilidades do sistema de Refrigeração

Ventiladores alta
10%

Ventiladores baixa
40%

33368.5310840278

129619.560872294

776918.005129206

154110.713456964

269790.399305627

1034976.63945149



alteração 2

		P. óleo

		P. refrigeração

		P. Mistura

		P. processo



Irreversibilidades do sistema de Refrigeração
Alteração 2

33368.5310840278

129619.560872294

776918.005129206

154110.713456964



recup

		Caldeira

		Tanque

		Serviços

		Filtros



Irreversibilidades do sistema de recuperação de calor

128336.630400005

-4833.5519999978

483.3000000002

0



irr permut

		196147.701239988

		-133.4392560042

		4357.8943919996



Irreversibilidades do sistema de recuperação de calor



Folha4

				100		1		2		total sistema<								Refrigeração								1		2

				oleo		21,430		11,938		33368.5310840278										P. óleo		33368.5310840278		P. óleo		21,430		11,938

				refrigeração		55,885		73,734		129619.560872294										P. refrigeração		129619.560872294		P. refrigeração		55,885		73,734

				mistura 1		394,199		382,719		776918.005129206										P. Mistura		776918.005129206		P. Mistura		394,199		382,719

				total refrigeração		471515.134963021		468393.962122507		939909.097085527										P. processo		154110.713456964		P. processo		81,349		72,761

				processo		81,349		72,761		154110.713456964										ventilad alta		0		ventilad alta		0		0

				ventilad alta						0										ventilad baixa		0		ventilad baixa		0		0

				ventilad baixa						0								Recuperação de calor

				total motor		552864.459691672		541155.350850819		1094019.81054249				Sistemas de refrigeração		6.8				Caldeira		128337		196147.701239988

								Alternador		797,616				Alternador		4.9				Tanque		-4834		-133.4392560042

								Caldeira		1518689.52266019				Caldeira		9.4				Serviços		483		4357.8943919996

								Recuperação calor		200372				Recuperação de calor		1.2				Filtros		0

								OUTROS		12,511,767				outros		77.6

								TOTAL		16,122,464						100.0





Folha3

				100		1		2		total sistema<								Refrigeração								1		2

				oleo		21,430		11,938		33368.5310840278										P. óleo		33368.5310840278		P. óleo		21,430		11,938

				refrigeração		55,885		73,734		129619.560872294										P. refrigeração		129619.560872294		P. refrigeração		55,885		73,734

				mistura 1		394,199		382,719		776918.005129206										P. Mistura		776918.005129206		P. Mistura		394,199		382,719

				total refrigeração		471515.134963021		468393.962122507		939909.097085527										P. processo		154110.713456964		P. processo		81,349		72,761

				processo		81,349		72,761		154110.713456964										ventilad alta		269790.399305627		ventilad alta		151,114		118,676

				ventilad alta		151,114		118,676		269790.399305627										ventilad baixa		1034976.63945149		ventilad baixa		520,573		514,403

				ventilad baixa		520,573		514,403		1034976.63945149								Recuperação de calor

				total motor		1224551.66465102		1174235.18464858		2398786.8492996				Sistemas de refrigeração		13.8				Caldeira		128337		196147.701239988

								Alternador		797,616				Alternador		4.6				Tanque		-4834		-133.4392560042

								Caldeira		1518689.52266019				Caldeira		8.7				Serviços		483		4357.8943919996

								Recuperação calor		200372				Recuperação de calor		1.1				Filtros		0

								OUTROS		12,511,767				outros		71.8

								TOTAL		17,427,231						100.0





refrigeração (2)

		P. óleo

		P. refrigeração

		P. Mistura

		P. processo

		ventilad alta

		ventilad baixa



Irreversibilidades  Refrigerção Motor 2

Ventiladores alta
10%

Ventiladores baixa
40%

11938.3030172471

73734.4724508548

382719.186654405

72761.3887283121

118676.353932545

514403.47986522



refrigeração (3)

		P. óleo

		P. refrigeração

		P. Mistura

		P. processo

		ventilad alta

		ventilad baixa



Irreversibilities Engine 1

Heat recovery system
7%

Intercooler
32%

Cooling water Heat Exchanger
5%

Oil cooler
2%

Air cooler
 2nd stage
40%

Air cooler
 1st stage 
10%

21430.2280667807

55885.0884214392

394198.818474801

81349.3247286514

151114.045373082

520573.159586265



refrigeração (4)

		P. óleo

		P. refrigeração

		P. Mistura

		P. processo

		ventilad alta

		ventilad baixa



Irreversibilities Engine 2

Heat recovery system
7%

Intercooler
32%

Cooling water Heat Exchanger
5%

Lubricant  heat exchager
2%

Aerorefrigerators, 2nd stage
40%

1st stage Aerorefrigerators
10%

11938.3030172471

73734.4724508548

382719.186654405

72761.3887283121

118676.353932545

514403.47986522




_1018959035.xls
rendi permut

		100		100

		80		80

		50		50



1st Law

2nd Law

Load  ( % )

Efficiency

Efficiency of the heat recovery system

89.4099763105

25.5130485005

85.8683506407

7.9036561589

85.5842044769

2.30325037



Folha1

		

								100				80				50

								energia		exergia		energia		exergia		energia		exergia

				in		1		1846813		238827		1345401		193643		932434		58941

						2		1836630		247146		1310475		200388		975858		49021

						TOTAL		3683443		485972		2655876		394032		1908292		107962

				out		caldeira		3291586		128337		2295948		39600		1732487		13204

						tanque		-30479		-4834		-42175		-8654		-119953		-10890

						serviços		32258		483		26784		197		20663		172

						filtro		0		0		0		0		0		0

						TOTAL		3293366		123986		2280557		31143		1633196		2487

				Rendimento				89.4		25.5		85.9		7.9		85.6		2.3

				comparação				100		80		50

						En		89.4		85.9		85.6

						Ex		25.5		7.9		2.3





Folha2

		

				ALTERAÇÃO

				SISTEMA DE CONTROLO

						energia		exergia

				entrada		3683443		485972

				CALDEIRA		3199521		141871

				SERVIÇOS		32258		358

				saidas		3231779		142229

				rendimento		0.8773799558		0.2926688328





Folha3
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Chart1fdf

		Alternator

		Boiler

		Heat recovery sstem

		Others

		Cooling circuit



Irreversibilities Distribution

5

9

1

71
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G-comparação rendimentos

		First Law		First Law		First Law

		Classical		Classical		Classical

		Rational		Rational		Rational

		Transition		Transition		Transition



100%

80%

50%

Efficiency

Efficiency (%)

Plant efficiency

66.3

62.1

55.4

55.4

50.9

28.5

47.7

45.8

23.6

52.6

46.6

24



G-Rendimento da Caldeira

		First Law		First Law		First Law

		Classical		Classical		Classical

		Rational		Rational		Rational

		Transition		Transition		Transition



100%

80%

50%

Defenition type

Eficiency (%)

Boiler´s efficiency

64.4

62.6

60.7

63.9

60.8

51.8

54.6

51.5

44.3

54.4

51.3

44.1



G-Consumo específico

		100

		80

		50



(N) m3 / kWh

Carga (%)

Consumo específico (N) m^3 / kWh

Comparação do consumo específico da central

0.249743

0.257145

0.3069



G-vapor

		100		100

		80		80

		50		50



T vapor

P vapor

Carga (%)

Pressão do vapor

Temperatura do vapor

Variação das características do vapor

133.1

2.01

130.6

1.79

127.4

1.37



temp gases

		100		100

		80		80

		50		50



T gases à entrada

T gases à saída

Carga ( % )

Temperatura ( ºC )

Variação das caracteísticas do vapor

189.6

449

181

450

161.3

490



G-Produção T. Central

		100		100

		80		80

		50		50



Recuperação de calor (kWh)

Produção de vapor (Kg/h)

Carga (%)

Energia (kWh)

Produção térmica da central

858

2234

660

1783

428

1322



Tabelas

		

				Conparação de Rendimentos

				Load (%)		100		80		50

				First Law		66.3		62.1		55.4

				Classical		55.4		50.9		28.5

				Rational		47.7		45.8		23.6

				Transition		52.6		46.6		24.0

				Caldeira

				Load (%)		100		80		50

				First Law		64.4		62.6		60.7

				Classical		63.9		60.8		51.8

				Rational		54.6		51.5		44.3

				Transition		54.4		51.3		44.1

				Consumo específico

				Carga (%)		100		80		50

				(N) m3 / kWh		0.249743		0.257145		0.3069

				Carga (%)		100		80		50

				T vapor		133.1		130.6		127.4

				P vapor		2.01		1.79		1.37

				T gases à entrada		189.6		181		161.3

				T gases à saída		449		450		490

				H vapor		2736		2720		2720

				Carga (%)		100		80		50

				Recuperação de calor (kWh)		858		660		428

				Produção de vapor (Kg/h)		2234		1783		1322

				Carga (%)		100		80		50

				T gases à entrada		189.6		181		161.3

				T gases à saída		449		450		490






_1017067281.unknown

_1009176219.unknown

_1017067180.unknown

_1009464713.unknown

_1009175064.unknown

_1009115450.unknown

_1009115523.unknown

_1009112946.unknown

