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Abstract 

The methodology used for calculating the physical exergy and the chemical exergy of 

mixtures of crude oils and their fractions is presented in this paper, using computer 

programs coupled with the AspenPlus simulation code.  First, the procedure for the de-

tailed characterization of a crude oil mixture is described, based on the results of ex-

perimental assays.  After that, the steps required to determine the reference conditions 

needed for the calculation of the physical exergy are presented, and the sequence by 

which these values are retrieved from a simulation run is explained, in order to be used 

in a fortran computer program.  Finally, from the mixture characterization, the proce-

dure for determining the chemical exergy of each component (identified components 

and pseudo-components) of the mixture is presented, in order to add it to the physical 

exergy to obtain the total exergy of the mixture stream.  The methodology is illustrated 

with a mixture of Mexican Maya and Isthmus crude oils, and its application to the 

analysis of a crude oil combined distillation unit is presented in this paper. 
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1.  Introduction 

 Depending on their amount of light compo-

nents, sulfur and metals, crude oils are consid-

ered as heavy crude oils or light crude oils (see 

TABLE I).  The crude oil called “Maya” is a 

very heavy crude oil (with a sulfur content of 

3.69 weight (wt) %) and the crude oil called 

“Isthmus” is a light crude oil (with a sulfur con-

tent of 1.43 wt%). Maya (heavy) crude oil is 

more difficult to refine than  Isthmus (light) 

crude oil; unfortunately Mexican oil reserves are 

much more important  in Maya crude oil. Be-

cause of this the crude oil refining industry in 

Mexico as well as in other countries is increasing 

the amount of heavy crude oil in the feed. 

 In the conventional refining schemes exist-

ing several years ago in Mexico the crude oil 

processed was a mixture of 68.7 wt% (70 vol%) 

of Isthmus crude oil and 31.3 wt% (30 vol%) of 

Maya crude oil. These schemes are being modi-

fied in order to process a mixture of 48.5/51.5 

wt% (50/50 vol%) of Isthmus and Maya crude 

oils in the refineries in Mexico and a refinery in 

Texas has been modified to process a mixture 

with more than 81.3 wt% (80 vol%) of Maya 

crude oil. 

TABLE I.  Typical Crude Oil Properties. 

Property Isthmus Maya 

Average Molecular Weight 207.60  295.48  

Sulfur Content (wt%) 1.43  3.69  

Net Heating Value (kJ/kg) 42611  41671  

Reid Vapor Pressure (bar) 0.51  0.42  

Watson Characterization 
Factor 

11.26  11.20  

Carbon Content (wt%) 0.00  5.51  

Reid Vap. Pres-ASTM (bar) 0.38  0.16  

Mercaptan Content (wt%) 0.00  0.27  

Nickel Content (wt%) 0.00  0.01  

Vanadium Content (wt%) 0.01  0.06  

API Degrees Standard 33.82  23.05  
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The thermodynamic value of the different 

crude oils and of the products obtained from 

them, has thus become crucial in the revamping 

process of the refineries, and it is necessary to 

have a measure to rigorously quantify this qual-

ity. 

Exergy is a thermodynamic property that is 

a measure of the quality of energy contained in a 

substance and of its departure in temperature, 

pressure and composition from the environment 

conditions. Consequently it allows consideration 

in an integral way energetic, economic and eco-

logical  aspects in analyzing industrial processes 

(Rivero 1993). 

2. Crude Oil Mixture Characterization 

 Crude oils are mixtures of many chemically 

identified components (hydrocarbons) and many 

other components called pseudo-components for 

which the chemical identity is difficult and some-

times impractical to determine. Instead of the 

chemical composition of pseudo-components a 

series of bulk properties are determined, from 

which the thermodynamic properties can be esti-

mated. 

For the characterization of crude oils, there 

are several sources of information, the best of 

which are the experimental assays. In this proce-

dure the crude oil is separated by heating, identi-

fying the light components which are sequen-

tially produced at different temperatures (IMP 

1997).  

The information obtained from an experi-

mental assay can be introduced into the data 

banks of computer simulation programs like As-

penPlus
*
 (AspenTech 1996 a). The data banks of 

AspenPlus contain the distillation curves and the 

API gravity of several crude oils including the 

Maya and Isthmus crude oils, as well as the fol-

lowing properties for them: aniline point, flash 

point, freezing point, mercaptans content, naph-

thenes content, nickel content, paraffins content, 

vapor pressure, sulfur content and vanadium 

content. 

The information contained in the data banks 

is very valuable though limited but it can be 

completed with real experimental data. When the 

experimental assays are available, all light com-

ponents experimentally determined  can be con-

sidered, as well as hydrogen sulfide and water. 

These constitute the “identified components” of 

the crude oil mixture. 

                                                
* AspenPlus is a trademark from Aspen Technology Inc. 

There are several characterization methods 

available in AspenPlus, one of which is called 

REL 9, which generates the “pseudo-

components” based on the API method with 

some modifications introduced by Aspen. 

The following bulk properties experimen-

tally determined can be introduced to AspenPlus 

for conducting the characterization: API degree, 

molecular weight, sulfur content, pour point, 

basic nitrogen content, total nitrogen content, 

vapor pressure, vanadium content, nickel content, 

iron content, ramsbottom carbon content and 

lights composition. 

Additionally, the following property curves 

as a function of the distilled volume % can be 

introduced for the characterization: distillation 

curve, API degree curve, kinematic viscosity 

curve, sulfur curve, mercaptans curve, pour point 

curve, basic nitrogen curve, total nitrogen curve, 

ramsbottom carbon curve, aromatics curve, par-

affins curve, aniline point curve, freezing point 

curve and molecular weight curve. 

The result of the mixture characterization is 

mainly the detailed chemical composition of the 

identified components and the pseudo-

components of the crude oil mixture, from which 

the thermodynamic properties can now be calcu-

lated. 

3.   Calculation Procedure 

 3.1  Physical exergy  

Physical exergy of a stream of matter can be 

defined as the maximum work (useful energy) 

that can be obtained from it in taking it to physi-

cal equilibrium (of temperature and pressure) 

with the environment (Rivero 1993). 

 )SS(T)HH(Ex 000f −−−=  (1) 

Where the enthalpy and the entropy of the 

substance have to be evaluated at its temperature 

and pressure conditions (T, P) and at the tem-

perature and pressure of the environment (T0, 

P0). Enthalpy and entropy at the stream and ref-

erence conditions are evaluated for the same 

chemical composition (X) of the stream of matter 

and considering all mixing effects if the stream 

contains several components. This evaluation has 

to be conducted using the most suitable method 

for predicting thermodynamic properties for the 

substance at its temperature and pressure condi-

tions.  

There are several thermodynamic option 

sets available in AspenPlus for evaluating the 

properties of petroleum mixtures (AspenTech 

1996 b).  
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The BK10 option set uses the Braun K-10 

K-value correlations. The correlations were de-

veloped from the K10 charts for both real com-

ponents and oil fractions. The real components 

include 70 hydrocarbons and light gases. The oil 

fractions cover boiling ranges 450-700 K. Pro-

pietary methods were developed by Aspen to 

cover heavier oil fractions (AspenTech 1996 b). 

This option set is suited for vaccum and low 

pressure applications (up to several atm). For 

calculating the liquid and vapor enthalpy of pe-

troleum mixtures the BK10 option set uses the 

Lee-Kesler (1975) model, vapor entropy is calcu-

lated with the ideal gas model and liquid entropy 

is calculated with the Braun K-10 model for liq-

uid fugacity coefficients. 

Another option set available for petroleum 

mixtures is the Grayson option set, which uses 

the Grayson-Streed (1963) correlation for refer-

ence state fugacity coefficients and the 

Scatchard-Hildebrand (1962) model for activitiy 

coefficients. The Redlich-Kwong (1979) equa-

tion of state, is used for vapor phase entropy, the 

Lee-Kesler (1975) equation of state for liquid 

and vapor enthalpy, and Grayson-Streed and ex-

tended Scatchard-Hildebrand models for liquid 

entropy. This option set is recomended for sys-

tems containing hydrogen and was developed for 

systems containing hydrocarbons and light gases, 

such as carbon dioxide and hydrogen sulfide 

(AspenTech 1996 b). 

Other option sets available in AspenPlus for 

petroleum mixtures are the Chao-Seader (1961) 

option set and the petroleum-tuned equations of 

state, such as Peng-Robinson (1976) and Red-

lich-Kwong-Soave (1972). 

As mentioned, the BK10 option set is gen-

erally used for applications at vacuum or low 

pressures (up to several atm). Chao-Seader and 

Grayson can be used at higher pressures. Gray-

son has the widest ranges of applicability (up to 

several tens of atm). For hydrogen-rich systems, 

Grayson is recommended. These option sets are 

less suited for high-pressure applications in re-

fineries (above about 50 atm). Petroleum-tuned 

equation-of-state option sets are preferred for 

high pressures. 

 No matter the thermodynamic option set 

used in the simulation of a process with Aspen-

Plus, enthalpy and entropy at reference condi-

tions (T0, P0) are evaluated with two fortran sub-

routines, USRHXO and USRSXO (Rivero, 

1998); these subroutines are linked to the main 

simulation code and execute an internal Aspen 

subroutine called FLASH which calculates the 

equilibrium at the dead state reference conditions 

established. 

The values of the enthalpy and entropy at 

the stream conditions (P, T) and at the reference 

conditions (T0, P0) are then retrieved from the 

results file of the simulation run using the As-

penPlus Toolkit. Physical exergy is calculated 

inside the fortran code described later. 

 3.2.  Chemical exergy 

Chemical exergy of a stream of matter can 

be defined as the maximum work (useful energy) 

that can be obtained from it in taking it to chemi-

cal equilibrium (of composition) with the envi-

ronment  (Rivero 1993).  

 )SS(T)HH(Ex 000q −−−=  (2) 

where the enthalpy and the entropy have to be 

evaluated for the chemical composition of the 

substance (X) and for the chemical composition 

(X0) of the environment products obtained from 

the substance by reacting with environment com-

ponents; enthalpy and entropy for the stream and 

environment compositions are evaluated for the 

same temperature and pressure, normally the 

environment conditions (T0, P0). 

For many identified substances, the stan-

dard chemical exergy (i.e. at T0 and P0) can be 

found in the literature, however for the pseudo-

components the chemical exergy can be deter-

mined from heuristic empirical expressions as a 

function of the elementary composition and the 

heating value of each pseudo-component (Szar-

gut et al. 1988).  

The standard specific chemical exergy (e.g. 

in kJe/kg) of each pseudo-component is calcu-

lated with the following modified expression: 

 ∑+β= qjjiiqi ExzVHNEx  (3) 

where zj are the mass fractions of metals, Fe, Ni, 

V, and water in the pseudo-component and Exqj 

are their corresponding specific standard chemi-

cal exergies, obtained from the standard chemical 

exergy values of the Szargut (Szargut et al. 1988) 

reference model. NHVj is the net heating value of 

the pseudo-component j and βj is the chemical 

exergy correction factor as a function of its C, 

H2, O2, S, and N2, mass fractions: 
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(4) 

The standard molar chemical exergy (e.g. in 

kJe/kmol) of the crude oil stream can be calcu-

lated from the standard molar chemical exergies 

of all identified components (obtained from the 

Szargut tables, 1988) and pseudo-components 
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(converting their standard specific chemical ex- ergies to a molar basis)  and  the mol fractions  of  

Read the identified
components

Evaluation of
components standard

chemical exergy
(Szargut model) 

Exqi

Retrieve the mol fractions
of the crude oil stream

Crude oil chemical exergy 
Eq.(5)

Retrieve the mass fraction
and heating value of the
pseudo-components

Determination of  
the beta correction factor 

Eq. (4)

Pseudocomponent  
chemical exergy 

Eq. (3)

Simulation

Pseudo-component
yes not

Start

End

Figure 1.  Calculation procedure of chemical exergy. 

all identified components and pseudo-compo-

nents. 

 ∑ ∑ γ+= iii0qiiq x lnxTRExEx x  (5) 

The second term in the right hand side of Equa-

tion (5) is called the compositional exergy 

(Rivero 1993). 

The calculation procedure is shown in Fig-

ure 1. 

3.3  Total exergy  

The total exergy of a stream of matter is 

simply the sum of physical exergy and chemical 

exergy, i.e. it is defined as the maximum work 

(useful energy) that can be obtained from it in 

taking it to complete equilibrium (of temperature, 

pressure and composition) with the environment 

(Rivero 1993): 

 qf ExExEx +=  (6) 

The total exergy is obtained with a fortran 

program that reads the chemical exergy of the 

identified components and the pseudo-

components from a data bank and retrieves the 

simulation results from the summary file using 

the AspenPlus toolkit (i.e. H, H0, S, S0 and mol 

fractions) which are used for evaluating the 

physical exergy. The calculation procedure is 

shown in Figure 2. 

4. Exergy of a Crude Oil Mixture 

The total exergy of a 51.5/48.5 wt% mix-

ture of Maya and Isthmus crude oils to be proc-

essed in a  combined distillation unit was evalu-

ated for temperatures  going from 100 to 1000 °C  
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Figure 2.  Calculation procedure of total exergy. 
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Figure 3.  Total exergy of a mixture of Isthmus/Maya crude oils (48.5/51.5 wt%) at 1 bar. 

at 1 bar using initially the BK10 option set and 

the AspenPlus data banks for Isthmus and Maya 

Crude Oils. 

The results of this evaluation are presented 

in Figure 3 where it can be observed that  

thephysical exergy contribution to the total ex-

ergy of the mixture is minimum compared to the 

chemical exergy.  The physical exergy of the 

mixture represents only 4 % of the total exergy at 

1000 °C. 

For this crude oil mixture and using the experi-

mental data for its charaterization (IMP 1997) the 

chemical exergy correction factor β of the 38 different 
pseudo-components obtained from the characteriza-

tion vary from 1.068 to 1.075.  Thus in some applica-

tions, the net heating value of the pseudo-components 

could be used as a first approximation of their chemi-

cal exergy. 

In order to evaluate the influence of the ac-

tivity coefficient on the chemical exergy of the 

mixture, another calculation was made using the 

Grayson thermodynamic option set. 

TABLE II shows the results of the composi-

tional exergy considering the activity coefficients 

evaluated with the Scatchard-Hildebrand model, 

compared with the results obtained considering 

all activity coefficients equal to 1.0.  As can be 

noted, the influence of the activity coefficient on 

the compositional exergy is not very high, about 

6.5 % of error, which in terms of the chemical 

exergy becomes 0.0052 % of error.  However it 

is important to mention that in a crude oil distil-

lation unit the chemical exergy can be seen as a 
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transit exergy which is not consumed in the sepa-

ration process but a compositional exergy gain is 

obtained in the separation of the crude oil mix-

ture. If the crude oil mixture is not split into 

pseudo-components, the net heating value of the 

bulk mixture and its elementary bulk composition 

could also be used for an estimation of the 

chemical exergy. The chemical exergy correction 

factor for the mixture is 1.074, giving a chemical 

exergy of 11036.71 MJe/kmol which can be 

compared with the value presented in TABLE II, 

i.e. an error of 0.69 %.  

Coming back to the AspenPlus data banks 

for Isthmus and Maya crude oils, the chemical 

exergy as a function of the mixture composition 

is shown in Figure 4. The difference in exergy 

between both crude oils is about 1.077 MJe/kg. 

5. Application to a Crude Oil Combined 

Distillation Unit 

The combined distillation unit is one of the 

most important plants of a crude oil refinery, 

because it produces basic refining products such 

as naphtha, jet fuel, kerosene, diesel and gas oil.  

Important exergy consumption and losses in re-

fineries are produced in the combined distillation 

unit due to its degree of complexity (Rivero 

1988, Rivero et al. 1989). 

The main performance parameters involved 

in the exergy analysis of complex systems are the 

Irreversible Exergy Losses  (Irr)  and the Effluent  

TABLE II.  Compositional and Chemical Exergies of a Crude Oil Mixture. 
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activity coefficients model 

all activity coefficients 

equal to 1.0 

% error 
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Figure 4.  Chemical exergy of a mixture of Isthmus/Maya crude oils. 
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Figure 5.  Crude oil combined distillation unit. 

Exergy Losses (Efl), which are considered sepa-

rately in order to explicitly use the ecological 

implications of the exergy concept.  Also the 

Effectiveness, defined as the ratio of the net ex-

ergy produced to the net exergy supplied (ε) is 
calculated for each block, section and the whole 

unit; this parameter is the rational way of know-

ing how well a block or equipment is perform-

ingits function, i.e. the desired effect.  Another 

impor-tant parameter is the Improvement Poten-

tial (Pot) of each block, which combines the pre-

vious parameters in order to have a measure of 

how much and how easily a block could be theo-

retically improved for optimization purposes 

(Rivero 1988): 

 Pot = Irr (1 - ε) + Efl (7) 

In the combined distillation unit, the crude 

oil mixture is separated into several products 

which are sent to other refinery units for further 

processing. For the exergy analysis this unit was 

divided into 70 blocks which receive, produce or 

are interconnected by 230 exergy streams. Figure 

5 shows a simplified flowsheet of the combined 

distillation unit, indicating three of its most im-

portant sections (Rivero 1998). 

The exergy analysis of the unit indicates 

that 87% of the total exergy losses are irreversi-

ble exergy losses in the blocks, whereas the re-

maining 13% are effluent exergy losses (flue 

gases and cooling water). 

The atmospheric distillation section of the 

unit represents 69% of the exergy losses, the 
vacuum distillation section 7% and the crude oil 
preheating section 5%. The remaining sections 

represent together 13%.  The overall process 
effectiveness of the unit is as low as 3.6%. 
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Figure 6. Distribution of improvement potentials. 

 

From the process effectiveness point of 
view, the atmospheric distillation section is 18% 

effective, whereas the process effectiveness of 
the vacuum distillation section is 5% and that of 

the preheating section is 76%. 

Figure 6 shows the distribution of the sum 

of improvement potentials of the blocks compos-

ing each section of the combined distillation unit. 

It is important to note that the preheating section 

became the fourth in importance as compared to 

the distribution of total exergy losses due to its 

relatively high (76%) process effectiveness.  The 

sum of improvement potentials represents 60% of 

the total exergy losses of the unit. 
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Figure 7.  Specific exergy of process streams in a crude oil combined distillation unit. 

Important improvement proposals for this 

unit have been made and are being evaluated in 

order to increase its effectiveness and reduce its 

relative exergy losses. These concern mainly 

modifications in the process flowsheet and the 

implementation of several energy systems such as 

diabatic distillation and heat pumps. 

An interesting picture of the unit is obtained 

with the specific exergy profile of the process 

streams presented in Figure 7.  The small num-

bers in the diagram correspond to the numbers in 

the flowsheet of Figure 5. 

 As shown in Figure 7, the thermodynamic 

value of the petroleum fractions obtained in the 

combined distillation unit can be clearly quanti-

fied by the their specific exergy. 

6.  Conclusions 

Exergy is a property that permits measure-

ment in a quantitative manner of the thermody-

namic quality of a substance, hence the impor-

tance of the infrastructure developed for its rig-

orous determination using computer programs 

linked to a process simulation code. 

Detailed exergy analyses of complex sys-

tems can be conducted with that computing soft-

ware.  

Also, the difference existing between the 

Maya (lower specific exergy) and Isthmus 

(higher specific exergy) crude oils, as well as of 

the products obtained from a mixture of them, 

has been determined. This information is the 
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basis for the exergoeconomic analysis and opti-

mization of refinery units. 
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Nomenclature 

Efl  effluent exergy losses 

Ex  exergy 

H    enthalpy 

Irr    irreversible exergy losses 

n number of streams 

NHV net heating value 

Pot improvement potential 

R    gas constant 

S    entropy 

T    temperature 

x    mol fraction 

X    composition 

z   mass fraction 

 

Greek symbols 

β    chemical exergy correction factor 

γ    activity coefficient 

ε    effectiveness 

 

Subscripts 

f   physical 

i   component 

j   component 

q   chemical 

0   dead state 

 

References 
 

AspenTech 1996a, AspenPlus Release 9.3. User 

Guide, Volume 1, Aspen Technology, Inc. Cam-

bridge. 
 

AspenTech 1996b, AspenPlus Reference Man-

ual, Volume 2, Release 9.3, Physical Property 

Methods and Models, Aspen Technology, Inc. 

Cambridge. 
 

Chao, K.C.; Seader, J.D., 1961, “A General Cor-

relation of Vapor-Liquid Equilibria in Hydrocar-

bon Mixtures”, AIChE Journal, Vol.7, pp.598- 
 

Grayson, H.G.; Streed, C.W., 1963, Paper 20-

PO7, 6th World Petroleum Conference, Frank-

furt, June. 
 

Hildebrand, J.H.; Scott, R.L., 1962, Regular So-

lutions, Prentice-Hall, Englewood Cliffs, N.J.,  
 

IMP, 1997, “Procesamiento con Máxima Pro-

porción de Crudo Maya. Evaluación de Mezclas 

de Crudos Maya/Ligero” Informe Técnico de 

Avance, Proyecto E0B-8221, Instituto Mexicano 

del Petróleo, México. 
 

Lee, B.I.; Kesler, M.G., 1975, AIChE Journal, 

Vol. 21, pp. 510-. 
 

Peng, D.Y.; Robinson, D.B., 1976, “A New 

Two-Constant Equation-of-State”, Ind. Eng. 

Chem. Fundamentals, Vol. 15, pp. 59-64. 
 

Redlich, O.; Kwong, J.N.S., 1979, “On the 

Thermodynamics of Solutions V. An Equation-

of-State. Fugacities of Gaseous Solutions”, 

Chem. Rev., Vol. 44, pp. 223-244. 
 

Rivero, R., 1988, coordinador técnico. Optimi-

zación de las Instalaciones Existentes en la Re-

finería de Tula, Hidalgo, Utilizando el Método 

de Exergia. Reporte Final del Proyecto E-2277, 

Tomos I a IX. Grupo de Exergia - Inst. Mex. del  

Petróleo. México, 713 pp. 

Rivero, R., 1993, “Tridimensional Exergy Dia-

gram”, in Energy Systems and Ecology, Vol. 1, J. 

Szargut, Z. Kolenda, G. Tsatsaronis & A. Ziebik, 

editors, Polish Ministry of National Education - 

American Society of Mechanical Engineers, Cra-

cow, pp. 305-312. 
 

Rivero, R., 1998, Investigador en Jefe, “Optimi-

zación Exérgica de un Esquema Completo de 

Procesamiento de Refinación. Segunda Etapa: 

Análisis Exérgico de la Unidad de Destilación 

Combinada”, Informe E0A-7442-2-1, GIDT - 

Pemex-Refinación / Grupo de Exergia - Instituto 

Mexicano del Petróleo, 51 pp. 
 

Rivero, R., González, G., García, V., Pulido, R., 

Escárcega, C, 1989, Exergy Analysis of a Crude 

Oil Atmospheric Distillation Unit. in: Thermody-

namic Analysis and Improvement of Energy Sys-

tems ISBN: 0-08-037516-2. R.X. Cai & M.J. 

Moran, editors. International Academy Publish-

ers - Pergamon Press. Beijing, pp. 506-511. 
 

Soave, G., 1972, “Equilibrium Constants for a 

Modified Redlich-Kwong Equation-of-state”, 

Chemical Engineering Science, Vol. 27, pp. 

1196-1203. 
 

Szargut, J.; Morris, D.R.; Steward, F.R., 1988, 

Exergy Analysis of Thermal, Chemical and Met-

allurgical Processes, ISBN 0-89116-574-6, 

Hemisphere Publishing Corporation, New York  

 


