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RESUMEN

La creciente demanda de alimentos hace que las industrias de alimentos sean consideradas
como no sostenibles a largo plazo, dado a su alto consumo de energia en procesos de
calentamiento, enfriamiento y coccion. Ademds, generan grandes cantidades de desechos
orgéanicos que van a rellenos sanitarios y no se les da ningun valor agregado. Especificamente
la industria de café soluble se considera una de las industrias de alimentos que mayor consumo
de energia tiene. Ademas, se estima que el 40% de su materia prima es desechada como bagazo

de café a vertederos [1].

Esto ha hecho que varios estudios se hayan centrado en la valorizacion del bagazo de café [2—
5]. Dado su alto poder calorifico varias investigaciones se han centrado en estudiar
experimentalmente su conversion a biocombustibles [1,6,7]. Esto ha permitido proponer
alternativas para reducir el consumo de combustibles fosiles y de esta forma acercarse mas a
una economia circular. Sin embargo, uno de los principales obstaculos para que se pueda llevar
a cabo el proceso productivo a gran escala de biocombustibles es su alto costo de produccion

y su alto impacto ambiental [8].

El andlisis exergoecondmico ha sido aplicado a diferentes procesos productivos [9—12]. Se han
determinado oportunidades para reducir el impacto ambiental y costos de produccion mediante

la cuantificacion de la tasa de exergia destruida, costos operativos y de inversion.

El objetivo general de esta tesis doctoral es incrementar la eficiencia exergética y reducir los
costos operativos de un proceso productivo de café soluble. Para ello, se propone la produccion
de biocombustibles a partir de bagazo de café. Los objetivos especificos que permitiran el

cumplimiento de este objetivo general son:

e Realizar un analisis exergoecondmico de las principales lineas de produccion de
café soluble usando datos reales de una planta ubicada en Guayaquil, Ecuador.
e Proponer un proceso productivo para el aprovechamiento del bagazo de café y su

conversion a biocombustibles mediante la simulacion del proceso.

e Integrar al proceso una fuente de energia renovable mediante la simulacion de un

sistema de trigeneracion.



e Realizar un andlisis exergoecondmico a la propuesta de redisefio del proceso y

compararlo con el caso base.

El tema de tesis desarrollado esta relacionado con la linea de investigacion de energias
renovables del programa de doctorado en Ingenierias Quimica, Mecdanica y de Fabricacion. Las
publicaciones cientificas realizadas dentro del tema de esta tesis doctoral evaltan la situacién
actual del proceso industrial en cuanto a su eficiencia exergética y su impacto en los costos.
Ademas, estas publicaciones proponen alternativas para el uso de su desecho agroindustrial
para la producciéon de biocombustibles que sean utilizados dentro del proceso productivo. De
esta forma se piensa incrementar la sustentabilidad del proceso junto con su economia circular.
Se ha realizado la publicacion de tres articulos y existen otros dos que actualmente estan en
fase de revision. Estos articulos en su conjunto abarcan el tema central de la tesis doctoral

dentro de la linea de investigacion indicada.

Se llevo a cabo un andlisis exergoecondémico de todo el proceso productivo para el diagnostico
de la planta. Para esto se realiz6 el levantamiento de las condiciones de operacion de cada una
de las etapas de proceso productivo de café soluble en una planta localizada en Guayaquil,
Ecuador. Los resultados de esta evaluacion de las dos primeras etapas del proceso que son el
tostado de los granos verdes de café y la extraccion de so6lidos solubles se encuentran en el
articulo “Exergoeconomic analysis of coffee roasting and solid liquid extraction process: A
case study from an instant coffee factory in Ecuador.” Los resultados de la evaluacion del
proceso de evaporacion doble efecto para la concentracion del extracto de café se encuentra en
el articulo “Advanced exergoeconomic analysis of a double effect evaporation process in
an instant coffee plant.” La tltima etapa de produccion consiste en el secado del extracto de
café para la produccion de café soluble en polvo y supone una de las etapas con mayor consumo
energético. Esta etapa fue analizada mediante un analisis exergoeconomico avanzado y sus
resultados fueron presentados en el articulo “Conventional and Advanced Exergy and
Exergoeconomic Analysis of a Spray Drying System: A Case Study of an Instant Coffee
Factory in Ecuador.”

Posterior al diagnostico del proceso productivo, se disenid el proceso de produccion de
biocombustibles a partir del bagazo de café el cual se desecha en la etapa de extraccion. Se
realizd un estudio bibliografico sobre la valorizacion de bagazo de café. Ademas, se
recopilaron los estudios experimentales que se han realizado en los Ultimos afos para la

produccion de biocombustibles a partir del bagazo de café. Con los datos experimentales



encontrados se realiz6 la simulacion del proceso de produccion de biomasa, gas de sintesis y
biodiesel a partir del bagazo de café en Aspen Plus. Los modelos fueron validados con datos
experimentales de estudios presentes en la bibliografia. Se realiz6 un andlisis exergético y
econdémico de cada una de las etapas del proceso productivo de biocombustibles. Los resultados
fueron presentados en el articulo “Simulation and Exergoeconomic Analysis of the syngas and
biodiesel production from spent coffee ground.”

Se propuso finalmente un sistema de trigeneracion para la produccion integrada de vapor, agua
de refrigeracion y potencia a base de gas de sintesis y biomasa. Este sistema permite el
suministro de las utilidades necesarias a la planta de una forma mas eficiente. El sistema fue
simulado y validado con datos experimentales de estudios previos. Se realizdé un analisis
exergético y economico del sistema propuesto alimentado con combustibles fosiles y
biocombustibles, para comparar su desempefio. Los resultados fueron presentados en el
articulo “Simulation and exergoeconomic analysis of a trigeneration system based on biofuels
from spent coffee ground.”

Finalmente, se concluye que la planta de café soluble de Guayaquil, Ecuador, tiene una tasa de
exergia destruida de 12.5 MJ/s y una tasa de costos operativos de $3214.9/h de los cuales el
81% se deben a la exergia destruida. Las etapas productivas que mayor tasa de exergia
destruyen son la generacion de vapor convencional (5.0 MJ/s) y la extraccion solido liquido de
granos de café (1.8 MlJ/s). Mientras que los procesos que mayores costos operativos
representan a la planta son la etapa de extraccion solido liquido (952 $/h), la evaporacion doble
efecto (720 $/h) y el sistema de refrigeracion por compresion de vapor (617 $/h). Por otro lado,
se demuestra que reemplazar un sistema convencional de generacion de vapor, refrigeracion y
generacion de potencia operado con fuel oil No. 6 por un sistema de trigeneracion operado con
biomasa, permite reducir la tasa de exergia destruida total en un 48%. Mientras que si es
operado con gas de sintesis se reducen en un 52%. Ademas, la eficiencia exergética incrementa
en un 11 % cuando se usa biomasa y un 12% cuando se usa gas de sintesis. Los costos de las
utilidades actuales se reducen hasta un 95% cuando el sistema convencional que utiliza fuel oil
No.6 es reemplazado por un sistema de trigeneracion a base de biomasa, y en un 93% cuando
se utiliza gas de sintesis. Se estima también que el costo del producto es posible reducirlo en
un 47.9% al utilizar un sistema integrado para las utilidades de la planta en lugar del sistema
convencional que tienen.

Entre las lineas de investigacion futuras estd el estudio experimental de secado de bagazo de
café y la operacion de sistema de trigeneracion a base de esta biomasa a escala piloto. Ademas,

se requiere realizar un andlisis exergoecondmico avanzado a todo el sistema productivo con el
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fin de cuantificar los costos de exergia destruida evitables e inevitables. La optimizacion
exergoeconomica a todo el proceso es otro tema de interés, dado que permitiria reducir atin
mas los costos operativos y maximizar eficiencia exergética, modificando las condiciones de

operacion establecidas.
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ABSTRACT

The increasing demand for food lead to unsustainable process in food industries in the long
term, because of the high energy consumption in heating, cooling, and cooking processes. Also,
this generates large amounts of organic waste that is discarded to landfills. Specifically, the
soluble coffee industry is considered one of the food industries with the highest energy
consumption, and it is also estimated that 40% of its raw material is discarded as spent coffee

ground to landfills [1].

These facts have been motivated to develop several studies focused on the valorization of spent
coffee ground [2-5]. Given its high calorific value, several investigations have focused on
experimentally studying its conversion to biofuels [1,6,7]. This has made it possible to propose
alternatives to reduce the consumption of fossil fuels and thus get closer to a circular economy.
However, one of the main obstacles for carrying out the large-scale production process of

biofuels from this waste is its high production cost and high environmental impact [8].

The exergoeconomic analysis has been applied to different production processes [9—12].
Opportunities have been determined to reduce the environmental impact and production costs

by quantifying the exergy destruction rate, operating and investment costs.

The general aim of this doctoral thesis is to increase the exergetic efficiency and reduce the
operating costs of a soluble coffee production process. For which the production of biofuels
from spent coffee ground is proposed. The specific objectives that will allow the fulfillment of

this general objective are:

e Develop an exergoeconomic analysis of the main soluble coffee production lines from a
factory located in Guayaquil, Ecuador.

e Propose a production process for the use of spent coffee ground and its conversion to
biofuels by the simulation of the process.

e Integrate a renewable energy source into the process by simulating a trigeneration system.

e Develop an exergoeconomic analysis of the process redesign proposal and compare it with

the base case.
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The thesis topic developed is related to the renewable energy research line of the doctoral
program in Chemical, Mechanical, and Manufacturing Engineering. The scientific publications
executed within the subject of this doctoral thesis evaluate the current situation of the industrial

process in terms of its exergetic efficiency and its impact on costs.

In addition, these publications propose alternatives for the use of their agro-industrial waste for
the production of biofuels that are used within the production process. In this way, it is intended
to increase the sustainability of the process together with its circular economy. Three articles
have been published and there are another two that are currently under review. These articles

as a whole cover the central theme of the doctoral thesis within the indicated line of research.

An exergoeconomic analysis of the entire production process was carried out for the evaluation
of the plant. For this, the operating conditions of each of the stages of the soluble coffee
production process were surveyed in a plant located in Guayaquil, Ecuador. The results of the
first two stages of the process, which are the roasting of green coffee beans and the extraction
of soluble solids, can be found in the article “Exergoeconomic analysis of coffee roasting and
solid-liquid extraction process: A case study from an instant coffee factory in Ecuador." The
results of the evaluation of the double effect evaporation process for the concentration of the
coffee extract can be found in the article "Advanced exergoeconomic analysis of a double effect
evaporation process in an instant coffee plant.". The last stage of production consists of drying
the coffee extract to produce soluble coffee powder and is one of the stages with the highest
energy consumption. This stage was studied through an advanced exergoeconomic analysis
and its results were presented in the article "Conventional and Advanced Exergy and
Exergoeconomic Analysis of a Spray Drying System: A Case Study of an Instant Coffee
Factory in Ecuador."

After the evaluation of the production process, the biofuel production process was designed
from spent coffee ground, which is discarded in the extraction stage. A bibliographic study was
performed on the valorization of spent coffee ground. In addition, the experimental studies that
have been executed in recent years to produce biofuels from spent coffee ground were
compiled. With the experimental data found, the simulation of the production process of
biomass, syngas, and biodiesel from spent coffee ground in Aspen Plus was carried out. The
models were validated with experimental data. Exergy and economic analysis of each of the

stages of the biofuel production process were developed. The results were presented in the
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article "Simulation and Exergoeconomic Analysis of the syngas and biodiesel production from
spent coffee ground."

A trigeneration system was finally proposed for the integrated production of steam, cooling
water, and power based on syngas and biomass. This system makes it possible to supply the
necessary utilities to the plant in a more efficient way. The system was simulated and validated
with experimental data from previous studies. Exergy and economic analysis of the proposed
system based on fossil fuels and biofuels were carried out to compare its performance. The
results were presented in the article "Simulation and exergoeconomic analysis of a

trigeneration system based on biofuels from spent coffee ground."

Finally, it was estimated that the soluble coffee plant in Guayaquil, Ecuador has an exergy
destruction rate of 44.4 GJ/h and an operating cost rate of $ 3215/h of which 81% are due to
the destroyed exergy. The productive stages that destroy the highest exergy rate are the
generation of steam (18.1 GJ/h) and the solid-liquid extraction of coffee beans (6.4 GJl/h).
While the processes that represent the highest operating costs for the plant are the solid-liquid
extraction stage ($952/h), double effect evaporation ($ 720/h), and the vapor-compression
refrigeration system ($617/h). On the other hand, it is shown that replacing a conventional
steam generation, refrigeration, and power generation system operated with fuel oil No. 6 by a
trigeneration system operated with biomass allows reducing the total exergy rate destroyed by
3775 kW. While if it is operated with syngas it is reduced by 7811 kW. In addition, the overall
exergetic efficiency increases by 4% when using biomass and 30% when syngas is used.
Current utility costs are reduced by up to 95% when the conventional system using fuel oil
No.6 is replaced by a biomass-based trigeneration system, and by 93% when syngas is used.
Furtheremore, it is estimated that the specific cost of the overall product of the plant could be

reduced in 47.9% when using a trigeneration system that integrate all the utilities of the plant.

Future lines of research include the experimental study of spent coffee ground drying and the
operation of a trigeneration system based on this biomass on a pilot scale. In addition, an
advanced exergoeconomic analysis of the entire production system is required to quantify the
avoidable and unavoidable costs of the destroyed exergy rate. The exergoeconomic
optimization of the whole process is another topic of interest since it would allow to further
reduce operating costs and maximize exergetic efficiency, modifying established operating

conditions.
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Nomenclature

c unit exergy cost ($/MJ)

C cost rate associated with an exergy stream ($/h)
Cp heat capacity (kJ/kg K)

e specific exergy rate (kJ/kg)
E exergy rate (kJ/h)

f exergoeconomic factor

h specific enthalpy (kJ/kg)
HHV High heating value (MJ/kg)
lefs Interest rate

m mass flow rate (kg/h)

n lifetime of the system (years)
P pressure (kPa)

0 heat flow rate (kJ/h)

r relative cost difference

R ideal gas constant (kJ/kmol K)
Tom nominal escalation rate

] specific entropy (kJ/kg)

T temperature (°C)

w mole fraction of water vapor
14 power (kJ/h)

b'e mole fraction

y destruction rate

y* relative irreversibility

VA investment cost rate ($/h)
Greek letters

n efficiency (%)

A difference

T annual operating hours (h)

p air density (kg/m?)

14 specific heat ratio
Superscript

CH chemical

CI capital investment

e equilibrium

KN kinetic

OM operating and maintenance
PH physical

PT potential

Subscripts

B biodiesel process

EP
cond
cs

D
DB
elec
F

gly

electrical power
condensed

cold stream
destruction

dry biomass
electric

fuel

glycerin compound
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hs hot stream

i ith component

in inflow

is isentropic

k kth component

L loss

min minimum

mix mixture

0 thermodynamic environment
out outflow

P product

R reagents

S oil extraction and biogas process
tot overall system

X Hydrocarbon fuels

WB wet biomass

en energy

Abbreviations

A absorber

B boiler

BT belt

C compressor

CE centrifuge

CcC combustion chamber

CELF constant-escalation levelization factor
CHX cooler heat exchanger

CRF capital recovery factor

D dryer

E heat exchanger

EV evaporator

EX extractor of soluble solids

F fan

FF vacuum pump

FFA free fatty acids

G mill

H furnace

HX heat exchanger

HXE extract heat exchanger

HP high pressure pump

LP low pressure pump

MF main fan

MHX main heat exchanger

NIST National Institute of Standards and Technology
OMC operation and maintenance cost
0&M operation and maintenance

P pump

PEC purchased equipment cost
PFI plant-facilities investment

Q furnace for afterburner
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R reactor

RC real conditions

RFF fine returns fan

RTI unavoidable thermodynamic inefficiency condition
S vibrating screen

SO soxhlet extractor

SC spent coffee

SCG spent coffee ground

SD spray dryer

SFBHX fluidized bed heat exchanger

SFBF fluidized bed fan

T turbine

CS cooling system

TDE ThermoData Engine

TRR total revenue requirement

UIC unavoidable investment cost conditions
UNIQUAC Universal quasichemical

A% expansion valve

VFIHX vfl heat exchanger
VEF2HX vi2 heat exchanger

VFI1F vfl fan
VF2F vi2 fan
WOC worst operational conditions
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1.Introduction



In this first chapter the justification of the work, the state of the art, the general objective, the
specific objectives and the structure of the document are presented for the thesis titled

“Thermoeconomic Analysis of an instant coffee plant integrated to a biofuel production unit”.

1.1. Justification

The soluble coffee industry is one of the sectors with the highest energy consumption [1]. This
production process consists of the roasting stage of the green coffee beans, the extraction of
the soluble solids from the roasted coffee, the double effect evaporation for the concentration
of the liquid extract, and finally, the spray drying of the extract to obtain the coffee powder.
These stages consume large amounts of steam, cooling water, and electrical energy.
Furthermore, the soluble solids extraction stage generates large amounts of spent coffee ground
that are disposed to landfills [2]. The low sustainability of this process, its high carbon footprint
[3], and high exergy destruction rate, lead us to seek alternatives to reduce its energy
consumption and take advantage of the solid residue of this production process (spent coffee
ground).

In previous studies, the exergoeconomic analysis of industrial processes has allowed the
increase of exergetic efficiency and minimized the operating costs of industrial processes, thus
increasing the sustainability of the process. This analysis makes it possible to identify the
production stages and specific equipment that destroy the high amounts of exergy and the cost
they entail. The methodology applied for this analysis begins by quantifying the exergy rate of
fuel and product of each component of the system and then determines the exergy destroyed as
the difference between fuel and product. In addition, an economic analysis is performed to
determine the investment and operating costs, and thus the exergy destruction cost rate in each
stage can be quantified [4].

The project seeks to meet the United Nations Sustainable Development Goal 7, which aims to
guarantee access to affordable, safe, sustainable, and modern energy. Likewise, it wants to
comply with objective 12 of Production and responsible consumption since it seeks to optimize

the use of energy resources and raw materials to promote the circular economy in the industry.

1.2. State of the art

Instant coffee is one of the most commonly consumed drinks worldwide; around 118 billion
dollars of it were sold in the global market in 2019. The worldwide market for instant coffee

has high growth expectations: projected to grow by 11.6 % in the next 5 years [10]. Coffee



has a high concentration of antioxidants [11], vitamins B and minerals [12]. It benefits physical
performance and stimulates the central nervous system [3]. Coffee is sold as whole bean,
ground coffee, instant coffee, coffee pods, and capsules. Among these, instant coffee is quickly
becoming popular all over the world because of cheaper transportation and convenience in
preparation, which increases its demand among urban consumers [14]. Many industrial-scale
plants have been established around the word to produce this kind of coffee.

The production process of instant coffee powder begins with roasting the coffee beans and
grinding them. Later, they pass through a liquid solid extraction. The extracted liquid is then
concentrated and, finally, it is spray dried. This process reduces the amount of water in the
coffee and allows its shelf-life to be increased. The overall process is highly energy intensive.
The spray drying process alone accounts for 40% of the total energy requirements of the
production process, where around 90% of the energy consumed in this final process is from
fossil fuels and the remaining comes from electric energy.

1.2.1. Exergoeconomic analysis in food industry

Some exergoeconomic analyses have been done on different processes of food such as maize
[16], powdered milk [17], pistachios [18], mint leaves [19] and fish oil [20]. These analyses
have allowed for the identification of the components with the highest exergy losses, the
avoidable exergy losses, and the operational conditions which most affect the irreversibility of
the systems. However, although the exergetic analysis identifies the location and magnitude of
the thermal energy losses, it has limitations given that it can’t quantify the cost of those losses.
Furthermore, an exergy analysis is not conclusive about which components should have
investment priority in order to reduce the exergy losses.

In order to complete an exergy analysis, a thermoeconomic analysis can be applied which
combines exergy and economic principles at the component level to identify the real cost
sources in a thermal system. Since the thermodynamic considerations of thermoeconomics are
based on the exergy concept, the term exergoeconomics can also be used to describe the
combination of exergy analysis and economics [21]. Thermoeconomic methods are useful to
minimize the economic losses due to irreversibility, and, consequently, provide the added
benefit of reducing production costs of entire complex energy systems.

In the case of roasting and solid liquid extraction process, there is only one exergoeconomic
analysis performed to a roasting process of coffee bean by Vuckovi¢, Stojiljkovi¢ & Vasiljevié
[35], but they only determined the overall exergy destruction rate (614 kW) and the overall

efficiency of 33% for the roasting system, so the components that causes the higesth destruction



of exergy were not identified. Other studies have been carried out for roasting process.
Sheikhshoaei, Dowlati, Aghbashlo & Rosen [36] conducted a study in which an exergy
analysis of the pistachio roasting process was carried out, where an exergy destruction of 78.3
kW was obtained, which represents an exergy efficiency of 9.96%. There was not found any
exergetic or exergoeconomic analysis of solid-liquid extraction of soluble solids from coffee.
In the case of evaporation process, there is a previous study that shows that this process has
low energetic and exergetic efficiencies [6], which lead to a high level of energy waste, and
consequently raise production costs. In order to address these inefficiencies, it is necessary to
identify and quantify the losses. Some exergy analyses have been done in food industries that
have evaporation as part of their process, such as the production of tomato paste [6], powdered
milk [7], and yogurt [8]. However, there are no exergoeconomic analyses performed in
evaporation processes in food industries.

Finally, for drying processes, there is a study that shows that the drying process is also a highly
exergy-destructive process [15]. Just a few thermoeconomic analyses of different drying
technologies on both pilot and industrial scale have been found in the literature; they focused
on the production of pasta [22], tea leaves [23], powdered cheese [24] and milk [25]. And only
two of them refer to spray drying technology at an industrial scale [16-17].

1.2.2. Biofuels from spent coffee grounds

Currently, fossil fuels are the primary source of energy. Approximately, 80% of the word’s
energy demand is supplied by them [27]. However, it’s estimated that oil reserves would not
be sufficient to meet the demand by 2050 [28]. To overcome this problem, it’s important to
look for renewable energy sources, especially in sectors that consume more energy: industries
and transport [29]. Biofuels are one of the most common renewable energy sources and are
considered the best option for industries especially when biofuel comes from an industrial
waste [30]. During 2018, according to British Petroleum company, the United States became
the first country with an annual production of 38.1 million tons of biofuel, followed by Brazil
with a production of 21.4 million tons per year [31]. Nowadays there are 803 biorefineries in
Europe where 45% of them produce biofuels [32]. The biofuels mostly produced are biodiesel,
syngas and bioethanol [33]. In the last few years, different countries have produced biofuels
from different sources, such as waste deriving from agriculture [34], agroindustry [35] and
livestock [36]. These have gradually contributed to the reduction of 80% of the greenhouse

emissions from landfills [37].



The agricultural wastes that have been studied to be converted to biofuels included rice bran
[38], oat straw [39], fish waste [40], alga [41] and spent coffee grounds (SCG) [42], where the
last one has the highest calorific value (22 MJ/kg) and oil content (29%), becoming one of the
best energetic potential resources for the production of liquid and solid biofuels. There are
many experimental studies about the production of biofuels from SCG at laboratory scale. Liu
et al. [43] studied the biodiesel production by applying in-situ transesterification method at 70
°C by 3 h, obtaining a yield of 98,61% greater than the 83% obtained by Haas et al. [44].
Meanwhile, Park et al. [45] applied indirect transesterification to the humidified SCG for the
production of biodiesel and obtained a yield of 16.75%. Pacioni et al. [46] applied the
gasification process with steam in a tubular reactor to produce syngas from SGC with a yield
of 88.6%. Kibret et al. [2] applied the same process by using a semi-fluized bed and increased
the yield to 95%.

In the last few years, many exergetic and exergoeconomic analyses of different biodiesel and
syngas production processes have been developed in order to evaluate the sustainability of
these processes. In the case of biodiesel, Antonova et al. [47] evaluated the production of
biodiesel from the oil of canola seeds and found that the dryer and the transesterification reactor
destroyed 7.8% and 25.2% of the fuel exergy rate, respectively. Amelio et al. [48] shows that
an exergetic optimization in the biodiesel production from triolein oil achieves a higher
reduction than energetic optimization, with a difference of 44.7 kW. Mancebo et al. [49]
achieved an increase in the exergetic efficiency through an exergetic optimization from 10%
to 22% and the reduction of exergy destruction cost rate from $0.13/h to $0.12/h. In the case
of syngas, Shayan et al. [50] analyzed the gasification process of wood and determined the
optimum temperature of gasification which allowed them to increase the exergetic efficiency
by 24.9% and reduce the exergy destruction cost rates by 8.9%. Another similar study
determined that the exergetic efficiency could be increased to 76.2% when the steam/biomass
mass ratio is 1.83 [51]. Different exergetic analysis have been performed in processes that
include a gasifier in combination with other treatments such as hydrotreatment, hydrocracking,
steam reforming [52], direct and indirect synthesis of dimethyl ether [53], digestion plants [40]
and integrated energy system [56]. In all these processes, the component with the highest
exergy destruction rate was the gasifier.

As it is shown, although there are many experimental analyses on SCG that have demonstrated
a high potential to be converted to biofuels, there are not exergetic and economic analyses
focused on evaluating the sustainability of this process. The previous exergoeconomic analysis

mentioned were only focused on evaluating specific steps such as transesterification or
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gasification of other types of biomass. Therefore, an exergetic and economic analyses of an
integrated process for the production of biodiesel and syngas by indirect transesterification and

gasification from SCG has never been reported.

1.2.3. Trigeneration system

Around the world it is estimated that 14% of the factories use trigeneration systems (CCHP)
based on fossil fuels to provide facilities to their production processes [57]. In Ecuador, non-
integrated systems based on fossil fuels (vapour compression cycles and power generators)
continue being used in factories, becoming a serious problem specially for processes that are
energy intensive, such as instant coffee production. This mentioned process consumes large
amounts of steam, chilled water, and electricity for operations such as coffee extraction,
evaporation, spray drying and lyophilization. At the same time, the process discards
approximately the 40% of its raw material as spent coffee grounds (SCG), which is a waste
that, in previous works, has demonstrated its capability to be converted to different biofuels
[58].

Efforts for a circular economy seek to replace energy sources with renewable ones, especially
with biofuels from organic waste that is generated in the industrial plants [59]. Exergetic and
exergoeconomic analyses have been performed on CCHP systems based on fossil fuels and
biofuels [60], to make them more profitable and with less environmental impact [61].

Miar et al. [62] proposes the improvement and optimization of a CCHP system at Qom
University using natural gas as fuel; where the exergetic efficiency of the system increased
about 4.71%, the exergetic cost rate decreased about 0.65% and the total environmental impact
rate of the system decreased about 0.01%. Ghaebi et al. [63] determined that the exergetic
efficiency of a CCHP system using liquified natural gas as fuel increased 1.98% (18.52% to
20.5%) and the exergetic cost rate decreased about 1%. Marques et al. [64] determined that the
exergetic efficiency of a conventional system is 40.24%; while the exergetic efficiency of the
CCHP system using natural gas as fuel is 29.06%; where the equipment with the highest exergy
destroyed is the combustion engine about 87.80% of the overall system. Ding et al. [65] carried
out an exergy analysis of a conventional system (cogeneration) using wood biomass as fuel,
where an exergetic efficiency of 41.36% was determined. Yang et al. [60] performed an
exergoeconomic analysis of a CCHP system using a mixture of fuel (sugarcane bagasse and
natural gas), and determined that the exergetic efficiency increased by about 5%. Through a
sensitivity analysis of two types of fuel (biomass and natural gas), it was determined that the

unit exergy costs of the products decreased by 2% using only biomass as fuel. Wu et al. [66]

6



carried out an exergoeconomic analysis of a CCHP system using biogas (biomass waste from
rice paddy) as fuel together with solar energy in the gasification process, where it was
determined that the exergetic efficiency increased from 27.15% to 27.70% in the thermal solar
biomass gasification system; in addition, the exergy costs decreased to 0.038 $/kWh in all the
facilities. Gholizadeh et al. [67] performed an exergoeconomic analysis of a trigeneration plant
using biogas (biomass waste from crop straw) as fuel and toluene as coolant, where the
exergetic efficiency increases from 2.58% to 13.26% and total costs decrease by 6.71%. Also,
the selection of the refrigerant is essential, where it is determined that using R141b refrigerant
an energy load of 172 kW and exergetic efficiency of 35.45% is achieved; while with the
Toluene refrigerant and energy load of 249.8 kW, the exergetic efficiency of the process is
13%. Li et al. [68] carried out an exergy and environmental analysis to a trigeneration system
using biomass (rice husk) as fuel together with solar energy, and determined the exergetic
efficiency increases by 9% and the exergy cost of facilities decreased 4%. Also, the CO>
emissions in a CCHP system decreased 2,95% than CO» emissions of a conventional system.
Zhang et al. [61] determined that the exergy efficiency of a CCHP system using biomass (rice
husk) as fuel improves about 10% when using a higher proportion of natural gas in the fuel
mix ratio (biogas / natural gas) and also causes a decrease in the exergy costs of all facilities

about 7.42%.

1.3. Objectives

The general objective of this doctoral thesis is to increase the exergetic efficiency and reduce
the operational cost from the industrial process of instant coffee by integrating the production
of biofuels from spent coffee grounds. To fulfill the aim of this work, the following specific
objectives are stablished:

o Perform an exergoeconomic analysis of the main production steps of instant coffee by
using real operational data from a Factory located in Guayaquil, Ecuador.

J Propose a productive process of biofuel from spent coffee grounds by the simulation of
the process.

. Integrate to the current process the biofuels by the simulations of a trigeneration system
that use them to provide steam, chilled water and power to the plant.

. Perform an exergoeconomic analysis to the redesign process and compare it with the

base case.



1.4. Structure of the document
The structure of the document is organized as follows:
Chapter 1. Introduction

In this chapter the justification of the thesis, the state of the art, the objectives and the structure

of the document are presented.
Chapter 2. Processes Description
In section 2.1 it is presented the instant coffee production process in the order it is produced:

1. Roasting and solid liquid extraction
2. Double effect evaporation process

3. Spray drying process.

In section 2.2 it is presented the system description, the methodology for the process simulation

a model validation of:

1. The production process for biodiesel and biomass/syngas from SCG (Section 2.2.1)
2. The process for the trigeneration system (CCHP) operated by biofuels.

Chapter 3. Thermoeconomic Analysis

In this chapter the methodology used to perform the thermoeconomic analysis is presented in
a general form (Section 3.1). Furthermore, specific information and considerations for each

analyzed process are presented (Section 3.2).
Chapter 4. Results and Discussion

This chapter present the results and discussion of the thermoeconomic analysis performed for
roasting and solid liquid extraction process (Section 4.1), double effect evaporation process
(Section 4.2), spray drying process (Section 4.3), the biofuel production process (Section 4.4)

and the trigeneration system (Section 4.5).
Chapter 5. Conclusions
The main conclusions are presented in this chapter. Also future research lines are presented.

Chapter 6. References



The references used in the different chapters are presented in this section.
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2.1. The production process of instant coffee powder

The production process of instant coffee powder is shown on Figure 2.1. The process begins
with roasting the green coffee beans and grinding them. Later, they pass through a liquid solid
extraction. The extracted liquid is then concentrated by an evaporation process and, finally, it
is spray dried to produce soluble powder. Each step of the process consumes steam, chilled
water and electricity that are provided by boiler, a steam compression cycle and a diesel engine.
In the following sections, each process is explained in detail and it is presented the real

operational data obtained from the plant located in Guayaquil, Ecuador.

Roasting and Solid liquid

Grinding extraction Evaporation >pray Drying

Figure 2.1. General production process of instant coffee powder

2.1.1 The roasting and coffee solid-liquid extraction process

Figure 2.2. shows the diagram of the system. Air with 15% excess (stream R-3) and 0f 0.02131
kg/s of Diesel (stream R-7) are pumped into a combustion chamber to carry out a combustion
reaction and thus generate hot flue gases. The furnace charges a flow of 0.5722 kg/s of green
coffee beans (stream R-12) with a moisture of 11.42%.

The coffee beans undergo the roasting process by contacting the flue gases (stream R9) from
the combustion chamber, and this is where this process releases multiple volatile organic
compounds "VOC’s", among which are CO,, CO and H2O [12]. The roasting process is carried
out at an approximate temperature of 232°C, with a residence time inside the furnace is about
7 minutes.

In order to reduce the possible environmental pollution, the gases that leave the furnace (stream
R-10) are sent to an afterburner for the VOC’s and CO present in the stream. The gases
resulting from this process (stream R-11) are released to. The outlet temperature of these gases
is 283°C.

At the outlet of the furnace, coffee beans (stream R-13) have an average moisture around 1%
and are at 360.1°C. Roasted coffee beans are led to a cooling system in which a stream of water
is used to decrease the temperature of these beans to the ambient temperature. A flow of
0.09803 kg/s is used to achieve cooling. Once the beans (stream R-16) leave the cooling system

they have a moisture of 5.2%.
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The roasted coffee beans (stream R-16) pass through a mill to obtain (stream R-18). For the
extraction process only 0.2453 kg/s (stream E-11) are fed to the extractor, the rest of the roasted
coffee obtained in the previous process is used to produce other products that the plant
commercializes. The extraction happens in a semi-continuous system consisting of 6
countercurrent batteries. One of the batteries is charged with the coffee beans from the grinder,
here the passage of water is allowed so that the extract of the previous battery enters the same
from the bottom, causing the air to be expelled through the interstices when opening the purge.
This stays up to a pressure between 200 and 500 kPa with temperature between 118°C to
120°C. Simultaneously, another battery is isolated for spent coffee ground discharge (residue),
by a pipe to a hydro cyclone to separate the water and then deposit the waste in a hopper for
disposal in the landfill. The coffee extract (stream E-5), is cooled in multiple heat exchangers
until reaching a temperature of 12 °C. The cold extract (stream E-8) is passed to a centrifuge

to separate the insoluble solids (stream E-10) from the desired product (stream E-9).
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Figure 2.2. Process flow diagram for roasting and extraction of coffee.

To develop the model of the roasting process and coffee extraction, some assumptions were
made.

e The process was at a steady state.
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e The dead state conditions are 298 K and 101 kPa.

e The values for temperature and reference pressure are 273 K and 101 kPa.

e [tis considered a complete combustion in the CC-101 and Q-101.

e In heat exchangers pressure drop is neglected.

¢ Kinetic exergy and potential exergy are negligible.

e Chemical exergy for pure substances are considered according to Model I [42].

e The average molecular formula for VOC’s is considered C2:H¢O taking into account the

main compounds that are released in the roasting process [13].

2.1.2. Double effect evaporation process

Figure 2.3 describes the double effect evaporation process of coffee extract in a factory located
in Ecuador. Coffee extract (stream 1) is an aqueous solution with an initial concentration of
soluble solids of 18 w/w%, from Robusta and Arabica beans. This extract is pumped to a heat
exchanger (E-102) for pre-heating it up to 50°C by using steam. The steam is generated in the
boiler (B-201) by using fuel oil N°6. Meanwhile, an already concentrated extract (stream 7)
leaves the second effect (EV-102); part of it is mixed with the heated extract and recirculated
to EV-102.The other part is sent to the first effect (EV-101). The evaporated water (stream 11)
in EV-102 enters the condenser (E-101), where the temperature is reduced from 50°C to 32°C.
The condensate water (stream 15) is mixed with condensate from de EV-102 (stream 16) and
then it is discarded. The concentrated coffee (stream 8) that leaves the EV-101 reaches a
concentration of 50 w/w% and then it is cooled from 66°C to 11°C in a heat exchanger of

multiple flow (E-103), where cooling-tower water (C1) and chilled water (W3) are used.
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Figure 2.3. Process flow diagram of the double effect evaporation of coffee extract and the

steam generation unit.

The process simulation was developed taking into account the following assumptions:

e The system was at steady state and the elevation in the coffee extract boiling point, due to
concentration of solution, was assumed to be negligible.

e The heat loss rate and the pressure lost in all the components were negligible.

e A complete combustion was assumed in the combustion chamber.

e The steam and gases were considered as ideal gases when the pressure was below 1000
kPa. For higher pressures, the SRK-Equation was used as the equation of state.

e The coffee extract and liquid water were considered as ideal solutions.

2.1.3. Spray Drying

The instant coffee is dried in an industrial scale spray drying system. Figure 2.4 illustrates a
schematic diagram of the process. The coffee extract (44% m/m of soluble coffee) comes from a
storage tank that has a temperature of 12 °C. A flow rate of 528 kg/h of coffee extract (stream 2)
is pumped by a low-pressure pump (LP) and mixed with 7.4 kg/h of carbon dioxide (stream 1).
Then it is pumped by a high-pressure pump (HP) into a heat exchanger unit (HXE) where steam
increases its temperature to 32 °C. The coffee extract (stream 6) is sprayed by a nozzle into the
drying unit (SD), which is at vacuum pressure. A flow rate of 9922 kg/h of ambient air (stream

7) is heated by the main heat exchanger (MHX) using steam until it reaches the temperature of
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180 °C. A flow rate of 4002 kg/h of ambient air (stream 10) with an absolute humidity of 0.02
kg water/kg dry air is dehumidified to 8x10- kg water/kg dry air by a cooler (CHX) and then a
fraction of it (stream 11) is heated and distributed in order to maintain a fluidized bed in the
bottom of the spray dryer. The dried instant coffee produced with a humidity of about 3% m/m
(stream 23) is then collected on a belt (BT), where two streams of dehumidified air at 85 °C
(stream 16) and 27 °C (stream 20) are used to gradually cool the coffee and prevent it from
agglomerating. Then the instant coffee (stream 25) is passed through vibratory screen (S) in order
to obtain the required particle size. The fraction of instant coffee with the smallest particle size
(stream 28) is recirculated to the process using dried air at 27 °C (stream 22) while the biggest
particle size of instant coffee (stream 27) is considered waste. The humidified air (stream 29) that
exits the spray dryer is passed through a cyclone separator (FF) to remove solid coffee particles.
These solid particles (stream 32) are recirculated into the process and the humidified air (stream
31) is released to the environment.
To develop the process modeling, the following assumptions were made:
e The process was at a steady state condition.
e The coffee extract was modeled as a solution with a constant concentration of soluble
solids from Coffea arabica beans.
e The heat losses from the components were neglected.
e The pressure losses in the pipes, heat exchangers, bag filter and spray dryer were
neglected.

e The properties of the incoming air were considered as constants.
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Figure 2.4. Process flow diagram of the spray dryer system

2.1.4. Steam, chilled water and power generation

The steam generation system is a boiler system traditionally used, in which fuel oil No. 6 is fed
as fuel to the equipment, on the other hand, it is also fed a stream of water, which is
recommended to go through a previous treatment to avoid possible incrustations in the
equipment and thus not lose efficiency in the equipment. Finally, we will obtain a stream of
greenhouse gases, which is the result of the combustion of the fuel together with the steam
stream generated that will be the product that will be used in the production processes of soluble
coffee.

For the power generation, the plant has a diesel generator. The plant needs 558.6 kW of power
for supply their process with electricity.

The refrigeration system shown in Figure 2.5 is a vapor compression refrigeration system,
which consists of three important stages: vapor compression, evaporator, and condenser.
Through the S2 stream flows ammonia in gas phase which enters a flash separator to separate
the stream into two phases (liquid and gas). The liquid phase exits through stream 3 and enters
the evaporator (HX-101), where it will exchange heat with stream S5 (water) to obtain the ice

water we are looking for through stream S6, the ammonia that exits this evaporator (stream S7)
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increases its temperature due to the heat gained in the evaporator, this ammonia stream is

recirculated and re-enters the flash separator (FS-101).

Legend
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Figure 2.5. The vapor compression system used as conventional refrigeration.

The gas phase that leaves the flash separator (stream S7), will pass through a compression stage
to obtain ammonia gas at a high temperature and pressure (stream S12), then this stream will
enter a condenser where it will transfer heat to a water stream (stream S14) that enters the heat
exchanger, the ammonia that leaves the condenser (stream S13) at a low temperature will be
taken to a pump (P-101) where its pressure will be increased even more, finally the ammonia
that circulates through stream S1 will be throttled in a valve in order to lower the ammonia

temperature to saturation so that it enters the flash separator and the cycle continues.

2.2. The production process of biofuels from spent coffee grounds

2.2.1 System description

Figure 2.6 shows the production of syngas and biodiesel from SCG with initial moisture of
61.1% w/w. Air (stream S3) is heated up to 150 °C (stream S4) in a heat exchanger (E-101),
then it enters a dryer (D-101) to reduce the SCG’s moisture to 12.4% w/w. The dried biomass
(Stream S5) enters the soxhlet extractor (SO-101), where it is in contact with hexane (stream
S6) to extract 15% of the lipids from the SCG. The oil stream enters into a flash evaporator
(EV-101) to recover the hexane (stream S8) and separate it from the lipids (stream S9). Traces

of solvent in the spent biomass are evaporated in the dryer (D-102) with air preheated to 100

17



°C (stream S12). Then, the dried SCG enters a gasifier at 900 °C with carbon dioxide as the
gasifying agent (stream S15) and produces syngas (stream 16), with a relative molar
composition of 0.02, 0.43, 0.10, 0.37 for H>, CHa4, CO, and CO3, respectively [71]. In addition,
the gasifier produces a solid stream with 95% char and 5% ash (stream 17). SCG oil (stream
S9) is heated in a heat exchanger (E-202) with steam (stream B21) to 54 °C (stream B6). A
mixture of methanol (stream B4) and hydrogen chloride (stream B3) is heated in a heat
exchanger (E-201) with steam (stream B19) up to 54 °C. The heated mixture enters into a
reactor (R-201) where the esterification reaction occurs to obtain methyl esters from free fatty
acids. The methyl esters and the triglycerides of the oils leave the reactor (steam B8). Other
products like excess reagent and produced water leave the reactor separately (stream B7). The
product is decanted before going into the second reactor to eliminate the residues of methanol,
water and HCI. In the second transesterification reactor (R-202), triglycerides from SCG oil
(stream B10) react with methanol and KOH (stream B12) to produce water as a by-product
(stream B14) and a mixture of glycerin and biodiesel as a product (stream B15). The product
from the second reactor is cooled to room temperature (stream B16) and decanted to separate

the glycerin (stream B17) from the biodiesel (stream B18).
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Figure 2.6. Process flow diagram of the integrated process to produce a) syngas and b)

biodiesel

2.2.2. Process Simulation

The simulation of the process was performed in Aspen Plus V12.1. The SCG and the ash were
simulated as unconventional components. Proximate and ultimate analyses were defined by
applying the enthalpy and density model of the unconventional components (HCOALGEN
and DCOALIGT) [72]. The oil chemical composition extracted from the SCG was obtained
from a previous study [73], therefore the chemical compounds were simulated as conventional
components using the NIST ThermoData Engine (TDE) database [74].

The conditions of the D-101 such as air/SCG mass ratio and initial and final humidity were
established from experimental data in a convective dryer [75]. The EV-101 was simulated as a
flash separator and a total solvent recovery was assumed. The ideal thermodynamic model was
used for the gasification process because the pseudo-components were at a low pressure of
101.3 kPa [76]. The gasifier was simulated by the use of the RYIELD and the RGIBBS reactors
[77]. Tar formation was not considered [78] and char was defined as pure coal, which was
determined by the mass of fixed coal in the biomass.

For the esterification and transesterification processes, the UNIQUAC thermodynamic model

was used, because the studied system has two liquid phases, some strong polar compounds and
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is at a low pressure of 101.3 kPa [79]. A yield of 100% and 85% were considered for the
esterification and transesterification reactions occurring in R-201 and R-202, respectively,

according to previous studies [80].

2.2.3. Model Validation

The final moisture obtained in the dryers, the syngas composition obtained in the gasifier, the
yield achieved in the oil extraction process, and the yield and composition of the biodiesel
produced in the transesterification reactor were compared with the results obtained
experimentally by previous studies using the same operational conditions, to ensure the validity
of the modeled processes. For the esterification and the transesterification reactors, the
operating conditions of Haile et al. [80] were used. The esterification reactor was operated at
atmospheric pressure, with a methanol/FFA molar ratio of 20:1 and HCI at 10% w/w free fatty
acids. The transesterification reactor had a methanol/oil molar ratio of 9:1 and KOH and 1%
w/w of oil content. The D-101 was operated with the conditions presented in the experimental
study of Gémez et al. [75].

The drying air temperature was 150 °C, and its relative humidity was 50%. The SCG initial
moisture was 61.1% w/w. The inlet air flow was 524.8 kg wet air per kg of wet biomass.

For the soxhlet extraction the solvent/biomass mass ratio was 9.87 as used by De Melo et al.
[81]. The gasifier was operated at 900 °C, with a CO2/SCG molar ratio of 0.17 and with initial

biomass moisture of 2.89% w/w, which are the conditions proposed by Kibret et al. [2].

2.3. The trigeneration process

2.3.1. System description

The CCHP system shown below consists essentially of three parts that have an established
functionality: electric power generation, steam generation and cooling water generation. Figure
2.7 represents the process flow diagram of the CCHP system. The CCHP process begins with
the stages of electric power production, immediately following the generation of steam. First,
the fuel (bunker, natural gas, syngas, or dry biomass) (Stream 1) enters the P-101 pump and
then into the combustion chamber CC-101. Air (Stream 3) that takes the oxidizer paper enters
a compressor C-101 and then into the chamber CC-101. It should be noted that in the
combustion chamber, complete combustion of the fuel takes place. The flue gas stream
obtained in the combustion chamber (Stream 5) enters a gas turbine T-101 where electrical

energy is produced. Then the flue gas stream coming out of the turbine (Stream 6) is directed
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to a heat exchanger HX-101, which would function as a boiler to produce steam (Stream 9)
from a mixture of plant recirculation water stream and fresh water (Stream 8). The exhaust flue
gases of the heat exchanger (Stream 7) are directed to the desorber or generator HX-102, where
it initiates the absorption cycle to produce chilled water.

Regarding the absorption system, the mixture of LiBr / H>O (Stream 14) enters the pump P-
102 and then goes to the heat exchanger HX-103 where it gains temperature. Then, the mixture
goes into the generator or desorber HX-102 where the separation of water (Stream 11) and
LiBr (Stream 12) is made through the heat supplied by the flue gases of Stream 7 that leaves
the HX-101 exchanger. In exchanger HX-103, there is another high temperature outlet stream

with a higher concentration of the LiBr / H>O mixture than stream 15.

The generator outlet stream containing only water vapor (Stream 17) enters condenser HX-104
where it is fully condensed using water from the cooling tower (Stream 18). Then the water
(Stream 20) passes to a V-102 expansion valve to reduce its pressure (Stream 21) prior entering
the evaporator.

The output stream of the generator containing only water steam (Stream 17) enters the
condenser HX-104 where it is completely condensed using water from the cooling tower
(Stream 18). The water then passes into a V-102 expansion valve to reduce its pressure (Stream
21) prior to its entry into the evaporator. In the evaporator HX-105 the water of the cycle
(Stream 21) absorbs heat from a stream of hot water (Stream 22), vaporizing completely. The
stream of water that loses heat (Stream 23) corresponds to the chilled water provided by the
CCHP system. The stream of water from the cycle that leaves the evaporator (Stream 24),
enters the absorber AB-101, where it is mixed with the LiBr / H2O solution that has a higher
concentration of LiBr (Stream 13). The stream leaving the absorber has lower Concentration
of LiBr because it is diluted with stream 24. Because absorption is an exothermic process,
cooling water (Stream 25) which exits the absorber at a higher temperature (Stream 26) is

used.at a higher temperature (Stream 26).
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Figure 2.7. CCHP system based on biofuel from SCG

2.3.2. Process Simulation

The simulation of the process was performed in Aspen Plus V12. Biomass was defined as an
unconventional component using the enthalpy and density model known as HCOALGEN and
DCOALIGT where Proximate and Ultimate analysis were specified. This data was obtained
from previous studies [82]. Natural gas and syngas contains a mixture of components of known
chemical composition like methane, nitrogen, carbon dioxide, hydrogen, and carbon monoxide
[83,84]. Therefore, they were simulated as conventional components using the
ThermoDataEngine (TDE) database of NIST simulator Aspen Plus, achieving an
approximation of the properties of natural gas and syngas from the molecular structure of the
components that compose them. Bunker was defined as a pseudocomponent, adding
characterization data like density and molecular weight, obtained from literature [85].

For the CCHP system, the ELECNRTL thermodynamic model was used, since it is specifically
designed for electrolyte solutions, in this case, for the lithium bromide solution. For this model,
it is necessary to use an electrolyte wizard to generate relevant reactions for the electrolyte
solution which are the association/dissociation of lithium bromide [86]. The following
conditions were considered in certain components: In the CC-101 combustion chamber, a
complete combustion of the fuel operating at specific temperatures and pressures was
considered. These conditions were obtained from previous studies for each fuel: biomass [87],
fuel oil No. 6 [83], natural gas [88] and syngas [85]. In the T-101 turbine, an isentropic
efficiency of 70% and an expansion ratio of 1:15 were considered according to previous studies

[86]. The HX-101 boiler was simulated as a shell and tube heat exchanger since the combustion

22



gases obtained from the combustion chamber heat the feed water producing steam and
therefore lowering the temperature of the flue gases. This component operates at specific
pressures and temperatures of cooling water and combustion gases according to the fuel used:
biomass [87], bunker [83], natural gas [88] and syngas [85].

For the absorption chiller system, conditions of temperature, pressure and lithium bromide
concentration were considered according to Somers et al. [84]. In the pump (P-102) a pressure
of 7.461 kPa was considered with a lithium bromide concentration of 57.4%. The generator
was simulated as a heat exchanger (HX-102) to separate the components in the solution, in this
case, the lithium bromide from water, through the heat supplied by the flue gases from the
cogeneration system. For the condenser (HX-104), evaporator (HX-105) and absorber (A-101),
the temperatures were considered according to Somers et al. [84]. For valves V-101 and V-102
a pressure of 7.461 kPa was considered. It should be noted that cooling water was used in the
condenser and absorber, while in the evaporator hot water was used as heating medium.
Throughout the study, the following assumptions were made: All components belonging to the
systems were considered to operate under stationary conditions, so the dead temperature and
pressure were 293.15 K and 101.3 kPa respectively for the conventional cooling system and
298.15 k and 101.3 kPa for the other systems and the reference temperature for the calculation
of enthalpy and entropy is 298.15 K and 101.3 kPa; in this case, variations in ambient
temperature were ignored. Regarding the calculations for the combustion chamber, complete
combustion is assumed and heat losses to the environment are considered negligible. For the
exergy analysis, the kinetic and potential exergies of the flows are negligible so their
contribution to the general exergy was excluded and calculations of chemical exergy in the
conventional cooling system were not considered since the compositions of the flows remain

the same throughout the process.

2.3.3. Model Validation

To ensure the validity of the modeled processes using different fuels, the same operational
conditions were used, data obtained from previous studies for the combustion chamber and
boiler of the steam generation system and the lithium bromide/water absorption chiller system

for each CCHP system shown in Table 2.14.
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Table 2.14. Initial conditions for the steam generation system using different fuels

Component Parameter Biomass  Fossil Natural Syngas
P [82] Fuel [85] Gas [83] [89]

CC-101 Mass Ratio Air:Fuel 12 154 18.1 1.53
Air Inlet Pressure (bar) 15 15 15 15
Air Inlet Temperature 25 25 20 25
(°C)

HX-101 Feed relation (kg water/kg 2.5 2.75 2 2.46
flue gas)
Water Inlet Pressure (bar) 12.5 12.5 12.5 12.5
Water Inlet Temperature 25 25 25 25
(°C)
Flue Gas Inlet Pressure 7.95 8.02 8.20 10.14
(bar)
Flue Gas Inlet 1711 2118 2044 1799.7

Temperature (°C)

Table 2.15. Initial conditions for the absorption chiller system [84]

Component Parameter Value
P-102 Output Pressure (kPa) 7.461
Refrigerant mass flow (kg/s) 3.53
HX-102 Relation mass Refrigerant/Flue gas 0.1
HX-103 22222 Lﬁ;lril?)eée)lture Diluted 89.9
HX-104 Output Temperature (°C) 40.2
Cold water mass flow (kg/s) 7.07
Inlet cooled water Temperature (°C) 25
HX-105 Output Temperature (°C) 2
Inlet Temperature water 25
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Component Parameter Value
Water mass flow (kg/s) 7.07
A-101 Inlet Temperature (°C) 43.1
Inlet Concentration LiBr (%) 0.574
Cold water mass flow (kg/s) 7.07
Inlet cooled water Temperature (°C) 25
V-101 Output Pressure (kPa) 0.672
V-102 Output Pressure (kPa) 0.672
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3. Thermoeconomic Analysis
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3.1. Fundamentals of Thermoeconomic Analysis

The thermoeconomic analysis is used in this work as an equivalent of exergoeocnomic analysi.
It includes exergetic and economic analyses, in order to determine the cost of the
irreversibilities of the process. The fundamentals of each analysis are explained in detail on the

following sections.

3.1.1. Exergy Analysis

The exergy analysis was performed by using the engineering equation solver (EES) software for
the formulation of mass, energy, and exergy balances for each component. In their general form,
they are Eq. (1), Eq. (2), and Eq. (3), respectively:

D= ) o = 0 )

out

Z hinhin — Z houtMoyt + Wk + Qk =0 )

out

mn
D Eqr A Wit D Ein= > Eoue— Epp =10 3
k in

out

The enthalpies, entropies, molecular weights and densities of the pure substances in the process
were determined using the functions in the EES software. For the streams that had soluble coffee
solids as part of their compositions, Eq. (4) and Eq. (5) were used to determine the
thermodynamic properties such as enthalpy and entropy. The C, value was obtained from
Burmester et al. [90]. The dead state conditions have been taken as To= 27.5 °C and Po= 101.13
kPa.

h—hy = c,(T —Tp) 4)

AS = fT Pyt fp <av) dp (5)
T ref T P ref oT P

The exergy rate, specific exergy, physical exergy, kinetic exergy and potential exergy are

calculated using Egs. (6) — (10).

E=m-e (6)
e =ePH 4 eCH 4 KN 4 oPT (7)
e = (h—ho) — To(s — so) (®)
efT = gz )
v? (10)

kN _ Y
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Where h and s are the enthalpy and entropy values to a given state, while h, and s, are the
enthalpy and entropy of the dead state, respectively.
The standard chemical exergies were obtained from the Model II [91]. The velocities of
different streams were estimated by the Bernoulli relationship, Eq. (11), where y is the specific
heat ratio and p is the density of the stream.

2

() E- () "

The exegetic balance is developed through the following Eq. (12). Where Er, Ep, Ep, E;, are
fuel exergy, product exergy, destroyed exergy and lost exergy respectively.

EF,k - EP,k = ED,k - EL,k (12)
The exergetic efficiencies for each equipment present in the process are determined by relating

the product and fuel exergy according to the following expression Eq. (13).

Ep
Nex = <a> (13)

The exergetic factor presented in Eq. (14) is used to determine the amount of exergy destroyed

on each component with respect to the total destroyed exergy.

(14)

The exergetic factor presented in Eq. (15) is used to determine the destroyed equipment exergy
with respect to the total fuel exergy.
Ep

Yok = &
Er tot

(15)

3.1.2. Economic Analysis

The economic analysis was developed following the methodology TRR (total revenue
requirement) [22]. The investment cost rate and the operation and maintenance cost rate were
determined for each component of the system.

The variable Z, is calculated as the sum of capital investment (Z¢' ) and operation and

maintenance costs (ZZM) for each component, as is shown in Eq. (16) [93].

2 = 20M 4 7¢I (16)
The capital investment for each component can be calculated by using Eq. (17) [93]:
i _ PECe CRF (17)
k T

28



where PECy, is the purchase price of the kth component, T is the number of annual operating
hours (24 hours per day, 365 days per year). It is assumed that the ordinary annuities transaction
occurs at the end of each time interval, thus the CRF (capital recovery factor) can be obtained

using Eq. (18) [93], where i,/ is the interest rate and n is the lifetime of the system (20 years).
gLbq fr
CRF = ieff'(l‘Heff)n (18)

(1+igf)™ -1
The rate of operation and maintenance costs (Z2™) can be calculated by using Eq. (19). The
operation and maintenance cost (OMCx) of each component is determined by using Eq. (20)
which is a close approximation used by Bejan et al [93]. The constant-escalation levelization
factor (CELF) was determined by using Eq. (21), which depends on the factor k- defined by
Eq. (22) [93]. For the nominal escalation rate (r°M), it was assumed that all costs except fuel

costs and the values of by-products change annually with the constant average inflation rate [93].

JOM _ oOMC, - CELF°M (19)
k T
CELFOM — kome " (1 — komcn) - CRF (21)
(1 = komc)
I 1+ roM (22)
oMC = 7, -
1+ leff

The economic indicators [22] that were assumed for the analysis are described in Table 3.1.

Table 3.1. Economic indicators

Parameter Value
Average general inflation rate 0.05
Average nominal escalation of all costs 0.05
Average nominal escalation of fuel costs 0.06
Plant economic life in years (n) 20
Plant life for tax purposes in years 15
Average combined income tax rate 0.38
Average property tax rate (%PFI) 0.015
Average insurance rate (%PFI) 0.5
Average capacity factor 0.85
Labor positions for O&M 20
Average labor rate ($/h) 18
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3.1.3. Exergoeconomic Analysis

The exergoeconomic analysis consists of the formulation of a cost balance and its auxiliary
equations at a component level, for each component of the process, proposed by Bejan et. al
[22].. The general cost balance [93] is shown in Eq. (23) where c,,,; and c;,represent the costs
of the outflows and inflows respectively, c,, , represents the cost rate related with the work and
Z,, represents the investment cost of each component.

Z Cq,qu,k + Cw,ka + Z CinEin - Z CoutEout - CD,kED,k + Zk =0 (23)
in

k out

The cost balance can be written in terms of the fuel and product formulation [94] as is shown in
Egs. (24) - (25).
Crye + Zx = Cpy (24)
cpibpp = criErp + Zi — Cpi (25)
where C p k 18 the product cost rate, C r 18 the fuel cost rate for each component.
The exergy destroyed in the k-th component has an associated cost rate C px thatcanbe
calculated in terms of the cost of the additional fuel (cr ;) that needs to be supplied to this
component to cover the exergy destruction and to generate the same exergy flow rate of the
product, when E p k. Stay constant (Eq. (26)) [93].
CD,k = crikpx (26)

where C b k 15 the cost rate associated with the destroyed exergy for each component.

For a better interpretation of the results, the exergoeconomic factor (f;) and relative cost
difference (1) were determined. The first factor represents the relationship between the
investment cost and the total operating cost rate, while the 7, represents the increase of the

specific exergy cost in a component divided by the specific exergy cost of the fuel.

Zy, (27)
fk ==
Zk + CD,k
r = Bk Rk (28)
Cr i
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3.2. Application of thermoeconomic analysis to the processes

3.2.1. Roasting and solid liquid extraction

The following information was used for perform the exergoeconomic analysis of the roasting

and solid liquid extraction process of coffee beans:

The enthalpy of green and roasted coffee beans, extract, and spent coffee ground, as
well as fuel and combustion gases were calculated by integrating the equation from the
text by Felder & Rousseau [21]. This expression depends on the calorific capacity of
each of the compounds and the change in temperature.

For the entropy of streams of green and roasted coffee beans, extract, and spent coffee
grounds, as well as fuel and combustion gases were calculated by integrating the Eq.
(2).

The molecular weight of the Diesel was determined using the Maxwell chart where 100
samples were used, later given a statistical treatment to obtain the approximate value
of the molecular weight, the work was done by Hidalgo[15]. Diesel density was
provided by Hidalgo [15], where using API density the relative density of 100 samples
was determined.

The calorific capacity of the green coffee bean was obtained from a study provided by
Cardoso, de Andrade, Calderon, Rabelo, de Almeida Dias & Lemos [16]. The calorific
capacity of roasted coffee beans was determined from a study by Schwartzberg [17].
The calorific capacities of the coffee extract and spent coffee grounds were obtained
from Tellis-Romero, Gabas, Polizelli, & Telis [18].

The specific heat of the Diesel was obtained from work done by Elijah, Olurunnishola,
& Enyejo [20]. To determine the chemical exergy of diesel, the following Eq. (29).
developed in the Bejan, Tsatsaronis, & Moran text [22] is used which is useful to
calculate the chemical exergy of fuels that are pure hydrocarbons, although it can also

be adapted to calculate the chemical exergy of any fuel.

- _ b\ _ _ b _
efczi-lel = HHV (Torpo) - To [Sfuel + <a + Z) Sp, — ASco, — ESHZO (To'Po)
_ b _ by _
+ [aecoz + 58,0 ~ (a + Z) 902] where : C,H, (29)

where HHYV is the heating higher value of the fuel at dead state conditions, this value
was taken from literature [23]. The LHV or lower heating value for the case of Diesel

was taken from previous studies [23].
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The molecular formula and the average molecular weight of the VOC’s was determined
by monitoring the VOC’s during coffee roasting by mass spectrometry testing by
Yeretzian, Jordan, Badoud, & Lindinger [24], selecting the compounds with the highest
relative intensity of explosions.
The chemical exergy for VOC’s is determined following the methodology proposed by
Bejan et al. text [22], which was developed to find the exergy of any substance not
found in the environment. The chemical exergy for the streams of green and roasted
coffee beans are estimated according to Eq. (30), it is obtained experimentally through
the relationship between energy and exergy developed by Ozilgen [25]. This expression
includes all the contributions made by the nutrients present in the green and roasted
coffee bean. The symbols P, F and C represent the dry-based fraction of proteins,
carbohydrates, and lipids respectively.

et = 25.4P + 39.6F + 17.5C (30)
The mass compositions of the compounds present in the roasted coffee bean were
obtained by experimentation by Wei & Tanokura [26], subjecting green coffee beans
to a roasting process, and by nuclear magnetic resonance to determine the concentration
of the most abundant compounds. The compositions presented below are defined on a
dry basis.

Table 3.2. Nutritional composition of green and roasted coffee beans

Component Green Coffee Bean Roasted Coffee Bean

Proteins 11.0-13.0 % 13.0-15.0%
Carbohydrates 56.0-63.0 % 24.0-42.5%
Lipids 12.0 - 18.0 % 14.5-20.0 %

The chemical exergy of spent coffee ground is using a previous study from Song, Shen,
& Xiao [27], which considered the elemental analysis.

Table 3.3. Elemental chemical composition of coffee bagasse.

Component Green Coffee Bean

Carbon 52.24%
Hydrogen 6.95%

Oxygen 34.82%
Nitrogen 3.46%

Sulphur 0.1%
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Ash 2.39%

Coffee extract is a substance that can be assumed as a mixture, which has soluble solids,
insolube solids and water. Therefore, the appropriate expression to determine the
chemical exergy value of the extract is the Eq. (31). Where x; is the molar fraction of
the component, e;°! is the chemical exergy per component and R is the constant of the

ideal gases.

et = Z x;ef™ + RT, Z x;In (x;) (31)
Table 3.4 shows the expressions used for the calculation of fuel and product exergy
rates.
Table 3.4. Fuel and product exergy for each system component.
Component Epy E,x
B-101 Wp_101 Ep—» — Ep_
p-101 Wp_101 Eg_¢ — Eg_s
CC-101 Er_, Ep_og—Ep_3
H-101 Er-10 — Er—o + Qreaction Eg_13 — Ep_1;
CS-101 Eg_13 — Ep_15 — Egr_17 Eg_16
Q-101 Er_g Ep—11 — Eg—4 — Eg_10
P-103 Wp_103 Eg_15 — Ep_14
P-102 . WP—192 E:'E—Z - E:'E—l
E-101 Ecoy —Ec— Ep_3 —Ep
EX-101 Ep_s+ Ep_q1 — EEYs Egfls — Ep_y + (Ec—s — Ec_3)
E-102 Ep_s +Eq_g Ecoo+ Ep_q
P-104 . WP—104 . Eg_;—Eg_¢
E-103 Ecoy+Ep_g+ Ep_y Eceyo+Ec_g+ Ezg

For the economic analysis the following costs were considered: The green coffee beans
used in the process have a price of $3.09 per kg. The steam has a value of $0.039 per
kg. The Diesel 2 which is the fuel used by industry in Ecuador has a value of $0.6381
per kg [29]. The cost of electric power is $0.0765 per kWh [30], while the cost of water
for industries in Guayaquil is $0.72 per m? [31].

Table 3.5 shows the fuel and product cost rates for the system under analysis.
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Table 3.5. Cost balance equations for exergy costs.

Auxiliar
Component Fuel cost expression Product cost expression ) y
Equations
Cr-1 =0
B-101 Wp_101 " Cp Cr-z — Cp—1 Cr—4 = CR-2
Cr-3 = CRp-2
; ; ; Cr-7 = Cr-6
P-101 Wp_101 " Cep Cr-6 — Cr-s _
Cr-8 = Cr-6
H-101 Cr-10 — Cr—o Cr-13 — Er-12 Cr-9 = Cr-10
CS-101 Cr-13 — Cr-15—ERr-17 Cr-16 Cr-15 = Cpr-17
Q-101 Cr-s Cr-11 — Cr-4 — Cr-10 -
P-103 Wp_103 * Cep Cr-15 — Cr-14 -
P-102 Wp_102 " Cep Ce—2 — Cg—1 -
E-101 Cc-1—=Cc—2 Ce—3 — Cg— Cc-1 = Cc—2
o EEH - cps — Cpog — (Co- =0
EX-101 Cpog + Cpoyg — EPH. - cp_s E-5 " CE-5 E—4 (- CE-4
= Cc-3) Cc-3 = Cc-4
E-102 Ce-s + Cp_s Cc-6+ Cr-s Cc-5 = Cc-6
P-104 Wp_104 " Cpp Cg-7 — Cp-s -

. . . . . . Cr_7 = Cr_
E-103 Coey 4 Cog+ Cp_y Coe104 Cog + Crg €=7 7 -8
Cc—9 = Cc—-10

3.2.2. Double effect evaporation process

The following information was used for perform the exergoeconomic analysis of the double
effect evaporation process of coffee extract:
e Table 3.6 shows the expressions used for the calculation of fuel and product exergy

rates.

Table 3.6. Fuel and product exergy for each system component.

Component Epy Ep,
EV-101 Egs — Egq + Wp_101 Eg+E3s — E,
EV-102 Eiz —Ejy + Wp_102 E, + E, — E;

P-101 Wp_101 E,—E;
P'102 WP—102 E16 - E14
P'103 WP—103 E15 - E12
P-104 Wp_104 Eq — Eg
P-105 WP—105 ES6 - ESS
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E-lOl Ell - Elz EWZ - EWl

E-102 Es; — Es, E; —E,
E-103 EPH — EPH 4 EPH 4 EPH EPH 4+ EPH
B-201 E, +E; —Ey E, — Eyy
M-201 E, Ey; + Eyyy
V-201 Ey, Egq
V-202 Evyi Egs
TK-201 Es Es;
P-201 Wp_201 Eyy — Es;

The cost balance estimation requires the simultaneous resolution of a system equation. The
components exergoeconomic equations as well the auxiliary relations are shown in Table 3.7
and definitions are obtained from literature [29][28].

Table 3.7. Cost balance equations for exergy costs

Product cost Auxiliary
Component Fuel cost expression
expression Equations
Cg + Ci3 + Cgy Csa _ Css
. . . Exsy,  Exs;
C; _ Gg
Ex, Exg
C7 + Cl4 + Cll Cl4 — Cl3
. . . Ex;y  Exis
G G
Ex, Exs
P-lOl Cl + CW—PlOl Cz -
P-102 Cl4 + CW—PIOZ 616 -
P-103 ClZ + CW—P103 CIS -
P-104 CS + CW—P104 Cg -
P-105 Css + Cw—p1os Cse -
P-201 CS7 + CW—P201 CIII -
: : Crp +C C C
E-101 Cll + Cw1 12 w2 12 11

Ex,, Exq4
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Cs + Cs, Cs2 Cs1

E-102 Csy + Cy s
S2 S1
Ccz + CW4 + C10 ClO _ CW4
. . . Exlo Exw4
E-103 Cy+ Cys + Ccq . .
Ce2 _ Cax
Exc, Exc
B-201 CI + CII + CIII g == Ex
11 v
M-201 ¢ CVI + CVII CVI _ CVII
4 ExVI Exvn
V-201 Cyp Csy -
V‘202 CVII CSS =
TK-201 Cse Csy -

3.2.3. Spray Drying process
The following information was used for perform the exergoeconomic analysis of the spray
drying process of concentrated coffee extract:

e The composition for the different states of the system are shown in Table 3.8. This

information was used to calculate the different thermodynamic properties.

Table 3.8. Composition of the different states.

Soluble solids Water Dried air
State Description
(kg/kg) (kg/kg) (kg/kg)
2 Coffee extract 0.440 0.560 -
23 Soluble Coffee powder 0.970 0.030 -
24 Mixture BT 0.001 0.009 0.990
29 Mixture SD 0.004 0.040 0.955
33 Mixture S 0.038 0.008 0.954
34 Mixture FF 0.117 0.001 0.882

e For the calculation of chemical exergy of each state point that has soluble coffee solids
and water, Eq. (32) [93] was used. The concentration of water and coffee in equilibrium
with the environment (x{) was chosen as the dead state of reference. Those values were
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obtained from previous studies on Arabica coffee by Yao et al. [109]. For the calculation

of the chemical exergy of each state point that has soluble coffee solids, water, and air,

Eq. (31) [93].
et = —RTozxi In <§—l> (32)

e The chemical exergy of air for the different moisture content in air was calculated using
an expression from Wepfer et al. [110], according to Eq. (33), where w, and w are
mole fraction of water vapor at environmental conditions and operational conditions,
respectively.

1+ 1.6078w0](1+1'6°78"") [W ]1-6078w .
WO

CH _
eag = 0'2857Cp,airTo In “m
o The exergy of the fuel and the exergy of the product for each single component have been
formulated following Lazzareto and Tsatsaronis rules [94] and they are shown in Table
3.9.

Table 3.9. Definitions of fuel and product exergy for each component.

Component Epy Ep,

LP W, E; — E,

HP Wyp Es—E,
HXE Ess — Esq E, — E
MHX Es; — Esg Ey—Eg

SFBHX Eso — Eyp Eis —Ep
VF1HX E, —Ey Eis — Eis
VF2HX E;s—Ey Eig —Eiy

MF Wour Eg —E,
SFBF WSFBF E12 - Ell
VFIF WVFlF E15 - E14
VF2F WVFZF EZO - E19
RFF WRFF EZZ - E21

FF WFF E32 + E31 - EBO

SD E13 + E9 - E29 E23 - EG - E34-

BT EZO + E16 - E24 E25 - EZB

S E27 + WS E26 + E28 - E25

B (E49 + E47) - ESO E51 - E48

CHX E45 - E46 E14 + E17 + Ell - ElO

e Table 3.10 shows the equations used for the calculation of fuel and product cost rates.
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Table 3.10. Cost balance equations and auxiliary equations for exergy costs of the system.

Component Fuel cost expression Product cost expression Auxiliary equations

LP C; + Wpp Cy +Zyp -

HP Cs + Wyp Ca + Zyp Ga=c3+0
HXE Co + Cag Cs + Css C36 = C35 = Cs1
MHX Co + Cag Cg + Csy C3g = C37 = Cs1

SFBHX Ci3 + Cyo Ci2 + C39 C40 = C39 = (51
VF1HX Ci6 + Caz Cy5 + Cqy Ca2 = C41 = C51
VF2HX Cig + Cag Ci7 + Cy3 Ca4 = C43 = C51

MF Ce + Wiyp C, ;=0
SFBF Cip + Weppr Ci1 -

VFI1F C'15 + WVFlF C14 B
VF2F Czo + WVFZF Clg Ci9 = C18

RFF 622 + WRFF 6'21 C21 = C13

FF C"31 + C'32 + WFF C30 C31 = C32

SD Cyo + (23 Co + Co + Ci3+C3y C29 = o

BT Cz4 + 625 616 + Cz3 C24 = C16

S Ws 626 + Cz7 - Czs - Czs C28 = C30; €29 = (31
B Cso + 651 C47 + C48 + C49 Ca7 = 0; €49 = C35p
CHX Gyt + Cua + Coy + Crg Cro + Crs 10 = 05 as = Cus

C11 = C14 = Cq7

e There are some non-energetic costs used in the calculations of the cost balance of each
component. In the boiler, the fuel used to generate vapor is fuel oil 6. The price of the
liquid fuel (stream 49) is 1.07 $ per gallon [114]. The potable water (stream 48) has a
cost of 0.53 § per cubic meter [115] . The price of carbon dioxide (stream 1) injected into

the coffee extract was 24.22 § per kg.

3.2.4. Biofuels production from SCG
The following information was used for perform the exergoeconomic analysis of the syngas,
biodiesel and biomass production process from SCG:
e The specific heat capacity expressions for substances were not included in the EES
database, such as SCG [116], lipids [117], ash [118], char [119] and glycerin [120],

they were found in the literature.
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The exergy of wet biomass was calculated by using Eq. (34) [121] where xpp is the
composition of SCG in a dry free ash basis.

eWB = Xpp eDB + Zx e (34)

The chemical exergy of the ashes was calculated by using the model proposed by Song
et al. [122] which is based on a statistical study of ash in 86 varieties of biomass and
depends on the total concentration of different minerals. For SCG, this total
concentration was obtained from a study conducted on coffee waste [123]. The
chemical exergies of SCG, defatted SCG, oil, char and the biodiesel were determined
by using Eq. (35) applied to pure hydrocarbon fuels [121]. The molecular formula of

each of these substances was estimated based on their respective ultimate analysis.

CH = HHV(TO,P) [ZURSR szSP
vae_gH - ZURe_IgH]

P R

(To, o)

(35)

Where HHV represents the higher heating value at the dead state conditions; v is the
stochiometric coefficient of each combustion compound, and § the standard entropy of
each compound. The higher heating values of SCG oil [80], biodiesel [124], SCG and
defatted SCG [72], and char [46] were obtained from literature.

For the calculation of the chemical exergy of glycerin, a reaction involving reference
substances has been considered:

C3HgO3 + 50, —» 3C0, + 4H,0
Eq. (36) was used for the determination of the chemical exergy of glycerin [121]; where

AG 1is the change in the Gibbs function at dead state conditions.

eltl = AG — [zvp gt vRe-,gH] (36)

Table 3.11 presents the definitions of the fuel and product exergy for each component
of the process. For the overall system, the Ej,oqtin g 1s the sum of the changes of exergy
rates of the streams of steam used in the heating processes. Ecoo”ng is the sum of the

change of exergy rates of the streams of cooling water used in the cooling processes.
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Table 3.11. Definitions of fuel and product exergy for each component.

Component Epy Epy
E-101 Esig — Es19 Ess — Es,
D-101 Es; + Egs Ess

SO-101 (Esza — Es23) — (Esa1 — Esz0) + (Ess — Es10) Es; — Egq
EV-101 (Esza — Eszs5) + Es; — (Esz7 — Esze) Esg + Eso
E-102 Eszg — Esz9 Esiz — Esia
D-102 Esio + Bz Es14
R-101 Esia + Esis — Esq7 Es16
E-201 Eg1o — Egzo Epe — Eps
E-202 Egy1 — Ega: Ep, — Epy
E-203 Epns — Epis i
— Ep»s
R-201 Ege + Egy — Egy — Epo Ep1o
R-202 (Ep1s — Ep1a) + (Epas — Ep2a)* Ep1o Ep1s
Eheating - Ecooling + Ese — Egg + Egy £
Overall system + Eg5 +Eps — (Epy — Epo) e
+ Es16

+ EBlB - EBl4

The purchase equipment cost (PEC) for each component of the process was obtained
from vendors based on the required characteristics and are presented in the results
section. The costs of steam and carbon dioxide were considered as $0.03/kg and
$24.22/ kg, respectively [125]. The cost of cooling water [126] is $0.72/m?>. The cost
of n-hexane, methanol, hydrogen chloride and sodium hydroxide were $0.03/kg,

$1.15/kg, $0.50/kg, $0.04/kg, respectively, which were obtained from vendors.

The cost rates were determined following the expressions from Table 3.12.
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Table 3.12. Cost balance equations and auxiliary equations for exergy costs of the system.

Product
Auxiliary
Component Fuel cost expression cost
Equations
expression

E-101 Cs1s — Cs1o Cs3 — Csy Cs2 =0

Cs19 = Cs18
D-101 Cs1 + Cs3 Css cs1 =0
SO-101 (Cs22 — Cs23) —(Cs21 — Cs20)+ (Css — Cs10) Cs7 — Cse Cs21 = Cs20

Cs23 = Cs22

Cs10 = Cs7
EV-101 (Csz4 — Cs25) + Cs7 — (Csz7 — Csz6) Css + Cso Cs25 = Cs24

Cs27 = Cs26

Csg = Cs9
E-102 Cs2s — Cs29 Cs12 — Cs11 Cs11 =0

Cs29 = Cs2g
D-102 Cs10 + Cs1z Cs1a -
R-101 Cs14 + Cs15 — Cs17 Cs16 Cs17 = Cs16
E-201 Cr19 — Cazo Ce — Cps CB19 = CB20
E-202 C21 — Cpaz Coz — Cp1 Cp21 = Cp22
E-203 Cr1s — Chie Cr26 — Cpas  Cp26 = Chas

Cp17 = Cp1g
R-201 CBG + CBZ - CB7 - CB9 CBlO Cp7 = Cpe

Cpg = Cpg
R-202 (CB13 - CBl4) + (6323 - 6324)"” Cr1o Chis Cp23 = Cp24

Cp14 = CB13
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Overall Cheating — Ccooling + Cs6 — Csg + Cy

System + Cs15 +Cp5 — (Cs7 — Cpo) Cri6 + Cs16

+ CBlS - CBI4-

3.2.5. Trigeneration system

The following information was used for perform the exergoeconomic analysis of trigeneration

system based on biofuels:

The heat capacities of substances that are not defined in the EES database, such as
diesel [127], biodiesel [128], fuel oil No. 6 [129], SCG [116], were taken from the
literature.

The composition of the natural gas [88], syngas [130], as well as the molecular weights
were obtained from an estimate based on an ultimate analysis taken from previous
studies.

The standard chemical exergy of lithium bromide [131] and ammonia [132] were
obtained from literature. The chemical exergy of diesel and fuel oil 6 were obtained
using Eq. (4), which is only useful for pure hydrocarbons, where a represents the
number of carbon atoms and b represents the number of hydrogen atoms in the
molecule. The molecular weight of the Diesel was determined using the Maxwell chart
where 100 samples were used, later given a statistical treatment to obtain the
approximate value of the molecular weight, the work was done by Hidalgo [95]. The
molecular weight of the fuel oil 6 was obtained from an estimation of an elementary
analysis performed by Park et al. [83].

In the case of biodiesel, Eq. (43) was used, which can be used for any type of fuel, both
equations were obtained from Bejan, Tsatsaronis, & Moran [121]. The composition of
the biodiesel was estimated based on their respective ultimate analysis [80].

HHV represents the higher heating value at dead state conditions, and for diesel [133]
and biodiesel [134] and fuel oil 6 [135] were taken from literature. The lower heating
value for SCG [72], syngas [136], natural gas [137], diesel [133], biodiesel [138] and
fuel oil No. 6 [135] were obtained from previous studies.

The chemical exergy of dry biomass is evaluated by Eq. (37), which is obtained from a
study carried out by Song, Shen, & Xiao [101]. In the expression H, C, N, O, S, A they

represent the mass fraction on dry basis of hydrogen, carbon, oxygen, sulfur, and ash
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respectively. The composition of the SCG was determined according to the results of a
previous study conducted by Vardon et al. [72].
el = 1812.5 + 295.606 - C + 587.354-H + 17.506-0 + 17.735-N + 95.615-S
—318-4 (37)
e Table 3.13 shows the equations used to determine the fuel and product exergy in each
of the system components.

Table 3.13. Exergy of fuel and product.

Component Erk Ep
P-101 Wp_101 E, — E;
C-101 Wc—101 E4 - E3

CC-101 E, Es —E,
T-101 Es — Eq Wr_101
HX-101 E¢ — E, Eq — Eq
HX-102 (E; — Exo) + Eyy Eis — Eyiy
HX-103 E12 - E13 E15 - E14
HX-104 Eiy + Eig Eiq + Exg
HX-105 Eyy — By Ep3 + E3;
P-102 Wp_102 Ejs — Eyy

A-101 (Ez6 — Eas) + Eyz + Eyy Eiy

e The purchase equipment cost (PEC) was determined based on certain specific
characteristics of each of the equipment present in the system. For the case of
evaporators, pumps and exchangers we used Eq. (38) proposed by Towler & Sinnott
[39].

PEC=a+b-S" (38)
Where a and b represent cost constants, n is an exponent and S is the size parameter,
each of these values are specific to each type of equipment. Table 3.14 shows the values

of constants and parameters for these components.

Table 3.14. Cost constants, exponent and size parameter

Components a b n S
Evaporators 330 36000 0.55 0.36 [m?]
Pumps 8000 240 0.9 2.22 [L/s]
Heat exchangers 28000 54 1.2 3.15 [m?]
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The purchase equipment cost of the turbine was determined using Eq. (39) provided by
Kolahi, Yari, Mahmoudi & Mohammadkhani [40].

log(PEC) = ky + k3 - logyo(4;) + k3 - [logyo (4] (39)
where k;, k, and k; represent constants while A;the power produced by the equipment
in kW.
The purchase equipment cost for compressor is determined by Eq. (40) proposed by
Bejan et al. [29], which depends on the flow rate entering the equipment in kg/s, the

inlet and outlet pressure in MPa and the isentropic efficiency of the equipment.

71.1 * T'fl Pout Pout
oy = I ( ) 40
PECe-101 <0.9— nis)<Pi ) "\p, (40)

In the case of the combustion chamber, we used the Eq. (41) proposed by Amidpour,
Hasan & Man [41], which depends on the mass flow of air entering the combustion
chamber in kg/s, as well as the air inlet pressure in kPa, the pressure and outlet
temperature of the combustion gases in K. For the condenser we used the Eq. (42)
proposed by Abam, Briggs, Ekwe & Effiom [42], which depends on the inlet and outlet
temperatures of the cold and hot streams in K, the mass flow of the hot stream in kg/s,

as well as the condenser heat in MW units.

28.98 - m,;
0.995 (“91t)

in

_ Qcond
PECyx—104 = 280.74 + 746
22000 (Tin,hs - Tout,cs) - (Tout,hs - Tin,cs)
In <Tin,hs B Tout,cs)
Tout,hs - Tin,cs
' mout,cs (42)

The cost of natural gas [36], diesel [43] were considered as 0.0894 $/kg and 0.6381
$/kg respectively. The cost of water is 0.72 $/m3 [43]. The cos of the power electricity
in Guayaquil, Ecuador is 0.0756 $/kWh [44]. The cost of syngas, SCG, fuel oil No. 6,
lithium bromide and ammonia were 0.326 $/kg, 2.46 $/kg, 0.257 $/kg, 0.3 $/kg and 0.6
$/kg respectively, which were obtained from different suppliers.

Table 3.15 shows the fuel and product cost equations for the proposed system.

Table 3.15. Fuel and product cost rates

Auxiliar
Component Fuel cost expression Product cost expression ) y
Equations
P-101 Wp_101 " Cep G, — G €1
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C-101
CC-101
T-101
HX-101
HX-102
HX-103
HX-104
HX-105
P-102
A-101

We_101 " Cep

Cz4 - Cz1
Wp_102 * Cep
(Cze - Czs) + Cy3 + Cas

Cy— G
Cs—Cy
WT—lql
Co — (g
615 - Cl7
615 - Clél-
Cl9 + CZO
CZ3 + CZZ
615 - Clél-
Cl4

C3
Ce = C7
€7 = C10
C14 = (15
C18 = C19
C22 = (23

C14
C25 = (26
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4. Results and Discussion
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4.1. Exergoeconomic Analysis of the roasting and coffee extraction process

Table 4.1 contains the data of the operating conditions (T, P), as well as the data of enthalpy

(h), entropy (s), physical exergy (EFH), chemical exergy (E°") and total exergy of each of the

process currents.

Table 4.1 Thermodynamics properties of the stream process.

P h s (kJ/kg- EPH
Stream m (kg/h) ECH (kW)

CC) (kPa) (kJkg) K) (kW) (kW)
R-1 1256.4 25 101 237 5.24 0 0 0
R-2 1256.4 196 500 411 5.24 61 0 61
R-3 1242.0 196 500 411 5.24 60 0 60
R-4 15.0 196 500 411 5.24 1 0 1
R-5 79.6 25 101 44 0.15 0 1080 1080
R-6 79.6 35 500 62 0.15 0 1080 1080
R-7 76.7 35 500 62 0.15 0 1050 1050
R-8 2.7 35 50 62 0.15 0 37 37
R-9 1321.2 232 500 598 5.47 80 15 94
R-10 1551.6 232 500 932 5.71 128 52 179
R-11 1569.6 283 500 1010 5.84 143 47 190
R-12 2059.2 25 101 48 0.17 0 11700 11700
R-13 1828.8 360 101 1310 3.06 204 11900 12100
R-14 352.8 25 101 105 0.37 0 0 0
R-15 352.8 25 300 105 0.37 0 0 0
R-16 1908.0 25 101 37 0.13 0 11900 11900
R-17 271.8 80 101 335 1.08 1 0 2
R-18 1908.0 50 101 82 0.27 1 11900 11900
R-19 1026.0 50 101 82 0.27 0 6390 6390
E-1 5004.0 40 101 168 0.57 2 3 6
E-2 5004.0 41 138 173 0.59 4 3 8
E-3 5004.0 179 1383 761 2.13 180 3 183
E-4 3412.8 72 101 103 0.34 5 1970 1970
E-5 24732 120 200 457 1.39 33 6110 6150
E-6 2473.2 64 200 236 0.78 6 6110 6120
E-7 2473.2 65 318 240 0.79 6 6110 6120
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E-8 2473.2 12 196 45 0.16 1 6110 6110
E-9 2469.6 12 196 45 0.16 1 6100 6100
E-10 4.9 12 196 18 0.06 0 3 3
E-11 882.0 50 101 82 0.27 0 5490 5490
C-1 1965.6 190 125 2790 6.51 464 262 726
C-2 1965.6 18 1250 807 2.23 79 262 341
C-3 86760.0 30 155 126 0.44 5 60 66
C-4 86760.0 40 155 168 0.57 38 60 98
C-5 31896.0 30 155 126 0.44 2 22 24
C-6 31896.0 40 155 168 0.57 14 22 36
C-7 6084.0 30 155 126 0.44 0 4 5
C-8 6084.0 40 155 168 0.57 3 4 7
C-9 5544.0 5 500 22 0.08 5 4 9
C-10 55440 14 500 59 0.21 2 4 6

Table 4.2 shows the fuel and product exergy rates, the exergy destroyed, the exergy efficiency,
as well as the exergy destruction ratios of each of the system components. For the roasting
process, the equipment with the highest fuel exergy rate are CS-101 and CC-101, while EX-
101 and E-101 have the most significant fuel exergy rate in the extraction process. CS-101 and
P-101 are the components with the highest exergy efficiency in the roasting process with 98.45
and 72.20% respectively, while E-102 and E-103 are in the extraction process with 99.76 and
99.89% respectively.

The roasting process presents an exergy destruction of 1555 kW, resulting in an exergy
efficiency of 88.88%, while the liquid-solid extraction process destroys 1774 kW of exergy,
resulting in an exergy efficiency of 90.32%. In a previous study [35], the real coffee roasting
process was thermodynamically evaluated, where an exergy destruction of 614 kW and an
exergy efficiency of 33.26% was obtained, while in another study [36], where pistachio
roasting was performed, an exergy destruction of 78.3 kW and an exergy efficiency of 9.96%
was obtained. In different studies on oil extraction processes from organic solids using different

routes, energy efficiencies between 24 and 55% were obtained [37, 39].
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Table 4.2 Exergetic analysis in system equipment.

Component Egj (KW) Epy (kW) Epy (KW) Nk (%) Ypx Yok

B-101 87 61 26 69.8  0.008 0.001
P-101 1 0 0 72.2 0.000 0.000
CC-101 1050 34 1010 3.3  0.304 0.031
H-101 659 356 303 54.1  0.091 0.009
CS-101 12100 11900 188 98.5 0.056 0.006
Q-101 37 10 27 26.8  0.008 0.001
P-103 0 0 0 23.2  0.000 0.000
P-102 11 2 8 19.6  0.003 0.000
E-101 385 176 209 457  0.063 0.006
EX-101 5640 4110 1530 72.9  0.460 0.048
E-102 6170 6160 15 99.8  0.005 0.000
P-104 4 0 3 80  0.001 0.000
E-103 6130 6130 7 99.9  0.002 0.000

Figure 4.1 and Figure 4.2 show the fuel and product exergy rate of the roasting process and the
solid-liquid extraction respectively. The combustion chamber "CC-101" and the extractor "EX-
101" are the equipment that have the greatest impact on the exergy destruction for the roasting
and extraction process. This is because these components use heat as the most important supply
for the exergy rate of the fuel, and in these equipments there are processes where significant
amounts of heat are transferred, which makes them have a greater tendency to destroy exergy.
On the other hand, components such as pumps and compressors where the main source of fuel
exergy is electrical energy have the lowest impact on the exergy destroyed in the system.
Similar results can be observed in a study carried out by Sadreddini, Fani, Ashjari Aghdam &
Mohammadi [40] where an exergy analysis and optimization of a CCHP system was
performed, in which it was found that the combustion chamber was the equipment with the
highest exergy destruction rate, while pumps and compressors were the ones that destroyed the
least exergy.

Additionally, the CC-101 and EX-101 components have the highest exergy destruction ratio
compared to the fuel exergy ratio, in contrast to the P-101 and P-104 components, which have

the lowest amount.
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In the green coffee bean roasting process, the equipment that destroys the most exergy are the
combustion chamber "CC-101" and the furnace "H-101" with 30.39% and 9.09% respectively
of the total exergy destroyed in the overall system, while for the liquid solid extraction process,
the extractor "EX-101" and the heat exchanger "E-101" are the equipment that destroy the most
exergy with 46.01% and 6.28% respectively of the overall total of the system.

Legend
» Exergy
» Exergy Destroyed 26.87 kW R-11:189.9 kW
[ Fuel: 0.08431 kW
R-8: 36.7 kW
P-103
Q-101
R-4: 0.68 kW 0.065 kW
26.24 kW - l_%
. 10° R-15: 0,2644 kW
B-101 ‘ R-10E479.4 kW 2
R-3: 59.95 kW R9: 94.32 kW [R13: 12068 kKW
Fuel: 86.91 kW ce- S5 &6
101
R-7: 1046 kW
P-101
302.6 kW
0.16 kW R-12:11712 kW R-17:1.619 kW
Fuel : 0.5663 kW E-11: 5491 kW
R-19: 6390 kW
Figure 4.1. Grassman diagram of the coffee roasting process
Legend
» Exergy
» Exergy Destroyed
B s R C-6: 36.15 kW
C-8: 6.9 kW
8.48 kW E-5: 6147 kW
15.02 kW
, EX-101 1532 kW E-102
P03 E-3: 183,4 kW
E-2:7.6 kW E-7: 6120 KW
= E-6: 6120 kW
Fuel: 10.55 kW
E-4: 1972kW
C-5:24.15 kW dow
C-2: 341 kW l
C-1: 725.8 KW
Fuel : 3.7 kW C-7: 4.6 KW

Figure 4.2. Grassman diagram of the solid-liquid extraction coffee process
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The C-101 equipment has a high exergy destruction because it is an equipment where chemical
reactions are carried out, which are characterized by having a large amount of irreversibilities,
in addition to a large energy transfer because the combustion gases leave at a high temperature,
to this is added that it converts high quality energy from the fuel into low quality energy. In a
previous study [41] where a combustion chamber was used to generate gases at high
temperature, similar results were obtained since this equipment represented the highest energy
loss of the system with 76% of the total.
For the furnace “H-101" a similar analysis can be made regarding the causes of the high exergy
destruction. The chemical reactions that take place in this equipment between the combustion
gases and the green coffee beans fed to the process generate high irreversibilities, in addition
to the heat transfer and the loss of heat in the exhaust gases generate a high destruction of
exergy.
Table 4.3 contains the data of the cost of fuel (C r k), cost of product (C p k ), Operation cost
(Zy +C pk), destroyed exergy cost (C pk), exergoeconomic fator (fy), and relative cost
differnecia () of each of the process components.

Table 4.3 Results of the exergoeconomic analysis of the coffee roasting and extraction

process

Component Cgy ($/h) Cpy (8/h) Z + Cpy ($/h) Cpy ($/h) fi (%) 1,

B-101 6.66 8.39 3.74 2.01 463  0.81
P-101 0.04 0.19 0.16 0.01 923 499
CC-101 49.32 50.76 49.32 47.52 3.6  30.50
H-101 53.28 77.40 48.60 24.55 495 1.68
CS-101 6444 6480 129.96 100.08 229  0.02
Q-101 1.72 1.76 1.30 1.26 2.8 2.81
P-103 0.01 0.15 0.15 0.00 96.7 99.70
P-102 0.81 7.31 7.16 0.65 91.0 45.20
E-101 40.68 60.48 42.12 22.07 475 227
EX-101 3045 3092 874.80 828 54 0.39
E-102 3164 3175 19.44 7.70 604  0.01
P-104 0.29 2.98 2.96 0.26 91.1 129.00
E-103 3315 3330 17.21 3.54 79.5  0.01
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The components with the highest operating cost Z;, + C p x for the roasting process are the CS-
101 and CC-101 components, while for the extraction process they are the EX-101 and E-101
equipment, which means that this equipment contributes significantly to the costs of the overall
process.

The components with the highest exergoeconomic factor for the roasting process and for the
extraction process are P-103 and P-104 with 96.7 and 91.1% respectively, while those with the
lowest fy are Q-101 and EX101 for the roasting and extraction processes respectively. The
results obtained for this parameter for each of the components present in the system are within
the typical values for this parameter [22].

The increase of capital investment in the components with the highest exergoeconomic factor
in the system would generate a significant increase in the exergy efficiency of the components
in question and of the overall process, likewise it is possible to find ways to reduce capital
investment in equipment with a high exergoeconomic factor without affecting the profitability

of the process but sacrificing exergy efficiency.

4.2. Exergoeconomic analysis of the double effect evaporation process

Table 4.4 contains the data of the operating conditions (T, P), as well as the data of enthalpy
(h), entropy (s), specific physical exergy (e "), chemical exergy (e ") and total exergy of
each of the process currents.

Table 4.4 Thermodynamic values of the streams

Stream T (°C) P (kPa) m(kg/h) SS% ePH (kJ/kg) e (kJ/kg) E (kW)

1 23 101 4598 22.0 0.0 4072 5201

2 23 2698 4598 22.0 24 4072 5204

3 50 2698 4598 22.0 53 4072 5208

4 50 677 20190 28.9 3.2 5333 29925
5 50 12 18901 30.6 2.6 5639 29622
6 50 677 15579 30.6 3.2 5639 24418
7 50 677 3309 30.6 3.2 5639 5186

8 65 25 1905 53.1 52 9756 5165

9 66 7284 1905 53.1 11.4 9756 5168

10 11 7284 1905 53.1 6.5 9756 5166

11 50 12 1289 0.0 189.1 50 86
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12 32 12 1289 0.0 0.2 50 18

13 65 25 1404 0.0 287.5 50 132
14 65 25 1404 0.0 10.2 50 23
15 32 4892 1289 0.0 5.1 50 20
16 65 8046 1404 0.0 18.3 50 27
17 51 4892 2693 0.0 9.2 50 44
S1 155 101 184 0.0 515.6 50 29
S2 100 101 184 0.0 33.9 50 4
S3 155 101 1464 0.0 515.6 50 230
S4 100 101 1464 0.0 33.9 50 34
S5 100 101 1648 0.0 33.9 50 38
S6 100 2512 1648 0.0 36.7 50 40
S7 100 130 1648 0.0 343 50 39
W1 27 101 329712 0.0 0.0 50 4574
w2 30 101 329712 0.0 0.2 50 4584
W3 26 317 4984 0.0 0.2 50 69
W4 33 317 4984 0.0 0.7 50 70
C1 5 101 8400 0.0 3.0 50 123
C2 10 101 8400 0.0 1.6 50 120

The exergy rate of the fuel (E F k) and the product (E p.k)» the exergetic (M i) and the exergy destruction
ratio (yp ) were calculated for each component in the system. The results are summarized in Table

4.5. The components with the highest exergy fuel rates are the evaporators EV-101 and EV-102. The
components with the lowest exergy efficiency are the heat exchanger E-101, E-102 and E-103.

Table 4.5 Results of the exergy analysis of all the components of the double effect
evaporation process.

Component Epy (kW) Epy (kW) Epy (kW) TNex (%) Yoy (%)

EV-101 210.7 110.3 100.4 52 7.37
EV-102 115.9 64.5 51.4 56 3.77
P-101 4.0 3.1 0.9 77 0.07
P-102 4.0 32 0.8 79 0.06
P-103 2.2 1.8 0.4 80 0.03
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P-104 4.0 3.3 0.7 82 0.05

P-105 1.5 1.2 0.3 &3 0.02
E-101 67.6 10.4 57.3 15 4.21
E-102 24.6 3.6 20.9 15 1.54
E-103 9.4 4.3 5.0 46 0.37
P-201 0.7 0.6 0.1 79 0.01

B =
Exergy destruction
0.9KkW 209k W1: 4574 kW
51.4KW i -
5201kl P-101 +2zszo4kw) 11286 KW sy) E-101 ([l W2: 4588 kW)
0.4 kW
12: 18 kKW
e P-103
131432 kW
14: 23 kKW
15120 kKW
7:5186 KW 3 P-102 16: 27 kW
0.8 kW

C2, 420 W™

C1:423 kW

P-104

0.7 kW W3: 69 kW

Figure 4.3. Grassmann's diagram of the double effect evaporation process

Figure 4.3 shows the diagram of Grassmann for the process, it shows that 77% of the fuel
exergy is available on the product, and the total exergy destruction rate of this process is 1362

kW.

Table 4.6 shows the exergoeconomic indicators obtained from the analysis of the process.
The heat exchanger E-101 has de highest exergy destruction cost rat, with an

exergoeconomic factor of 2%, which mean that the capital investment cost are negligible.

Table 4.6 Results of the Exergoeconomic Analysis
Component  f, (%) Iy Cpx (8/h)  Zy + Cpy ($/h)
E-101 2.0 4.5 302.5 360.07
EV-102 55.0 1.5 83.4 212.00
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EV-101
E-103
E-102
P-101
P-102
P-104
P-103
P-105
P-201

86
8
23
89
90
91
91
93
93

6.4

8x10

7.4
2.8
2.7
2.9
2.6
3.0
3.8

13.6
29.6
33
0.1
0.1
0.04
0.1
9.92
0.01

101.57
44.62
4.78
0.81
0.81
0.80
0.49
0.36
0.19

The required modifications should be focused to reduce the exergy destruction cost rate (even

if this results in a higher investment cost), because the components that have the highest

operating cost, also have the lowest exergoeconomic factor (less than 10%).

4.3. Exergoeconomic analysis of the spray drying process
The parameters of the exergetic analysis were calculated for each state throughout the entire
studied system. Table 4.7 shows the flow rate (m), temperature (T), pressure (P), specific

chemical exergy (e“?), specific physical exergy (e"™), specific kinetic exergy (eXV) and exergy

rate (E) of each stream.

Table 4.7 Thermodynamic values of the streams.

aCH ePH eKN '
Stream m (kg/h) T (°C) P (kPa) E (kJ/h)
(kd/kg) (kJ/kg) (kJ/kg)

1 7.4 12 101 322 0.22 0.0 2383

2 528 14 101 2.25 10.8 0.0 6891

3 528 15 750 2.25 9.70 0.5 6593

4 528 16 750 1.56 8.84 0.5 5776

5 528 18 5400 1.56 4.73 4.0 5470

6 528 39 5400 1.56 13.4 4.0 10045

7 9922 28 101 0.00 0.00 0.0 0

8 9922 28 105 0.01 0.00 1.0 10286

9 9922 178 105 0.01 29.9 1.0 307205

10 4002 28 101 0.00 0.00 0.0 0

11 1626 15 101 0.002 0.27 0.0 436
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aCH ePH eKN '
Stream m (kg/h) T (°C) P (kPa) E (kJ/h)
(kJ/kg) (kJ/kg) (kJ/kg)
12 1626 15 105 0.012 0.27 1.0 2126
13 1626 96 105 0.012 6.97 1.0 13031
14 1100 15 101 0.002 0.27 0.0 295
15 1100 15 105 0.012 0.27 1.0 1438
16 1100 85 105 0.012 5.02 1.0 6665
17 1276 15 101 0.002 0.27 0.0 342
18 1276 26 101 0.002 0.00 0.0 6
19 1101 26 101 0.002 0.00 0.0 6
20 1101 27 105 0.012 0.00 1.0 1146
21 175 26 101 0.002 0.00 0.0 1
22 175 27 105 0.012 0.00 1.0 182
23 209 80 101 5.80 8.24 6.0 4202
24 2203 58 101 0.002 1.49 0.0 3298
25 207 35 101 5.80 0.18 1.0 1450
27 0.04 30 101 4.18 0.07 0.0 0.04
26 200 30 101 5.80 0.02 0.0 1163
28 6.96 30 101 5.80 0.02 0.0 40
29 12065 96 100 0.001 7.45 2.1 114790
30 14268 94 100 0.003 6.94 0.0 99094
31 14252 94 105 0.003 6.94 0.9 111685
32 16 94 100 1647 11.2 0.0 26942
33 182 30 101 1647 0.01 0.0 26763
34 198 40 101 1647 0.26 0.9 27009
35 20 90 70 480 418 0.0 18231
36 20 90 70 2.50 23.9 0.0 537
37 806 190 1250 480 499 0.0 789231
38 806 190 1250 2.50 29.0 0.0 25387
39 80 165 700 480 753 0.0 98620
40 80 165 700 2.50 104 0.0 8507
41 43 165 700 480 753 0.0 53008
42 43 165 700 2.50 104 0.0 4581
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aCH ePH eKN '
Stream m (kg/h) T (°C) P (kPa) E (kJ/h)
(kJ/kg) (kJ/kg) (kJ/kg)
43 10 165 700 480 753 0.0 12328
44 10 165 700 2.50 104 0.0 1063
45 25438 2 500 2.50 5.13 0.0 194111
46 25438 6 500 2.50 3.71 0.0 157878
47 959 190 1250 480 499 0.0 938861
48 959 104 1250 2.50 39.3 0.0 40075
49 2217 28 101 0.00 0.00 0.0 0
50 77 28 101 43293 0.00 0.0 3332277
51 2294 650 101 26.0 331 0.0 817815

The exergy rate of the fuel (Eplk) and the product (Ep,k), the exergetic (1, ,) and energetic
(Nen,x) efficiencies and the exergy destruction ratios (yp , and yp ) were calculated for each
component in the system. The results are summarized in Table 4.8. The components with the
highest exergy fuel rates are the B, the MHX and the SD. The MHX is the component with the
highest exergetic efficiency (38.9%), followed by the boiler (37%). There is a big difference
between the exergetic and the energetic efficiencies of the majority of the components,
consequently the overall system also exhibits the same behavior. Therefore, despite the energy
efficiency of the system (the conservation of the quantity of energy) being 67.8%, the overall
exergy efficiency (the quality of that energy) is only 33.3%. Similar results were obtained in a
study on the spray drying process in an industrial scale ceramic factory, in which the energetic
efficiency was found to be between 43% and 87 % [139], and the exergetic efficiency was
between 12% and 64% [140]. However, in a pilot-scale study of spray drying of cherry puree
the energetic and exergetic efficiencies were only 3.2% and 0.7%, respectively [141]. This,
along with laboratory-scale studies [142—144], demonstrates that pilot-scale and laboratory-
scale studies don't accurately represent the energectic and exergetic performances of the

industrial-scale spray drying process.

Table 4.8 Results of the exergy analysis of all the components of the spray drying system.

Component Egy (kJ/h) Epy (kJ/h) Mek (%) MNenk (%) Yok Yok

SD 205446 32852 16.0 93.9 0.058 0.040
LP 7920 298 3.8 27.2 0.003 0.002
HP 19800 307 1.5 342 0.007 0.005
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Component Egy (kJ/h) Epy (kJ/h) Mey (%) Menk (%) Yox Yok

HXE 17694 4576 25.9 76.4 0.005 0.003
MHX 763844 296918 38.9 79.4 0.174 0.116
SFBHX 90114 10906 12.1 81.4 0.030 0.020
VFIHX 48427 5227 10.8 88.6 0.016 0.011
VF2HX 11264 336 3.0 69.2 0.004 0.003
MF 66600 10286 15.4 46.3 0.021 0.014
SFBF 19800 1690 8.5 24.0 0.007 0.005
VFIF 14400 1143 7.9 22.4 0.005 0.003
VEF2F 14400 1140 7.9 23.3 0.005 0.003
RFF 1980 181 9.2 294 0.001 0.001
FF 108000 39534 36.6 51.5 0.026 0.017
CHX 36233 1072 3.0 27.8 0.013 0.009
B 2514427 898786 35.7 73.3 0.611 0.374
BT 7920 546 6.9 69.9 0.003 0.002
S 3600 247 6.9 n.a 0.001 0.001

Figure 4.4 shows the fuel and product exergy rate of the overall system, as well as the
destroyed exergy rate of each component. The results show that the components that have
electric energy as the main fuel exergy source such as the vibrating screen, belt, and fans have
the lowest impact on the exergetic destruction. This occurs because the electric energy is used
for mechanical operations, instead of being used as a heat source. The exergy destruction ratio
(yp) is lower than 5% for these components. These results are similar to other studies that
determined an exergy destruction ratio lower than 2% for the compressors and pumps in a
CCHP system [145]. Furthermore, in a yogurt plant the devices that required electric energy
accounted for less than 5% of the total exergy destruction [146].

Conversely, the boiler destroyed 39.4% of the overall fuel exergy rate. This percentage is
similar to other plants where the boiler is used as an auxiliary supply of steam. For instance, in
a factory which produces ghee, the boiler has the highest exergy destruction ratio 39% [147].
This is because the main purpose of this component is to convert a high-quality energy
(chemical energy of fuel oil) to a low-quality energy (heat).

The MHX also has a high exergy destruction rate, despite having one of the highest

exergetic efficiencies. The air heater used in this process is a steam-heated type, which is one

58



of the most used in food industry, it has an exergy efficiency of 38.9% and a high specific
exergy destruction of 287 kJ per kg of heated air, with a minimum temperature difference of
12 °C. There are other types of air heaters that could reduce the exergy destruction rate and the
minimum temperature difference such as a system with a heat exchanger that uses geothermic
fluid. A previous study showed that this kind of heat exchanger has an exergy efficiency of
42% and specific destruction exergy of 57.5 kJ per kilogram of heated air with a minimum
temperature difference of 5°C [17]. Another type of air heater is one that uses electric energy
as the source of heat. A previous study on the spray drying of photochromic dyes determined
that the exergy efficiency of this kind of heater was 16.4% [142], this has the lowest exergy
efficiency because it is transforming high quality energy (electric energy) to low quality energy
(heat).

The SD also affects the performance of the overall system, since it has one of the highest
rates of exergy destruction at 595 kJ/kg of evaporated water. Previous studies by Biihler et al.
[113], found that the spray dryer is a highly exergy- destructive component in a powdered milk
factory. Similarly in a large dairy factory producing primarily milk powder, they obtained an
exergy destruction rate of 1345 kJ/kg of evaporated water [7] . In a ceramic plant, the exergy

destruction rate was 1111.4 kJ/kg of evaporated water [140].

B (440 kW)

MHX SD
(130kW) (62 kW)

SFBHX
(22 kW)

A9kW)  \F
(16 kW)

VFIHX
(12 kW)

CHX
(10 kW)

Ohers (32 kW)

Figure 4.4. Grassmann's diagram of the spray drying process

The exergoeconomic analysis was carried out at a level component and it is presented in

Table 4.9 different indicators such as the specific fuel cost (cg), the destruction exergy cost
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rate (C"D,k), the exergoeconomic factor (fi), the relative cost difference (73,) and the total

operating cost rate (Cp . + Z) in descending order.

Table 4.9 Results of the thermoeconomic analysis

Component gy ($/kJ) Cpy ($/h) Zy + Cpy ($/h) 1 i (%)

SD 6.2E-04 106.8 109.6 0.02 2.50
MHX 1.3E-04 60.5 61.6 0.01 1.73
B 6.7E-06 13.1 14.4 0.07 9.03
SFBHX 1.0E-04 8.2 8.3 0.02 2.06
VFIHX 1.0E-04 4.4 4.6 0.02 2.61
BT 5.7E-04 4.2 4.5 0.06 5.71
CHX 7.0E-05 24 3.0 020 17.43
HXE 1.4E-04 1.9 1.9 0.01 1.37
VF2HX 1.0E-04 1.1 1.2 0.03 3.17
FF 2.6E-05 1.8 1.9 0.05 7.83
MF 2.6E-05 1.5 1.6 0.08 9.00
HP 2.6E-05 0.5 1.1 1.14 53.73
RTF 2.6E-05 0.05 0.2 3.30 78.42
SFBF 2.6E-05 0.5 0.6 0.33 26.52
VEF2F 2.6E-05 0.3 0.5 0.45 33.02
VFIF 2.6E-05 0.3 0.5 0.45 33.03
LP 2.6E-05 0.2 0.4 1.21 55.73

S 2.6E-05 0.1 0.4 8.16 78.49

The results show that the two highest total operating cost rates (Z; + Cp) are from the SD
followed by the MHX, meaning that the influence of these components on the total costs
associated with the overall system is significant. Interesting results are presented, because
although the B has a higher avoidable exergy destruction rate than the SD and MHX, the
specific cost rate is higher in the SD than in the B, thus making the SD the component that has
the greatest influence on the total operating cost rate. In contrast, the fans, the pumps, and the
vibrating stream are the three components which contributed least to the total operating cost
rate. Similar results were obtained by an exergoeconomic analysis in a corn dryer, where the

drying chamber represented more than 98% of the total operational costs [149].
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Furthermore, although the percentage relative cost differences for components such as the
B (7%), SD (2%) and MHX (1%) are found to be low, their exergy destruction cost rates are
high. The MHX and the SD have exergoeconomic factors of 1.6% and 3.3%, respectively,
which means that the exergetic efficiency of these components must increase in order to reduce
the overall system cost. Similar results were found in other drying technologies such as gas
engine-driven heat pump dryer and a ground-source heat pump food dryer which had
exergoeconomic factors of 25% [150] and 14.6% [151], respectively. Another previous study
on a pilot-scale spray dryer for the production of cheese powder, concluded similarly that in
order to reduce the operational cost in spray drying systems, the exergy efficiency in the drying
chamber should be increased even though this would require an increment in the capital
investment [24].
4.4. Simulation and Exergoeconomic analysis of the biofuels production process from spent
coffee grounds.
In order to verify the validity of each component's calculation models, the values of the main
operating parameters obtained in this work have been compared with those reported in
experimental studies from other literature. On Table 4.10, the final moisture obtained in the
dryer (D-101), the yield of the Soxhlet extractor (SO-101), the syngas composition that is
produced in the gasifier (R-101) and the yield and biodiesel composition produced in the
reactor (R-202) were presented and compared. It can be observed that the results of the model
are close to the results reported in the experimental studies, with a maximum absolute error of
5.3, which represents a 6% relative error. Therefore, it is concluded that the models can be used
to represent the syngas and biodiesel production process from SCG oil under the established
operating conditions.

Table 4.10 Validation of the models

Component Parameter This work Literature Absolute Error
D-101 Final moisture (%, wb) 12.4 12.4[75] 0
SO-101 Yield (%, db) 15.0 15.0[81] 0
CO, 0.370 0.373[2] 0.003
CO 0.100 0.040[2] 0.060
R-101
CH4 0.430 0.526[2] 0.096
H> 0.020 0.061[2] 0.041
Yield 82.0 87.3[80] 53
R-202
Linoleic Acid 0.37 0.41[80] 0.04
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Palmitic Acid
Oleic

Stearic

0.36
0.14
0.08

0.36[80]
0.14[80]
0.08[80]

0.00
0.00
0.00

Table 4.11 shows the mass flow rate (m), the temperature (T), the pressure (P), the specific

enthalpy (h), the specific entropy (s), the physical exergy (EFH), the chemical exergy (E¢H)

and the total exergy (E) of each material stream. It can be observed that the chemical exergy is

higher than the physical exergy in most of the states, especially in the streams that have lipids,

hexane, biomass, and its derivatives. Therefore, this production process is focused on using the

chemical exergy of biomass through chemical reactions, for the transformation into biofuels.

Table 4.11 Thermodynamic values of the streams.

h EPH  pCH
Stream mm (kg/h) T (°C) P (bar) (I/kg) s (kJ/kg-K) &W) (kW) E (kW)
Sl 1071 30 1 197 0.5905 6.2 3630 3636
S2 562075 25 1 0 0.0000 0.0 0 0
S3 562075 150 1 151 0.4206 4010.0 0 4010
S4 562670 80 1 57 0.1763  730.3 2 732
S5 476 80 1 159 0.4873 1.9 3622 3624
S6 4570 25 1 0 0.0000 0.0 60608 60608
S7 4586 68 1 71 0.2238 6.0 61127 61133
S8 4524 69 1 72 0.2264 6.1 60001 60008
S9 62.5 30 1 11 0.0350 0.0 1126 1126
S10 459 68 1 113 0.3517 1.0 3094 3095
S11 50651 25 1 0 0.0000 0.0 0 0
S12 50651 100 1 78 0.2330 118.0 0 118
S13 50746 60 1 36 0.1156 274 578 605
S14 365 60 1 94 0.2967 0.6 2240 2240
S15 0.01 25 1 0 0.0000 0.0 0 0
S16 289 425 1 876 1.9150 245 1334 1358
S17 75.8 900 1 981 1.5350 11.4 596 608
S18 34874 190 13 2681 6.1420 8234.0 5108 13342
S19 34874 190 13 702 1.8670 1408.0 484 1891
S20 7550 25 1 0 0.0000 0.0 105 105

62



S21
S22
S23
S24
S25
S26
S27
S28
S29
Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22
B23
B24

7550
976
976
745
745

7680

7680

1882

1882

63
63

12
12

71
11
63
26

26

&9
&9
34
55

S O O O

68
190
190
190
190

25

69
190
190

30

54

30

30

25

54

54

54

54

53

30

30

30

54

54

30

30

30
190
190
190
190
190
190

13
13
13
13

13
13

—_—

VL GH G VUG G U U U A G G U G UG G Wy

—_— e e

13
13
13
13
13
13

179
2681
702
2681
702

184
2681
702
11
61
12

13

72
61
64
93
57
13
17
13
77
46
7826
11
6607
2681
703
2681
703
2681
703

63

0.5596
6.1420
1.8670
6.1420
1.8670
0.0000
0.5750
6.1420
1.8670
0.0350
0.1959
0.0391
0.0424
0.0000
0.2306
0.1958
0.2036
0.2963
0.1824
0.0424
0.0580
0.0428
0.2464
0.1471
0.0260
0.0352
0.0220
6.1420
1.8690
6.1420
1.8690
6.1420
1.8690

24.5
230.5
39.4
175.8
30.1
0.0
26.3
4443
76.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.1
0.0
0.4
0.1
0.0
0.0

105
143
14
109
10
107
107
276
26
1126
1126

39
37
37

1125
39
1095
159

159

881
881
343
767

S O o o o o

129
374
53
285
40
107
133
720
102
1126
1126
1909
39
37
37

1125
39
1095
159

159

881
881
343
767

S o o = O O



B25 156 27 1 8366 0.0280 0.0 2 2
B26 156 40 1 63 0.2053 0.1 2 2

Table 4.12 shows the exergy of the fuel (Er ), the exergy of the product (Ep ), the exergy
destruction (E} ) and the exergetic efficiency (7, ) for each component and for the overall
system. The components E-201, E-202 and E-203 have an exergy destruction rate lower than
0.5 kW, therefore they were excluded from the table. It can be observed that the E-101 and D-
101 are the main sources of irreversibility, they cause 53% and 28% of the overall exergy
destruction rate, respectively. Similar results were found in a spray drying process of instant
coffee [125] where the dryer was responsible for 23% of the exergy destruction. Similarly,
Mehrpooya et al. [38] reported that air heat exchangers based on steam were the components
with the lowest exergetic efficiency in the drying process of wood chips because a great amount
of high quality energy was destroyed when the air was discharged.

Some studies show that the heat source in heat exchangers significantly affects the exergy
destruction rate. When the heat source is flue gases, the exergy destruction rate is reduced
[156]. Singh et al. [157] found that the use of solar energy for heating air increased the exergetic
efficiency of the heat exchanger and the dryer from 15.3% to 24%. Another reason for a low
exergetic efficiency is the high drying temperature. Beigi et al. [158] identified that an increase
in the air temperature, increases the rate of heat and mass transfer and thus, increases the exergy
of the exhaust air and the exergy losses.

Additionally, other components such as the R-202 and the R-101 destroy 5% of the overall
destroyed exergy. Ofori-Boateng et al. [159] identified that transesterification reactors have a
high exergy destruction rate because the reaction produces glycerin as a by-product and it has
a high chemical exergy. Some factors that reduced the exergetic efficiency of these reactors
were a high concentration of the catalyst, a high methanol/oil ratio and a high temperature of
reaction [160]. Regarding the gasifier, Ji-chao et al. [161] found that unwanted products in the
reaction such as char, increase the exergy destruction rate of this component, because it has a
high chemical exergy. Another study identified that parameters such as a high initial humidity
of the biomass [162] and a low gasifying agent/biomass mass ratio [163] decreased the

exergetic efficiency of the gasifier.
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Table 4.12 Results of the exergetic analysis of all the main components of the process

Component Eg), (kW) Epy (kW) Epy, (kW) Mk (%) Ypx Yok

E-101 11451 4010 7441 35 0.526 0.050
D-101 7646 3624 4022 47 0.285 0.027
SO-101 61433 61133 300 99 0.021 0.002
EV-101 61351 61133 217 99 0.015 0.001
E-102 617 118 499 19 0.035 0.003
D-102 3213 2240 972 69 0.069 0.006
R-101 1633 1358 274 83 0.019 0.002
R-201 1125 1095 30 97 0.000 0.000
R-202 1254 877 376 70 0.000 0.000
Overall
System 149725 135588 14135 91 1.000 1.000
Exergy
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Figure 4.5. Grassmann’s diagram of the process.
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Furthermore, the components with the least impact on the overall exergy destruction rate are
the E-201 and E-202 because they destroy less than 1%. Figure 4.5 shows the exergy flows

rates across the process. It can be observed that the SO-101 and EV-101 have an input exergy
rate higher than 60 MW. This occurs because the input solvent has the highest chemical exergy
rate. That is why the recuperation of the solvent in the EV-101 is so important in order to reduce
the exergy destruction rate and the operating costs. A previous experimental study showed that
the use of a recycled solvent in the extraction process did not affect the extraction yield of SCG

oil [164].

The total investment cost for the plant of syngas and biodiesel from SCG is estimated to be
$13.2 million. The annual fuel cost and the operation and maintenance costs are $375,100 and
$49,820 dollars, respectively, for a production of 289 kg/h of syngas and 55 kg/h of biodiesel,
from processing a mass flow of 41,500 kg/h of SCG.

Table 4.13 shows the purchase equipment cost (PECy), the specific fuel costs (csi), the capital
investment cost rate (Z:'), the operational and maintenance cost rate (Z2M), the total

operational cost rates (Zj + Cp), the exergy destruction cost rate (Cp), the exergoeconomic
factor (fi), and the relative difference (7x) for each component. It can be observed that the
components with the highest purchased costs such as R-201 and R-202 are not the components
with the highest operational cost rates. Also there are other components with lower investment

costs that have higher exergy destruction cost rates, such as the heat exchangers and the dryers.

Table 4.13 Results of exergoeconomic analysis

PEC; Crk Zi’ ZgM Z, + CD,k

Component \ Jr Tk
($) ($/MJ) ($/h) (8/h) Cpy($/h) ($/h)
E-101 1415 0.028 0.44 0.25 759.20  758.50 0.09 1.86
D-101 6000 0.042 1.87 1.08 61740 614.40 0.48 1.12

SO-101 15000  0.005 4.69  2.69 12.94 556 57.02 0.01
EV-101 5000 0.006 1.56 090 7.06 4.60 3485 0.0l

E-102 1415 0.028 044 025 51.65 5096 1.35 4.29
D-102 6000 0.011 1.87 1.08 41.73 38.78 7.07 0.47
R-101 10000  0.015 3.12 1.79 19.95 15.03 24.66 0.27
E-201 3000 0.028 082 042 1.25 0.01 9893 1121.00
E-202 3000 0.028 082 042 1.29 0.05 96.22 269.00

R-201 25000  0.001 6.80  3.49 10.44 0.14 98.67 2.10
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PEC; Crk VAR 47 Zi+ Cok
Component \ Jr Tk
($) ($/MJ) ($/h) (8/h) Cpy ($/h) ($/h)
R-202 20000  0.003 544 279 12.90 466 63.87 1.20

E-203 4000 0.014 1.09  0.56 1.65 0.00 99.96 628.00

Figure 4.6 shows that the E-101 and the D-101 are the components with the highest operating
costs rates (Zj, + C p k), followed by the E-102 and the D-102. This means that the air heater
and the dryer influence significantly the overall costs of the system. These components have
an exergoeconomic factor (fi) of less than 10%, which means that the predominant cost is
related to the destruction of exergy. At the same time, these components have the highest
exergy destruction rate. Similar results have been found in a study related to a food drying
process [155], where the dryer and the air heat exchanger presented an exergoeconomic factor
of less than 5%.

A previous study had demonstrated that the avoidable exergy destruction cost rate could be
more than 50% in components such as dryers or heat exchangers. Therefore, if the exergy
destruction cost rate is reduced by at least 50% in D-101 and E-101, the overall operational
cost of the process can be reduced by 45% and the overall exergetic efficiency could increase

from 90.6% to 94.4%.

R-202 | —
S-101
R-101
D-102 |m

E-102
D-101

E-101

0 200 400 600
Cost rate ($/h)

Figure 4.6. Main operational cost rates
In order to reduce costs, it is possible to optimize the operational conditions of the process and
to analyze the different factors that significantly affect the exergy destruction cost rate. A

previous study [165] proposed solar heat pump dryers, which allowed the reduction of the
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exergy destruction cost rate from $0.06/h to $0.0044/h and the increase in the f; from 5% to
51%; so that a balance is reached between the investment cost and exergy destruction cost rate
with this structural change. Another study identified that recycling the drying air in continuous
dryers has an economic and exergetic benefit for the process [166]. S. Zohrabi et al. [167]
studied the recirculation of air in a convective dryer and achieved an increase of the exergetic
efficiency from 55% to 95%.

According to different studies, the gasifier is one of the components that has the highest exergy
destruction cost rate. Fakhimghanbarzadeh et al. [168] determined that this component was
responsible for 11% of the operational cost rate and that it could be reduced 10% by increasing
the temperature of the reaction and reducing the biomass/gasifying agent mass ratio. Fani et al.
[169] found that the decrease of pressure in the reactor also reduces the cost rate. In addition,
there are other important factors that are more dependent on the fuel used to operate the plant’s
facilities [170]. In a previous study, the specific cost of the gasifying agent was found to be
key in this cost rate [171].

The specific cost of biomass, syngas and biodiesel was determined by the economic analysis,
and it was calculated in $0.007/kg, $0.037/kg and $0.71$/kg, respectively.

The dead state temperature is also another important factor because it is determined by the
initial condition of the air and the water used in the system and influences the exergy rates of
each process stream. This variable changes over time, as it depends on climatic changes. Figure
4.7 shows the effect of the dead state temperatures between 15 °C and 35 °C on the exergy
destruction rate and the cost of exergy destruction rate. The results are favorable for high dead
state temperatures, and a 10°C change reduces the process cost rate by $150/h.

a 10°C change reduces the process cost rate by $150/h.
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Figure 4.7. Effect of dead state temperature on a) overall exergy destruction and cost of

exergy destruction and b) specific biofuels cost
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Figure 4.8 shows the components of the process that are most affected by the change of the
dead state temperature; in this case, they are the components with the highest exergy
destruction cost rate. This means that the overall operational cost rate could be reduced by
$300/h when the temperature of the environment is increased. Erbay et al. [151] presented
similar results when they analyzed the effect of the dead state temperature between 0 — 20 °C
in the exergetic efficiency and total exergy costs of a ground-source heat pump food dryer.
Other components such as the R-101 are not significantly affected by the change of the dead
state temperature, because they do not have inputs from the environment. Dryers and heat
exchangers require ambient air, which means that environmental conditions strongly affect the

performance of these components.
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Figure 4.8. Effect of the dead state temperature on the costs of exergy destruction of the

main components.

4.5. Simulation and Exergoeconomic Analysis of the CCHP system based on biofuels

To verify the validity of the proposed model, the absolute errors between the results of the
model for each fuel and the ones obtained by experimental data from previous studies are
presented in Table 4.14 to 4.18. Through the results and errors for each fuel, it is perceived that
the results of the model are close to the results reported in the experimental studies. Hence, it
is concluded that the model can be used successfully to describe the CCHP system applying
different fuels like natural gas, bunker, syngas, and biomass under the established operating

conditions.
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Table 4.14 Comparison with data from previous experimental studies using Natural Gas [83].

Absolute
Component Parameter Model Experimental
Error
CC-101 Outlet Temperature flue gas 2252
2248 4.0
°O)
CO2 (Yomol) 8.7 8.5 0.2
O2 (%mol) 0.18 0.16 0.02
HX-101 Mass Flow rate flue gas 1.85
1.90 0.05
(kg/s)
774.7
770 4.7
Temperature flue gas (°C)
Steam generation (kg/s) 1.27 1.75 0.48

Table 4.15 Comparison with data from previous experimental studies using Fuel Oil No. 6

[85].
Absolute
Component Parameter Model Experimental
Error
CC-101*  Outlet Temperature flue gas 2338
2340 2.0
°O)
CO2 (%mol) 13 12 1.0
O2 (%mol) 1.7 2.1 0.4
HX-101*  Mass Flow rate flue gas 1.82 2.01 0.19
(kg/s)
775.7
780 4.3
Temperature flue gas (°C)
Steam generation (kg/s) 1.27 1.75 0.48
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Table 4.16 Comparison with data from previous experimental studies using Syngas

[89].
Absolute
Component Parameter Model Experimental
Error
CC-101 Outlet Temperature flue gas 1987
1985 2.0
°O)
CO2 (%mol) 16.4 13 34
O2 (%mol) 0.20 0.1 0.1
HX-101 Mass Flow rate flue gas 2.11
1.47 0.64
(kg/s)
645
649.5 4.5
Temperature flue gas (°C)
Steam generation (kg/s) 1.27 1.75 0.48

Table 4.17 Comparison with data from previous experimental studies using Biomass [82].

Absolute
Component Parameter Model Experimental
Error
CC-101*  Outlet Temperature flue gas 1908
1910 2.0
°O)
CO2 (%mol) 9.2 10.5 1.3
02 (%omol) 14 17.8 3.8
HX-101*  Mass Flow rate flue gas 2.17
1.50 0.67
(kg/s)
508.6
512 34
Temperature flue gas (°C)
Steam generation (kg/s) 1.27 1.75 0.48
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Table 4.18 Comparison with data from previous experimental studies of an absorption chiller

system [84].

Component Model Absolute
Parameter Experimental
Error
A-101** Temperature (°C) 32.7 32.7 0.0
Concentration LiBr (%) 0.574 0.574 0.0
Concentration H>O (%) 0.426 0.426 0.0

The exergetic analysis was performed to the conventional system using fuel oil No.6 as fuel
(base case) and to the CCHP systems using different fuels. The exergy destruction rate of each
case is presented in Fig. 3, and it is shown that the CCHP based on syngas has the lowest exergy
destroyed, while the base case has the highest. The CCHP system based on biomass has also a
low exergy destruction rate compared with the same system using fossil fuels. Ghaebi et al.
[63] indicated that the exergy destruction rate of the CCHP system with liquified natural gas is
2273 kW; however, Gholizadeh et al. [67] determined that the exergy destruction rate of the
CCHP system with biomass as fuel is 1670 kW, lower value than the exergy destruction rate
of a CCHP system using fossil fuel.

Figure 4.9 (b) shows the exergetic efficiency of the conventional system (base case) and CCHP
systems with different fuels; where, it is revealed that the CCHP systems applying biofuels
(syngas and biomass) have the highest exergetic efficiency due to low rates of exergy
destroyed; unlike CCHP systems using fossil fuels which have the lowest exergetic efficiency.
Similar results were found in previous works. Yang et al. [60] determined that the exergetic
efficiency of a CCHP system using a mixture of fuel (sugarcane bagasse and natural gas)

increased by about 4.1%. and that the exergy costs decreased by 2%.
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Figure 4.9. Effect of different fossil fuels and biofuels on (a) the exergy destruction rate (b)

exergy efficiency.

Figure 4.10 (a) shows the exergy destruction for each component of the system. It is shown
that the combustion chamber (CC-101) that use fuel oil No. 6 has the highest exergy destruction
rate. Miar et al. [62] determined that the component with the highest exergy destroyed of a
CCHP system using a fossil fuel (natural gas) is the combustion chamber with a value of 3892.6
kW. Marques et al. [64] determined that the combustion engine in the CCHP system with
natural gas is the component of high irreversibilities around 87.80% of the overall system. It
is observed that the component HX-101 (boiler) and HX-102 (generator) employing fuel oil
No.6 have high values of exergy destroyed around 400 — 1500 kJ/s unlike other fuels, where
the exergetic losses in these components are around 500 - 900 kJ/s. Similar results show that
the boiler is a component with high rate of exergy destroyed. Miar et al. [172] determined that
the boiler presents a greater exergy destroyed of 104.4 kW, representing around 61.57% of
exergy destroyed in the overall CHP system using sugarcane bagasse (biomass) as fuel. The
components with low values of exergy destroyed are the absorber and the condenser around
140 — 150 kJ/s in the absorption chiller. Yang et al. [60] indicated that the exergy destroyed of
the absorber and the condenser in the absorption chiller are 135 and 145 kJ/s respectively.

Figure 4.10 (b) shows exergy destruction cost rate (C b k), for each component of each CCHP
system using different fuels. It is observed that the components with the highest total
operational cost rates, regardless the type of fuel, are T-101, A-101 and P-102; however,
components T-101 and P-102 have low exergy destruction cost rate; unlike component A-101
have an exergy destruction cost rate over 143 $/h, higher than the components mentioned
before in all the types of fuel. It should be mentioned that the components CC-101 and HX-
102 have the highest exergy destruction cost rate using fuel oil No.6; while the exergy

destruction cost rate of these components using the other fuels is lower around 136 - 795 $/h
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for the CC-101 and 728 - 816 $/h for the HX-102. In addition, the component HX-102 has the

highest exergy destruction cost rate in any CCHP system.
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Figure 4.10 Exergoeconomic analysis of the CCHP system based on different fuels at a

component level (a) Exergy destruction rate; (b) Exergy destruction cost rate

Table 4.19 shows the steam cost, the cold water cost, the power cost, the exergy destruction
(Ep), the exergy destruction cost rate (Cp), the total operational cost rates (Cp + Z), exergetic
efficiency (ngy) and footprint for each CCHP system using different fuels. CCHP system
with fuel oil No.6 has higher cost for steam, cold water and electricity than the other CCHP
systems with different fuels; unlike the base case, which has the highest cold water cost and
CCHP system with syngas is the second one that has higher steam cost than the CCHP system
with natural gas and biomass. Similar results have been found in previous studies where the
costs of steam, cooling water and electricity are high when fossil fuels are used in a CCHP
system. Ghaebi et al. [63] carried out an exergoeconomic analysis of a CCHP system using
liquified natural gas and geothermal heat where it was obtained that the cost of cooling output
and heating output is 26 $/ton, 35 $/ton and the power output is 45.62 $/GJ. In addition, it
determined that the highest cost per exergy destroyed is for the absorber (235 543 $/yr.).
Marques et al. [64] determined in a CCHP system with natural gas hat the component with
the highest Cp is the internal combustion engine (63.73%) followed by the steam generator
(19.83%). Also, the cost of chilled water is 17 $/ton, and the cost of hot water is 22 $/ton. As
shown, the facility cost for CCHP system using biomass are lower than other systems. Jia et
al. [173] determined that the cost of heating is 0.074 $/ton, the cost of cooling water is 0.066
$/ton, and the cost of electricity is 0.0084 $/GJ for a CCHP system using wood as biomass.
In addition, it indicates that the component with the highest exergy destroyed is the gasifier
(15%), followed by the combustion chamber (10%). Wu et al. [66] used wheat straw as
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biomass in a CCHP system and a gasifier, where he determined that 0.065 $/ton is the cost of
cooling water, 0.024 $/ton is the cost of hot water and 0.0045 $/GJ is electricity. Wang et al.
[174] used wood chips as biomass in a trigeneration system where it determined that the
equipment that generates the most costs per exergy destroyed is the HX-03, which is the
exchanger that transfers heat with the combustion gases at high temperature, followed by the
HX-01, which is the exchanger after the gasifier. He also obtained as a result that the cost of
chilled water is 0.65 $/ton, the cost of hot water is 0.40 $/ton, and the cost of power electricity
is 0.0016 $/GJ. As mentioned before, adding equipment, or even optimizing the operating
conditions of the system can lead to cost reduction or even maximize system efficiency [65].
Regarding the footprint, it is observed that the CCHP system with fuel oil No. 6 has a high
carbon footprint value of around 11,320 ton/year; while low carbon footprint values occur in
CCHP systems that use natural gas and biomass as fuel. Similar results have been found in
previous studies where high values of greenhouse gas emissions are observed when using fossil
fuels in a CCHP system. Cavalcanti E. [175] carried out an exergy and environmental analysis
of a trigeneration system using a diesel engine, where an exergetic efficiency of 87% in cycle
was determined and that the diesel engine presents a greater destroyed exergy of 3.051 MW,

with a NO emission of 92%.

Table 4.19 Comparative table of the results obtained for CCHP systems with different fuels.

Cold P
ower ; : ; '
Steam water Ep Cok  ZitCpr Mek  pooq print
Fuel /0 cost )
cost ($/t cost t/'year
®cy MW) ($/h)  $/m) () e
($/t)
Fuel O1l
24.1 2.8 24.1 40007 3645 4135 79.6 11320
No.6
Natural
15.5 1.5 19.1 25082 2973 3460 86.2 8116
Gas
Syngas 23.6 1.9 21.3 21490 2946 3447 88.0 9056
Biomass 13.9 1.4 21.3 22951 2869 3356 87.0 9501
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Table 4.20 shows the fuel, product and destroy exergy rate of the integrated process that
includes the instant coffee production process, the biofuel production process and the system
for the production of the utilities for the plant. The Base Case refers to the conventional process
for generation of steam, chilled water and power using fiuel oil No.6. The TS refers to the
overall process integrated to the trigeneration system, and the results for this system using
different fuels is presented in the table.

It is shown that the trigeneration system allows to reduce the specific cost of the overall product
in 47.9%. Also it is shown that using biofuels instead of fuel oil No-6 allows to reduce the
exergy cost rate in to 61.8%. This could occur because when using biofuels from SCG the
exergy destruction rate from the solid liquid extraction is reduced because the SCG is not

discarded but is used to produce syngas or biomass.

Table 4.20 Comparative table of for the integrated system proposed with CCHP and the base

casec

EF Ep ED n,, Coffee

System powder
kW)  &W) (kW) (%) Cost ($/t)

Base Case 23399 10849 12550 463 12

TS Fuel Oil 6.29
22113 7878 14235 35.6
No.6

TS Syngas 20492 15752 4740  76.8 6.29

TS Biomass 17951 9176 8775  51.1 6.28
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S.

Conclusions



This chapter presents a summary of the main conclusions of this work. In addition, future lines

of research that were derived from this developed doctoral thesis are presented.

5.1. Main Conclusions

e The soluble coffee production process of the plant located in Guayaquil, Ecuador was
evaluated through an exergoeconomic analysis. It was determined that the exergy
efficiency of the global process was 46.3%, the exergy destruction rate was 12.5 MJ/s,
the exergy destruction cost rate was $2609/h, and the investment cost rate was $605.9/h.

e The conventional steam generation and the solid-liquid extraction were identified as
the stages with the highest exergy destruction rate, 5.0 MJ/s, and 1.8 MJ/s respectively.
On the other hand, the stages that had the greatest impact on the operating costs were
the solid-liquid extraction, the double effect evaporation, spray drying and the vapor-
compression refrigeration system.

e The solid-liquid extraction represents the 32.5% of the overall exergy destruction cost
rate. The double effect evaporator represents the 20.0% of it. The spray dryer represents
the 15.4% of it and finally the vapor-compression refrigeration system represents the
20.0%.

e The simulation of the production process of biomass, syngas and biodiesel from spent
coffee grounds was carried out to reduce the exergy destruction in the solid-liquid
extraction stage, taking advantage of the waste generated. The model was validated
with experimental data from previous studies, obtaining a maximum relative error of
6%.

e The proposed biomass, syngas, and biodiesel production process was evaluated through
an exergoeconomic analysis and it was determined that the exergy destruction rate of
this process was 14.1 MJ/s. As a result, the specific costs of biomass, syngas and
biodiesel were $ 0.007/kg, $ 0.037/kg, and $ 0.71/kg, respectively.

e The biomass and the syngas could replace the use of fuel oil No.6 in the plant. While
the biodiesel produced is not economically competitive to replace the diesel in the
roasting process.

e A trigeneration system based on syngas and biomass was proposed in order to replace

the conventional steam generation and refrigeration systems. It was simulated and
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validated with experimental data from previous studies, obtaining a maximum relative
error of 11.1%.

The proposed system for the generation of steam, chilled water, and power allowed
increasing the exergetic efficiency of the global system from 46.3% to 51.2% and
reducing the exergy destruction rate by 3775 kW, when using biomass as biofuel
instead of fuel oil No. 6.

The use of syngas instead of biomass in the trigeneration system resulted in an increase
in the overall exergetic efficiency to 76.8% and a reduction in the exergy destruction
rate of 7811 kW.

The cost of the steam produced in the proposed system compared to the conventional
system decreased from $24.6/t to $13.9/t when biomass was used as fuel instead of Fuel
oil. 6. While when syngas was used, this price was reduced to $23.5/t

The cost of the chilled water produced in the absorption cycle, compared to the vapor
compression system, decreased from $30.2/t to $1.4/t when using biomass and $1.5/Tn
when using syngas.

The trigeneration system based on fuel oil No 6. Reduced in 47.9% the cost of the
overall product of the plant, but increased the exergy destruction rate.

For the overall process, it is reduced the exergy destruction rate from 12550 kW to 8775
kW, when biomass is used as the fuel in a trigeneration system.

The use of syngas in the trigeneration system reduced more the exergy destruction rate

than using biomass (from 12550 kW to 4740 kW).

5.2 Future research lines

Although the simulations were validated with data from previous experimental studies,
there are limitations given that the spent coffee grounds of the plant come from a
mixture of Arabica and Robusta coffee, and the biomass found in the literature from
Arabica species. Therefore, a characterization of the spent coffee grounds of the plant
is required, which allows to define the characteristics and develop a closer simulation.
An experimental study of spent coffee grounds drying kinetics as well as a trigeneration
system based on this biomass is recommended to be carried out on a pilot scale. These

data will be useful for a closer simulation of the production process of biofuels.
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It is recommended to perform an advanced exergoeconomic analysis of the whole
production system to quantify the avoidable and unavoidable exergy destruction cost
rates, and thus, to identify the opportunities to reduce the costs.

The development of an exergoeconomic optimization of the entire process is another
topic of interest since it would allow to further reduce the operating costs and maximize
the exergetic efficiency, modifying the established operating conditions.

A life cycle assessment to the overall process is also recommended, taking into account
also the production of coffee beans and the packing, transportation and consumption of

coffee powder.
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Abstract: Instant coffee is produced worldwide by spray drying coffee extract on an industrial
scale. This production process is energy intensive, 70% of the operational costs are due to energy
requirements. This study aims to identify the potential for energy and cost improvements by
performing a conventional and advanced exergy and exergoeconomic analysis to an industrial-scale
spray drying process for the production of instant coffee, using actual operational data. The study
analyzed the steam generation unit, the air and coffee extract preheater, the drying section, and the
final post treatment process. The performance parameters such as exergetic efficiency, exergoeconomic
factor, and avoidable investment cost rate for each individual component were determined. The overall
energy and exergy efficiencies of the spray drying system are 67.6% and 30.6%, respectively. The highest
rate of exergy destruction is located in the boiler, which amounts to 543 kW. However, the advanced
exergoeconomic analysis shows that the highest exergy destruction cost rates are located in the
spray dryer and the air heat exchanger (106.9 $/h and 60.5 $/h, respectively), of which 47.7% and
3.8%, respectively, are avoidable. Accordingly, any process improvement should focus on the
exergoeconomic optimization of the spray dryer.

Keywords: advanced exergoeconomic analysis; spray dryer; exergy destruction cost rate

1. Introduction

Instant coffee is one of the most commonly consumed drinks worldwide; around 118 billion
dollars of it were sold in the global market in 2019. The worldwide market for instant coffee has high
growth expectations: projected to grow by 11.6% in the next 5 years [1]. Coffee has a high concentration
of antioxidants [2], vitamins B, and minerals [3]. It benefits physical performance and stimulates the
central nervous system [4]. Coffee is sold as whole bean, ground coffee, instant coffee, coffee pods,
and capsules. Among these, instant coffee is quickly becoming popular all over the world because of
cheaper transportation and convenience in preparation, which increases its demand among urban
consumers [5]. Many industrial-scale plants have been established around the word to produce this
kind of coffee.

The production process of instant coffee powder begins with roasting the coffee beans and grinding
them. Later, they pass through a liquid solid extraction. The extracted liquid is then concentrated and,
finally, it is spray dried. The drying process reduces the amount of water in the coffee and allows its
shelf-life to be increased. This operation requires the most energy resources [6], and is also considered
highly exergy-destructive [7]. Spray dryers are considered to be limiting units within a productive
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process, and one of the operations with the highest exergy improvement potential [8]. A previous
study has demonstrated that the exergy efficiency of spray dryers is lower than that of other drying
technologies such as tray dryers, continuous dryers, heat pump assisted dryers, fluidized bed dryers,
solar dryers, freeze dryers, vacuum dryers, and flash dryers [7].

Exergy analysis has become an important tool for the assessment of different energy-intensive
industrial processes, such as spray drying [9]. These analyses have allowed for the identification of the
components with the highest exergy losses, the avoidable exergy losses, and the operational conditions,
which most affect the irreversibility of the systems. Erbay et al. [10] used a pilot-scale spray dryer
on white cheese slurry to demonstrate experimentally that parameters like atomization pressure and
drying air temperature can affect the exergetic efficiency of the spray dryer. Another study of the same
scale for the drying of cherry puree showed that drying agents could reduce the exergy destruction
rate of the process [11]. Some studies were done at a laboratory scale. One lab-scale study, evaluated
the exergetic efficiency of spray drying of photochromic dyes and obtained efficiency below 4% [12].
Further, Aghbashlo et al. [13] studied the influence of parameters such as air and feed flow rate in
the exergy destruction rate of the spray drying of microencapsulation of fish oil. Only two studies
have been done on industrial-scale spray dryers, and both took place in a powdered milk factory.
The first analyzed each step of the production process and concluded that the spray dryer was one of
the most exergy destructive components (2196 kW) [14]. In the second study, Camci et al. [15] analyzed
a spray drying system with solar collectors for preheating the drying air in a closed loop, resulting in
an increase of the exergetic efficiency to 22.6%.

However, although the exergetic analysis identifies the location and magnitude of the thermal
energy losses, it has limitations given that it can not quantify the cost of those losses. Furthermore,
an exergy analysis is not conclusive about which components should have investment priority in
order to reduce the exergy losses [16]. In order to complete an exergy analysis, an exergoeconomic
analysis can be applied, which combines exergy and economic principles at the component level to
identify the real cost sources in a thermal system [17]. Since the thermodynamic considerations of
exergoeconomics are based on the exergy concept, the term exergoeconomics can also be used to
describe the combination of exergy analysis and economics [18]. Exergoeconomic analysis has been
applied in different industrial processes in order to minimize the economic losses due to irreversibility,
and, consequently, provide the added benefit of reducing production costs of the entire complex energy
system. Few conventional exergoeconomic analyses of different drying technologies on both the pilot
and industrial scale have been found in the literature; they focused on the production of pasta [19],
tea leaves [20], powdered cheese [21], and powdered milk [22,23]. Of these, only the last two refer
to spray drying technology at an industrial scale. These exergoeconomic analysis performed were
useful for the evaluation of the economic viability of the proposed improvements to the spray dryer in
a powdered milk factory. Erbay et al. [21] also performed an exergoeconomic analysis on a pilot-scale
spray dryer for cheese powder and concluded that some investments should be made in order to
reduce the operational cost rates by increasing exergetic efficiency of the process.

Although the exergy and exergoeconomic analyses allow for the quantification of the exergetic
and cost losses, they do not provide sufficient information about which losses are avoidable; this
information is essential for industrial plants to make decisions about improvement potential. Advanced
exergoeconomic analysis is a proposed tool that has been applied to different industrial processes
in order to quantify the avoidable and unavoidable economic losses and determine the potential for
improvement [24]. However, there have not been any studies that apply an advanced exergoeconomic
analysis in spray-drying technology in order to quantify this kind of exergy destruction.

The aim of the present work is to carry out a conventional and advanced exergy and exergoeconomic
analysis on the spray drying process of instant coffee at a factory in Guayaquil, Ecuador in order to
quantify total operating cost rates at a component level and split into avoidable and unavoidable parts.
There are two main novelties in this study: first, real data from an instant coffee plant in operation have
been used; second, an advanced exergoeconomic analysis on the spray-drying system of an instant



Energies 2020, 13, 5622 30f 19

coffee plant has been applied for the first time. This analysis will be a valuable decision-making tool for
the factory for future improvements focused on operational cost reduction, and sustainability increase.

2. Materials and Methods

2.1. System Description

The instant coffee was dried in an industrial scale spray drying system. Figure 1 illustrates a
schematic diagram of the process. The coffee extract (44% m/m of soluble coffee) comes from a storage
tank that had a temperature of 12 °C. A flow rate of 528 kg/h of coffee extract (stream 2) was pumped
by a low-pressure pump (LP) and mixed with 7.4 kg/h of carbon dioxide (stream 1). Then it was
pumped by a high-pressure pump (HP) into a heat exchanger unit (HXE) where steam increased
its temperature to 32 °C. The coffee extract (stream 6) was sprayed by a nozzle into the drying unit
(SD), which is at vacuum pressure. A flow rate of 9922 kg/h of ambient air (stream 7) was heated by
the main heat exchanger (MHX) using steam until it reached the temperature of 180 °C. A flow rate
of 4002 kg/h of ambient air (stream 10) with an absolute humidity of 0.02 kg water/kg dry air was
dehumidified to 8 x 1073 kg water/kg dry air by a cooler (CHX) and then a fraction of it (stream 11) was
heated and distributed in order to maintain a fluidized bed in the bottom of the spray dryer. The dried
instant coffee produced with a humidity of about 3% m/m (stream 23) was then collected on a belt
(BT), where two streams of dehumidified air at 85 °C (stream 16) and 27 °C (stream 20) were used
to gradually cool the coffee and prevent it from agglomerating. Then the instant coffee (stream 25)
was passed through vibratory screen (S) in order to obtain the required particle size. The fraction of
instant coffee with the smallest particle size (stream 28) was recirculated to the process using dried air
at 27 °C (stream 22) while the biggest particle size of instant coffee (stream 27) was considered waste.
The humidified air (stream 29) that exits the spray dryer was passed through a cyclone separator (FF)
to remove solid coffee particles. These solid particles (stream 32) were recirculated into the process and
the humidified air (stream 31) was released to the environment.
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Figure 1. Process flow diagram of the spray dryer system.
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To develop the process modeling, the following assumptions were made:

e  The process was at a steady state condition.

e  The coffee extract was modeled as a solution with a constant concentration of soluble solids from
Coffea arabica beans.

e  The heat losses from the components were neglected.

e The pressure losses in the pipes, heat exchangers, bag filter, and spray dryer were neglected.

e  The properties of the incoming air were considered as constants.

2.2. Exergy Analysis

The analysis of the spray drying system was performed by using the engineering equation solver
(EES) software for the formulation of mass, energy, and exergy balances for each component. In their
general form, they are, respectively:

Z ity — Z ftout = 0 1)

out

Z hinmin - Z houtmout + Wk + Qk =0 (2)
in out
Z E.:q,k + Wk + Z Ein - Z Eaut - ED,k =0 (3)
k in out
The exergy rate, specific exergy, physical exergy, kinetics exergy, and potential exergy were
calculated using Equations (4)—-(8). Table 1 shows the expressions of both fuel and product exergy of
each component.

o= oPH 4 CH L KN | PT 5)
P = (h—hy) = To(s - so) (6)
T = gz @)

2

KN _ U
e =5 8)

Table 1. Composition of the different states.

State Description Soluble Solids (kg/kg) Water (kg/kg) Dried Air (kg/kg)
2 Coffee extract 0.440 0.560 -
23 Soluble Coffee 0.970 0.030 )
powder
24 Mixture BT 0.001 0.009 0.990
29 Mixture SD 0.004 0.040 0.955
33 Mixture S 0.038 0.008 0.954
34 Mixture FF 0.117 0.001 0.882

The velocities of different streams were estimated by the Bernoulli relationship, Equation (9),
where y is the specific heat ratio and p is the density of the stream.

Av? y ) P ( y ) Py
—_— + —_— )| — | * — (9)

2 (V -1/ p \y=1) po
For the streams that had soluble coffee solids as part of their compositions, Equations (10) and (11)
were used to determine the thermodynamic properties such as entropy and enthalpy. The ¢, value was
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obtained from Burmester et al. [25]. The dead state conditions have been taken as Ty = 27.5 °C and
Py =101.13 kPa.
]’l—ho = CP(T—T()) (10)

§—50 = Cp ln(Tzo)—Rln(P%) 11

The composition for the different states of the system is shown in Table 1. This information was
used to calculate the different thermodynamic properties.

For the calculation of chemical exergy of each state point that has soluble coffee solids and water,
Equation (12) [17] was used. The concentration of water and coffee in equilibrium with the environment
(x?) was chosen as the dead state of reference. Those values were obtained from previous studies on
Arabica coffee by Yao et al. [26]. For the calculation of the chemical exergy of each state point that has
soluble coffee solids, water, and air, Equation (13) [17] was used, where x; is the mole fraction of the

x¢
el = _RT, Z x; 1n(x—{) (12)

different substances.

1

e = Z xie" + RT Z x;In(x;) (13)

The chemical exergy of air for the different moisture content in air was calculated using an
expression from Wepfer et al. [27], according to Equation (14), where w, and w are mole fraction of
water vapor at environmental conditions and operational conditions, respectively.

14 1.6078w, |1+1-60780) 1 ¢y 11.6078w
CH _ . - % —
eCH = 0.2857cp,a,,Toln“ T 6078w [wo] (14)
The exergy balance can also be formulated as Equation (15).
Erx—Epk = Epx —Evx (15)

where E rx corresponds to the fuel exergy, E px is the product exergy, E D,k is the destroyed, exergy and
E Lk is the exergy loss. The exergy of the fuel and the exergy of the product for each single component
were formulated following Lazzareto and Tsatsaronis rules [28] and they are shown in Table 2.

For the total system the exergetic efficiency was calculated as the sum of the product exergy rates
divided by the sum of the fuel exergy rates.

Other interesting parameters involved in an exergy analysis were the relative exergy destruction
(yB,k)’ which represents the relationship between the destroyed exergy of a component and the total
destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (yp ),
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown in
Equation (17). The exergetic efficiency (#,, ), which represents the amount of exergy that is useful in
relation to the fuel exergy in the component, is shown in Equation (18).

. _ Epg
Yor = = (16)
ED tot
Epj
Yok = = (17)
F tot
Epk
Nexj = —— (18)

Fk
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Table 2. Definitions of fuel and product exergy for each component.

Component EP,k EF,k
LP E3-Ep Wip
HP Es—E4 Wrip
HXE E¢—Es E3s — Esg
MHX Eg—Eg Es7 - Ess
SFBHX Eiz—En E39 — Eso
VFIHX Ey6—Ers Ey-Ep
VF2HX Eig - Ez Eys—Eu
MF Es - E7 Wi
SFBF Epp —En Wirpr
VFIF Ei5—Ey Wvrir
VEZF Ez~Ey9 Wvrar
RFF - En-Exn WrFr
FF Esz +Es — Eso W
SD Ex —E¢—E3 Ey3 + Eg — Eo
BT Exs—Ens. Ego +E16 —E24
S Ene + Eag — Ens - B+ Ws o
B Esy —Eag (Eag + E47) - Eso
CHX Eqg +Er7 + Eyp — Exgg Ey5—Es6

2.3. Advanced Exergy Analysis
In order to obtain the real potential of improvement of each component, the avoidable and
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy

. UN
destruction (Epj) would be the exergy that will inevitably be destroyed, due to technological
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) [29],

.. UN
where (Ep/Ep), is the relationship between the exergy destruction and exergy product rates estimated
using the unavoidable conditions for each component.
UN E UN
: : D
Epy = Ep,k[.—] (19)
Ep Jk

Values of the unavoidable and real operation conditions of the components are summarized in
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum air
flow required to supply the energy for water evaporation was calculated as an avoidable condition [31].

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC).

Component RC RTI uIC
ATpin, HXE = 51 ATmin, axg = 30 ATin, HXE = 60
ATmin, MuX = 12 ATmin, Mux = 10 ATmin, MaX = 20
Heat Exchangers ATmin, sFBHX = 69 ATmin, SFBHX, VFIHX = 20 ATmin, spBHX = 80
ATmin, vriax = 80 ATmin, vizux = 80 ATmin, vriax = 90
ATmin, vizux = 139 ATmin, cax =4 AT, vi2ux = 145
ATmin, cax =9 ATin, cax = 15
Pumps Ilis = 600/0 rl-is = 860/0 Ilis =65%
F N, = 60% N, =90% 0857, "
S Ilelec = 780/0 Il‘elec = 900/0 ILelec = 780/0
BT Moo = 60% Njee = 85% Mo = 60%
0 0, - real
B Neon = 90% Neon = 95% 0.66 Z;m

- real

SD AP-Ratio = 18.8 AP-Ratio = 8.6 0.90 Z;,
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2.4. Exergoeconomic Analysis

The exergoeconomic analysis consists of the formulation of a cost balance and its auxiliary
equations at a component level, for each component of the process. The general cost balance [17] is
shown in Equation (20) where c,, and c;, represent the costs of the outflows and inflows respectively,
Cyk Tepresents the cost rate related with the work and Zk represents the investment cost of each
component. Table 2 shows the cost balance of each component present in the system.

Z Cq,qu,k + Cw,ka + Z CinEin - Z CoutEout - CD,kED,k + Zk =0 (20)
k in

out

The cost balance can be written in terms of the fuel and product formulation [28] as is shown in
Equations (21) and (22).
Cpk = Crx+Zr—Cpg (21)

cpxEpx = cexEpx + Zk — Cpix (22)

where C Pk is the product cost rate, C F k is the fuel cost rate, and C D,k is the cost rate associated with the
destroyed exergy for each component.

The exergy destroyed in the k-th component has an associated cost rate C D,k that can be calculated
in terms of the cost of the additional fuel (cr ) that needs to be supplied to this component to cover the

exergy destruction and to generate the same exergy flow rate of the product, when E pk stay constant
(Equation (23)) [17]. Table 4 shows the cost balance of each component present in the system.

CD,k = crxEpy (23)

Table 4. Cost balance equations and auxiliary equations for exergy costs of the system.

Component Fuel Cost Expression Product Cost Expression Auxiliary Equations

LP Cs + Wrp Ca+Zip -

HP CS + WHP C4 + ZHP cy =03+
HXE C6 + C36 C5 + C35 €36 = €35 = C51
MHX Co + Csg Cs + Csy €38 = €37 = (51

SFBHX Ci3 + Cao C1p + Cag C40 = €39 = C51
VFIHX Ci6 + Caa Ci5 + Ca C42 = €41 = C51
VEF2HX Cig + Cag Ci7 +Cy3 C44 = €43 = C51

MF Cg + WMF C7 c7=0
SFBF Cro + Wsrpr Cy -

VFIF Ci5 + Wypir Cua -
VE2F Co0 + Wypar Cio €19 = C18

RFF sz + WRFF C21 €21 = (18

FF Ca1 + Cap + Wrr Cao €31 = C32

SD C29 + C23 C6 + C9 + C13 + C34 €29 = C9

BT Cos + Cos Ci6 + Co C24 = C16

S WS C26 + C27 - C25 - Czs €28 = €30, €29 = (31
B C50 + C51 C47 + C48 + C49 c47 = 0; cq9 = C50

c10 = 0; c45 = 46

CHX Ci1 + Cia + Ci7 + Cag Cio + Cas 11 = C14 = €17

There are some non-energetic costs used in the calculations of the cost balance of each component.
In the boiler, the fuel used to generate vapor was fuel oil 6. The price of the liquid fuel (stream 49) was
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$1.07 per gallon [32]. The potable water (stream 48) had a cost of $0.53 per cubic meter [33]. The price
of carbon dioxide (stream 1) injected into the coffee extract was $24.22 per kg.

. - CI
The variable Z; was calculated as the sum of capital investment (Z, ) and operation and

- OM
maintenance costs (Z; ) for each component, as is shown in Equation (24) [17].

- OM

. - CI
Zy=7p +7; (24)

The capital investment for each component can be calculated by using Equation (25) [17]:

C1_ PECy+CRF

k (25)

T

where PECy is the purchase price of the kth component and 7 is the number of annual operating
hours (24 h per day, 365 days per year). It was assumed that the ordinary annuities transaction
occurs at the end of each time interval, thus the CRF (capital recovery factor) could be obtained using
Equation (26) [17], where i.f is the interest rate (10%), and n is the lifetime of the system (20 years).

ieff * (l + ieff)n

CRF =
(1 + ieff)n -1

(26)

The rate of operation and maintenance costs (ZkOM) can be calculated by using Equation (27).
The operation and maintenance cost (OMCy) of each component is determined by using Equation (28),
which is a close approximation used by Bejan et al [17]. The constant-escalation levelization factor
(CELF) was determined by using Equation (29), which depends on the factor kppjc defined by
Equation (30) [17]. For the nominal escalation rate (rop), it was assumed that all costs except fuel costs
and the values of by-products change annually with the constant average inflation rate of 4% [17].

ZOM . OMC; = CELFppp

k . (27)
OMC; = 0.2+ PEC, (28)

komc * (1 —komc™) * CRF
CELF = 29
om (1= komc) )

14+ rom

k = - (30
oMc = 77 T )

For a better interpretation of the results, the exergoeconomic factor (f;) and relative cost difference
() were determined. The first factor represents the relationship between the investment cost and the
total operating cost rate, while the r; represents the increase of the specific exergy cost in a component
divided by the specific exergy cost of the fuel.

Z
fo=—"—= (31)
Zk + CD,k
Cpr—C
o= Pk Fk (32)
CFk

2.5. Advanced Exergoeconomic Analysis

.UN AV
The unavoidable (Cpy) and avoidable cost (Cp ) associated with exergy destruction were
- UN
calculated using Equations (33) and (34). The unavoidable (Z; ) and avoidable investment cost rates
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AV
(Z ) were calculated by using Equations (35) and (36). The relation between the investment cost

rate and the exergy product rate (Z/Ep) r was estimated by using the unavoidable cost conditions
presented in Table 4. For the heat exchangers, a Pro/Il ®simulator was used to estimate the new heat
transfer area based on the minimum temperature difference.

_UN _UN
Cpx = crkEpy (33)
LAV LAV
Cpix =Cpix—Cpg (34)
N 5 \UN
Z = Ep,k[i) (35)
Ep )k
LAV . .UN
Zy =2Zk—Z (36)

3. Results and Discussions

3.1. Conventional Exergy Analysis

The parameters of the exergetic analysis were calculated for each state throughout the entire
studied system. Table 5 shows the flow rate (), temperature (T), pressure (P), specific chemical exergy
(e€M), specific physical exergy (e’), specific kinetic exergy (eKN), and exergy rate (E) of each stream.

Table 5. Thermodynamic values of the streams.

] . oCH oPH KN .

State m (kg/h) T(°O) P (kPa) (J/kg) (J/kg) AJ/kg) E (kJ/h)
1 74 12 101 322 0.22 0.0 2383
2 528 14 101 2.25 10.8 0.0 6891
3 528 15 750 2.25 9.70 0.5 6593
4 528 16 750 1.56 8.84 0.5 5776
5 528 18 5400 1.56 4.73 4.0 5470
6 528 39 5400 1.56 13.4 4.0 10,045
7 9922 28 101 0.00 0.00 0.0 0
8 9922 28 105 0.01 0.00 1.0 10,286
9 9922 178 105 0.01 29.9 1.0 307,205

10 4002 28 101 0.00 0.00 0.0 0
11 1626 15 101 0.002 0.27 0.0 436
12 1626 15 105 0.012 0.27 1.0 2126
13 1626 96 105 0.012 6.97 1.0 13,031
14 1100 15 101 0.002 0.27 0.0 295
15 1100 15 105 0.012 0.27 1.0 1438
16 1100 85 105 0.012 5.02 1.0 6665
17 1276 15 101 0.002 0.27 0.0 342
18 1276 26 101 0.002 0.00 0.0 6
19 1101 26 101 0.002 0.00 0.0 6
20 1101 27 105 0.012 0.00 1.0 1146
21 175 26 101 0.002 0.00 0.0 1
22 175 27 105 0.012 0.00 1.0 182
23 209 80 101 5.80 8.24 6.0 4202
24 2203 58 101 0.002 1.49 0.0 3298
25 207 35 101 5.80 0.18 1.0 1450
27 0.04 30 101 4.18 0.07 0.0 0.04
26 200 30 101 5.80 0.02 0.0 1163
28 6.96 30 101 5.80 0.02 0.0 40
29 12,065 96 100 0.001 7.45 2.1 114,790
30 14,268 94 100 0.003 6.94 0.0 99,094
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Table 5. Cont.

CH PH KN

; ) e e e .

State m (kg/h) T (O P (kPa) AJ/kg) (kJ/kg) (KJ/kg) E (kJ/h)
31 14,252 94 105 0.003 6.94 0.9 111,685
32 16 94 100 1647 11.2 0.0 26,942
33 182 30 101 1647 0.01 0.0 26,763
34 198 40 101 1647 0.26 0.9 27,009
35 20 90 70 480 418 0.0 18,231
36 20 90 70 2.50 23.9 0.0 537
37 806 190 1250 480 499 0.0 789,231
38 806 190 1250 2.50 29.0 0.0 25,387
39 80 165 700 480 753 0.0 98,620
40 80 165 700 2.50 104 0.0 8507
41 43 165 700 480 753 0.0 53,008
42 43 165 700 2.50 104 0.0 4581
43 10 165 700 480 753 0.0 12,328
44 10 165 700 2.50 104 0.0 1063
45 25,438 2 500 2.50 5.13 0.0 194,111
46 25,438 6 500 2.50 3.71 0.0 157,878
47 959 190 1250 480 499 0.0 938,861
48 959 104 1250 2.50 39.3 0.0 40,075
49 2217 28 101 0.00 0.00 0.0 0
50 77 28 101 43,293 0.00 0.0 3,332,277
51 2294 650 101 26.0 331 0.0 817,815

The exergy rate of the fuel (Ep) and the product (E p), the exergetic (1,y) and energetic (#1,)
efficiencies, and the exergy destruction ratios (yB,k and yp ) were calculated for each component in the
system. The results are summarized in Table 6. The components with the highest exergy fuel rates
were the B, the MHX, and the SD. The MHX is the component with the highest exergetic efficiency
(38.9%), followed by the boiler (37%). There is a big difference between the exergetic and the energetic
efficiencies of the majority of the components, and consequently the overall system also exhibited
the same behavior. Therefore, despite the energy efficiency of the system (the conservation of the
quantity of energy) being 67.8%, the overall exergy efficiency (the quality of that energy) was only
33.3%. Similar results were obtained in a study on the spray drying process in an industrial scale
ceramic factory, in which the energetic efficiency was found to be between 43% and 87% [34], and the
exergetic efficiency was between 12% and 64% [35]. However, in a pilot-scale study of spray drying
of cherry puree the energetic and exergetic efficiencies were only 3.2% and 0.7%, respectively [11].
This, along with laboratory-scale studies [10,12,36], demonstrates that pilot-scale and laboratory-scale
studies do not accurately represent the energetic and exergetic performances of the industrial-scale
spray drying process.

Figure 2 shows the fuel and product exergy rate of the overall system, and the destroyed exergy
rate of each component. The results show that the components that had electric energy as the main
fuel exergy source such as the vibrating screen, belt, and fans had the lowest impact on the exergetic
destruction. This occurs because the electric energy was used for mechanical operations, instead of
being used as a heat source. The exergy destruction ratio (yp) was lower than 5% for these components.
These results were similar to other studies that determined an exergy destruction ratio lower than 2%
for the compressors and pumps in a CCHP system [37]. Furthermore, in a yogurt plant the devices
that required electric energy accounted for less than 5% of the total exergy destruction [38].
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Table 6. Results of the exergy analysis of all the components of the spray drying system.

Component  Ep (kj/h) Ep (kJ/h) fex (%) ten (%) Ypk Yk
SD 205,446 32,852 16.0 93.9 0.058 0.040
LP 7920 298 3.8 272 0.003 0.002
HP 19,800 307 15 342 0.007 0.005
HXE 17,694 4576 25.9 76.4 0.005 0.003
MHX 763,844 296,918 38.9 79.4 0.174 0.116

SFBHX 90,114 10,906 121 81.4 0.030 0.020
VFIHX 48,427 5227 10.8 88.6 0.016 0.011
VF2HX 11,264 336 3.0 69.2 0.004 0.003
MF 66,600 10,286 15.4 463 0.021 0.014
SFBF 19,800 1690 8.5 24.0 0.007 0.005
VFIF 14,400 1143 7.9 24 0.005 0.003
VE2F 14,400 1140 7.9 233 0.005 0.003
RFF 1980 181 9.2 29.4 0.001 0.001
FF 108,000 39,534 36.6 515 0.026 0.017
CHX 36,233 1072 3.0 27.8 0.013 0.009
B 2,514,427 898,786 35.7 733 0.611 0.374
BT 7920 546 6.9 69.9 0.003 0.002
s 3600 247 6.9 n/a 0.001 0.001
BEOKW) ©
130 kW
( ) (62kW) SFBHX
(22 kW)

FF
(19kW)  wmF

(16 kW)

VFIHX
(12 kW)

CHX
(10 kW)

Ohers (32 kW)

Figure 2. Grassmann’s diagram of the spray drying process.

Conversely, the boiler destroyed 39.4% of the overall fuel exergy rate. This percentage was similar
to other plants where the boiler was used as an auxiliary supply of steam. For instance, in a factory,
which produces ghee, the boiler has the highest exergy destruction ratio 39% [39]. This is because the
main purpose of this component is to convert a high-quality energy (chemical energy of fuel oil) to a
low-quality energy (heat).

The MHX also has a high exergy destruction rate, despite having one of the highest exergetic
efficiencies. The air heater used in this process was a steam-heated type, which is one of the most
used in food industry, it had an exergy efficiency of 38.9% and a high specific exergy destruction of
287 K] per kg of heated air, with a minimum temperature difference of 12 °C. There are other types of
air heaters that could reduce the exergy destruction rate and the minimum temperature difference
such as a system with a heat exchanger that uses geothermic fluid. A previous study showed that
this kind of heat exchanger has an exergy efficiency of 42% and specific destruction exergy of 57.5 k]
per kilogram of heated air with a minimum temperature difference of 5 °C [40]. Another type of air
heater was one that uses electric energy as the source of heat. A previous study on the spray drying of
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photochromic dyes determined that the exergy efficiency of this kind of heater was 16.4% [12], this has
the lowest exergy efficiency because it is transforming high quality energy (electric energy) to low
quality energy (heat).

The SD also affects the performance of the overall system, since it has one of the highest rates of
exergy destruction at 595 kJ/kg of evaporated water. Previous studies by Biihler et al. [31] found that
the spray dryer is a highly exergy-destructive component in a powdered milk factory. Similarly in
a large dairy factory producing primarily milk powder, they obtained an exergy destruction rate of
1345 k] /kg of evaporated water [14]. In a ceramic plant, the exergy destruction rate was 1111.4 kJ/kg of
evaporated water [35].

3.2. Advanced Exergy Analysis

In order to determine the avoidable and unavoidable fractions of the exergy destruction rate, it was
split at a component level by considering the unavoidable thermodynamic inefficiency conditions
listed in Table 3. Figure 3 shows that the components with the highest avoidable exergy destruction
rates. Even though the MHX had one of the highest exergy destruction rates, more than 96% of the
MHX destroyed exergy was unavoidable, this is because the real operational conditions were close to
the unavoidable ones.

600
Avoidable
500 ®m Unavoidable
_ 400
Z
= 300
qu
200
100
0 .
B MHX SD SFBHX FF MF VFIHX CHX HXE Others

Components

Figure 3. Irreversibility rate distribution of the main components of the system.

Conversely, the B and the SD were responsible for 38% (54 kW) and 15% (21 kW) of the total
avoidable exergy destruction rate, respectively. Vuckovic et al. [30] and Biihler [14] found similar
results for the boiler in an industrial energy supply plant (16.4%) and the spray dryer for a milk
processing factory (16.5%), respectively.

Structural changes in spray drying systems have been studied as an alternative to reduce avoidable
exergy destruction rates. Walmsley et al. [22] concluded that a closed drying air loop for the recovery
of heat waste in a spray drying system for the production of powdered milk could achieve a reduction
of 14.4% of steam used. This reduction would consequently reduce the avoidable exergy destruction
rate for the system. In addition, Camci et al. [15] determined that the exergy destruction rate could
decrease by 11% when solar collectors for preheating the drying air were used.

3.3. Conventional Exergoeconomic Analysis

The conventional exergoeconomic analysis was carried out at a level component and it is presented
in Table 7 different indicators such as the specific fuel cost (cg), the destruction exergy cost rate (Cp),

the exergoeconomic factor (fi), the relative cost difference (ry), and the total operating cost rate (C D+ Zx)
in descending order.
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Table 7. Results of the thermoeconomic analysis.

Component cr ($/k)) CD $/h) Zk+CD ($/h) i fi (%)
SD 62 %107 106.8 109.6 0.02 2.50
MHX 1.3 x 1074 60.5 61.6 0.01 1.73
B 6.7 x 107° 13.1 14.4 0.07 9.03
SFBHX 1.0x 107 8.2 8.3 0.02 2.06
VF1HX 1.0x 107 4.4 4.6 0.02 2.61
BT 57 %x107% 4.2 45 0.06 5.71
CHX 7.0x 1075 24 3.0 0.20 17.43
HXE 1.4x107* 1.9 1.9 0.01 1.37
VE2HX 1.0x107* 1.1 1.2 0.03 3.17
FF 2.6 %107 1.8 1.9 0.05 7.83
MF 2.6 %107 1.5 1.6 0.08 9.00
HP 2.6 X107 0.5 1.1 1.14 53.73
RTF 2.6 107 0.05 0.2 3.30 78.42
SFBF 2.6 X107 0.5 0.6 0.33 26.52
VF2F 2.6 X107 0.3 0.5 0.45 33.02
VF1F 26 %1075 0.3 0.5 0.45 33.03
LP 26x107° 0.2 04 1.21 55.73
S 26x107° 0.1 04 8.16 78.49

The results show that the two highest total operating cost rates (Z; + Cp) were from the SD
followed by the MHX, meaning that the influence of these components on the total costs associated
with the overall system was significant. Interesting results are presented, because although the B had
a higher avoidable exergy destruction rate than the SD and MHX, the specific cost rate was higher
in the SD than in the B, thus making the SD the component that had the greatest influence on the
total operating cost rate. In contrast, the fans, the pumps, and the vibrating stream were the three
components that contributed least to the total operating cost rate. Similar results were obtained by an
exergoeconomic analysis in a corn dryer, where the drying chamber represented more than 98% of the
total operational costs [41].

Furthermore, although the percentage relative cost differences for components such as the B
(7%), SD (2%), and MHX (1%) were found to be low, their exergy destruction cost rates were high.
The MHX and the SD had exergoeconomic factors of 1.6% and 3.3%, respectively, which means that
the exergetic efficiency of these components must increase in order to reduce the overall system cost.
Similar results were found in other drying technologies such as gas engine-driven heat pump dryer and
a ground-source heat pump food dryer, which had exergoeconomic factors of 25% [42] and 14.6% [43],
respectively. Another previous study on a pilot-scale spray dryer for the production of cheese powder,
concluded similarly that in order to reduce the operational cost in spray drying systems, the exergy
efficiency in the drying chamber should be increased even though this would require an increment in
the capital investment [21].

3.4. Advanced Exergoeconomic Analysis

In order to determine the system’s potential of improvement for the reduction of the overall
operational cost, an advanced exergoeconomic analysis was performed. In Figure 4, the avoidable

AV . UN AV
(Cpy) and unavoidable (Cp ;) cost of exergy destruction, and the avoidable (Z; ) and unavoidable

(Z,g N) investment cost rates of the different components of the system are presented.

As it is shown in Figure 4 the combined avoidable investment cost rates of the B, the SD and
the MHX, represents only 10.2% of the overall investment cost rate and less than 1% of the overall
operational cost rate. These results show that the improvement potential for the investment cost rate
of the SD and the MHX was low.
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Figure 4. Avoidable and unavoidable investment cost rate of the components of the system.

On the other hand, the avoidable exergy destruction cost rate for the overall system represents 30%
of the operational cost and 31% of the overall destruction cost. Only three advanced exergoeconomic
analyses have been done in drying systems, but all of them were performed on heat pump dryers [44,45].
These previous studies reported that 46% and 74% of the overall destruction cost were avoidable.
This indicates that spray drying process could have lower improvement potential than the heat pump
drying process.

In Figure 5, the avoidable and unavoidable exergy destruction cost rates are presented at a
component level. It is shown that the B and MHX had high unavoidable exergy destruction cost rate,
combined they represented 49% of the total unavoidable exergy destruction. A previous advanced
exergoeconomic analysis in a power plant showed similar results for the boiler: around 90% of the
destruction cost rate was unavoidable [46].

120
Avoidable

100 m Unavoidable

80

60

Cp (8/h)

40

20

0 —
B MHX SD SFBHX FF MF VFIHX CHX HXE Others
Components

Figure 5. Avoidable and unavoidable exergy destruction cost rate of the components of the system.

Other components such as fans, pumps, and the vibrating screen had also low avoidable cost
rates associated with exergy destruction (accounting for less than 1% of the total avoidable cost),
which means that any improvement in these components will not significantly reduce the total
operating cost. This result is also shown in other food drying systems where the components that
require electric energy have avoidable costs that represent less than 1% of the total cost [45].
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Conversely, although the B has the highest avoidable exergy destruction rate, the spray dryer
has the highest avoidable exergy destruction cost rate ($47.7/h), which represents 73% of the overall
avoidable destruction cost rate of the process. A previous study on a pump food dryer similarly
concluded that 68.6% of the destruction cost rates were avoidable in the drying chamber [47]. These
results imply that the SD had the highest level of improvement potential. A reduction of the exergy
destruction rate in the spray dryer could reduce the total cost of the overall system by 22%.

4. Conclusions

According to the aim of this study, we developed conventional and advanced exergy and
exergoeconomic analyses of a spray drying system of instant coffee for the first time, using real
operational data. The components of the system where analyzed individually. The advanced analysis
was found to be useful for quantifying the flow costs in the process and also for identifying which
components have the greatest potential for improvement in order to make the overall system more
cost effective.

According to the analysis and discussion, the following conclusions were obtained:

e The overall energy and exergy efficiencies of the spray drying system were calculated as 71% and
33% respectively, where the B had the highest exergy destruction rate, but most of it (90%) was
unavoidable exergy destruction.

e  The conventional exergoeconomic analysis allows for the quantification of the overall operational
cost rate ($207.9/h); more than 70% of that cost rate was due to the SD and the MHX.

e  The exergoeconomic factor allowed for the identification of the SD and MHX as the sources with
the highest cost rate. More than 97% of the operating cost rate of the SD and the MHX were due
to a high exergy destruction rate; of all the components in the studied system, these components
were the most exergy destructive. The cost rates of the exergy destruction for the SD and the MHX
were 106.9 $/h and 60.5%/h, respectively.

e  The advanced exergoeconomic analysis revealed that 33% of the exergy destruction cost rate of
the overall system was avoidable. Additionally, it established that 70% of the avoidable exergy
destruction cost rate was located in the SD, demonstrating that this was the component with the
highest improvement potential.

Finally, based on the results obtained in this analysis, the following recommendations were made
for the plant: It would be useful to reduce the exergetic destruction cost rate of the SD and the MHX,
by performing a parametric study and implementing structural changes within an exergoeconomic
optimization in order to obtain f; values as close to 50% as possible [48]. Further studies are necessary
to analyze the interdependence of the SD and the rest of the system’s components, in order to
determine the percentage of avoidable costs that can be attributed to the irreversibilities of each
component’s operation.
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have read and agreed to the published version of the manuscript.
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Nomenclature

cost rate associated with an exergy stream ($/h)

XE-SO’_](D(DT%*H HBEIRNFOL T ESY A

destruction rate

exergy rate (kJ/h)

exergy rate (kJ/h)

interest rate

heat capacity (kJ/K*kg)
heat flow rate (kJ/h)

ideal gas constant (kJ/kmol*K)
investment cost rate ($/h)
mass flow rate (kg/h)

life time of the system
pressure (kPa)

relative cost difference
relative irreversibility
specific enthalpy (kJ/kg)
specific entropy (kJ/kg)
specific exergy rate (kJ/kg)
temperature (°C)

unit exergy cost ($/kJ)
mole fraction of water vapor
power (kJ/h)
mole fraction

Greek letters

A difference

Y specific heat ratio

n efficiency

p air density (kg/m?)

T annual operating hours (h)

Abbreviations

B boiler

BT belt

CHX cooler heat exchanger

HXE extract heat exchanger

RFF fine returns fan

SFBF fluidized bed fan

SFBHX fluidized bed heat exchanger

HP high pressure pump

LP low pressure pump

MF main fan

MHX main heat exchanger

N nozzle

PEC purchased equipment cost

SD spray dryer

FF vacuum pump

VF1F vfl fan

VF1HX vfl heat exchanger

VE2F vf2 fan

VE2HX vf2 heat exchanger

S vibrating screen
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Subscripts

con conversion

D exergy destruction

elec electric

en energy

ex exergy

F fuel exergy

in inflow

is isentropic

k kth component

mech mechanical

min minimum

mix mixture

out outflow

P product exergy

L loss

tot overall system

o thermodynamic environment

Superscripts

AV avoidable

CH chemical

CI capital investment

KN kinetic

oM operating and maintenance

PH physical

PT potential

UN unavoidable
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Abstract

The advanced exergoeconomic analysis performed on different industrial processes is
used to determine the avoidable exergy destruction and inversion cost rates in order to
increase the rentability and sustainability of a factory. This study focuses on the
performance of an advanced exergoeconomic analysis of a double effect evaporation
process (DEEP) of coffee extract in a factory located in Ecuador. The avoidable and
unavoidable exergy destruction cost rate and the avoidable investment cost rate were
determined for each component by exergoeconomic balances using the results from the
process simulation with the best operational conditions and with the worst operational
conditions. The avoidable exergy destruction cost rate represents 18.3% of the overall
exergy destruction cost rate. It was estimated that around 70.3 $/h of the overall
operational costs could be saved if the exergetic efficiency of the first double effect
evaporator (D-101) and the steam condenser (E-103) increased from 46.3% to 60.7% and
52.3% to 61.6%, respectively. Additionally, an increment of the initial concentration of
soluble solids in the extract can reduce the avoidable operational costs by 15%.

Keywords: Advanced exergoeconomic analysis, Process simulation, Double effect
evaporation, Avoidable cost rate

1. Introduction

Instant coffee is a widely consumed product worldwide, its market is projected to grow
in the next seven years (Coherent Market Insights, 2019). One of the steps in industrial-
scale instant coffee production is the evaporation of water from the extract in order to
increase the concentration of soluble solids in preparation for the drying process. This
evaporation process is energy-intensive, and consumes large amounts of fossil fuels since
water has a high latent heat. Additionally, previous studies show that this process has low
energetic and exergetic efficiencies (Mojarab Soufiyan et al., 2016), which lead to a high
level of energy waste, and consequently raise production costs. In order to address these
inefficiencies, it is not only necessary to identify and quantify the losses, but also to
determine the fraction of avoidable losses. The advanced exergoeconomic analysis
developed with computational tools allows for the determination of the exergy destruction
rate and the avoidable and unavoidable costs of each component of the system. This
analysis therefore becomes an important decision-making tool in production industries to
reduce operational costs and increase the sustainability of the processes.
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Some conventional exergy analyses have been done in food industries that have
evaporation as part of their process, such as the production of tomato paste (Mojarab
Soufiyan et al., 2016), powdered milk (Biihler et al., 2018), and yogurt (Mojarab Soufiyan
and Aghbashlo, 2017). However there are no advanced exergoeconomic analyses
performed in food industries; these studies would allow for the determination of the real
potential for improvement of each component of the process (Liu et al., 2020).

In this context, this work presents an advanced exergoeconomic analysis of the double
effect evaporation process of coffee extract, by using real operational data from a factory
located in Ecuador. The aims of this study are to identify the main sources of exergy
destruction that significantly affect the operational cost, and to quantify the avoidable cost
that could be reduced. Additionally, a parametric study is performed to analyze the effect
the initial concentration of soluble solids has on the operational cost indicators.

2. Methodology
2.1. Process Description

Figure 1 describes the double effect evaporation process of coffee extract in a factory
located in Ecuador. Coffee extract (stream 1) is an aqueous solution with an initial
concentration of soluble solids of 18 w/w%, from Robusta and Arabica beans. This
extract is pumped to a heat exchanger (E-102) for pre-heating it up to 50°C by using
steam. The steam is generated in the boiler (B-201) by using fuel oil N°6. Meanwhile, an
already concentrated extract (stream 7) leaves the second effect (D-102); part of it is
mixed with the heated extract and recirculated to D-102.The other part is sent to the first
effect (D-101). The evaporated water (stream 11) in D-102 enters the condenser (E-101),
where the temperature is reduced from 50°C to 32°C. The condensate water (stream 15)
is mixed with condensate from de D-102 (stream 16) and then it is discarded. The
concentrated coffee (stream 8) that leaves the D-101 reaches a concentration of 50 w/w%
and then it is cooled from 66°C to 11°C in a heat exchanger of multiple flow (E-103),
where cooling-tower water (C1) and chilled water (W3) are used.

Legend
—p  Steam
—— LiquidWater

ﬁﬁﬁﬁﬁﬁ Coffee Extract

> Flue Gas / Fuel
= Air

D-101 D-102

P-201

Figure 1. Process flow diagram of the double effect evaporation of coffee extract and the
steam generation unit.

The process simulation was developed taking into account the following assumptions:
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e The system was at steady state and the elevation in the coffee extract boiling point,
due to concentration of solution, was assumed to be negligible.

e The heat loss rate and the pressure lost in all the components were negligible.

e A complete combustion was assumed in the combustion chamber.

e The steam and gases were considered as ideal gases when the pressure was below
1000 kPa. For higher pressures, the SRK-Equation was used as the equation of state.

e The coffee extract and liquid water were considered as ideal solutions.

2.2. Advanced Exergoeconomic Analysis

The advanced exergoeconomic analysis of the double effect evaporation process of coffee
extract was performed with the aim to determine the avoidable (AV) and unavoidable
(UN) exergy destruction cost rates and investment cost rates at a component level. This
analysis was done with the real operational data (ROD) from the plant. The dead state in
the system was considered at 298 K and 1 atm. For each component the best operational
conditions (BOC) and the worst operational conditions (WOC) were established based on
a previous study (Morosuk and Tsatsaronis, 2019) as shown in Table 1. The BOC were
used for the process simulation in Pro/Il ®. The values of each state and the results from
the kth component were used to perform the exergetic analysis (to calculate E g ¥, the
economic analysis (to calculate cg ) and the exergoeconomic analysis at a component
level (to calculate C5%). The thermodynamic model formulation was performed in
Engineering Equation Solver (ESS), software.

Table 1. Values of Parameters for Different Operation Conditions.

Component Parameter ROD BOC WOC
D-101 ATpin [°C] 35.0 9.5 50.2
D-102 ATpin [°C] 15.1 5.0 20.0
P-101 Nis [—] 0.80 0.95 0.70
P-102 Nis [—] 0.80 0.95 0.70
P-103 Nis [—] 0.80 0.95 0.70
P-104 Nis [—] 0.80 0.95 0.70
P-105 Nis [—] 0.80 0.95 0.70
E-101 ATpin [°C] 4.0 2.0 23.0
E-102 ATpin [°C] 77.0 10.0 85.0
E-103 ATpin—cw [°C] 10.0 2.0 20.0
E-103 ATin—rw [°C] 6.0 2.0 20.0
B-201 Al-] 1.24 1.00 1.93
P-201 Nis [—] 0.80 0.95 0.70

The equations used for the exergetic analysis, the economic analysis (TRR methodology)
(Bejan et al., 1996) and the advanced exergoeconomic analysis (Petrakopoulou et al.,
2012) are presented in Table 2. The auxiliary equations and specific costs for were
obtained from a previous study (Tinoco-Caicedo et al., 2020).

Table 2. Equations used for Exergy, Economic and Advanced Exergeconomic Analyses.

Exergetic/Economic Analyses Advanced Exergy/Exergoeconomic Analyses
Parameters Equations Parameters Equations
Exergy Balance E =EPH + ECH xergoeconomic Cop =Crp+Zx — Cpy

Balance
Exergy Exergy destruction
destruction rate cost rate (Cp)
Levelized Total Relative cost i Crk ~ Crik

TRR, = CRF Zn: TRE, =
L= Y . -
Revenue = (L + iepp) difference (r3) Crk

ED,k = EF,k - EP,k CD,k = CF,kED,k
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Exergetic/Economic Analyses Advanced Exergy/Exergoeconomic Analyses
Parameters Equations Parameters Equations
Requirement
leyelized CC, = TRR, — FC, — OMC, Exergoeconomic fo=- Z K
carrying charges Factor (f) Zi + Coy
. Unavoidable : uN
Annual carr}gng ZC = G * _PEC Exergy destruciton  ExJ¥ = Ex,, <€xn 'k)
charges (Z£") T Yk PEC, rate (ExY Expy
Annual Unavoidable
operating and ZoM _ oMc, . PEC, Exergy destmction Con = criExpl
maintenance k T YPEC, cost rate (CHy Cav = Cpy — CYW
costs (Z2M)
Unvoidable w2\
Annual total 7, = 760 4 70m investment cost Zi” = Expi <ka>
costs (Z) * g rate (ZZV) =7, - Z,%,’N

Furthermore, the unavoidable investment cost for the kth component was determined
following the same methodology (simulation, exergetic analysis, economic analysis and
exergoeconomic analysis), using the worst operational conditions (WOC) which implies
the lowest possible component purchase costs (Gungor et al., 2015).

3. Results and Discussion

The results from the advanced exergoeconomic analysis are shown in Table 3. The
components that have the highest avoidable exergy destruction rate (Ef%) are (in
descending order): B-201, D-101 and D-102. However, the components that have the
highest avoidable exergy destruction cost rate are (in descending order): D-102, E-103
and D-101. These results are interesting because although B-201 is responsible for 71.7%
of the overall avoidable exergy destruction rate, it only represents the 4.6% of the overall
avoidable operating costs (C4% + Z{¥ ). On the other hand, despite having a low Ef ¢, the E-
103 is responsible for 15.9% of the overall avoidable exergy destruction cost rate. This is
due to this component having the highest specific cost of the system (2x10- $/kJ) because
it uses tower water and chilled water for cooling the concentrated extract.

Table 3. Results of the Advanced Exergoeconomic Analysis

comp. 1) n ighaw) sgton oy (7) e (7) a (3) # (3)
E-101 2.0 4.5 0.4 51.0 2.4 300.1 0.7 5.4
D-102 550 1.5 27.9 12.7 57.2 26.2 7.8 93.5
D-101 86 6.4 27.7 60.6 4.3 9.3 4.1 78.1
E-103 8 8x10* 1.6 2.0 13.1 16.5 8x10°3 2.7
B-201 8 2.5 168.5 596.9 4.2 15.0 0.2 1.3
E-102 23 7.4 6.8 13.3 1.1 2.2 4x107? 0.9
P-101 89 2.8 0.6 0.3 3x1072 0.1 1x1072 0.7
P-102 90 2.7 0.6 0.2 0.1 2x107? 4x107? 0.7
P-104 91 2.9 0.2 0.2 2x1072 2x1072 2x1072 0.4
P-103 91 2.6 0.6 0.2 0.1 2x1072 3x10? 0.7
P-105 93 3.0 0.1 0.1 1x1072 1x1072 3x1073 0.3

P-201 93 3.8 1x1072 0.1 1x10- 1x1072 1x10° 0.2
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Additionally, component D-102 was found to have the greatest improvement potential,
given that 68.6% of its exergy destruction costs are avoidable. In contrast, the pumps
don’t have improvement potential, as they account for less than 1% of the overall
avoidable operating costs.

The required modifications should be focused to reduce the exergy destruction cost rate
(even if this results in a higher investment cost), because the components that have the
highest operating cost, also have the lowest exergoeconomic factor (less than 10%). These
modifications could be done through changes to the operating conditions or through
structural changes in the three components with the highest avoidable cost (D-102, E-103
and D-101) in order to increase their exergetic efficiency.

Figure 2 shows that an increase in the initial concentration of soluble solids in the extract
from 18 w/w% to 26 w/w% causes a reduction of the avoidable exergy destruction cost
rates of the D-101 and D-102, from 5.5 $/h to 3.3 $/h and 71.5 $/h to 46.8 $/h,
respectively. Additionally, the avoidable investment cost in D-101 and D-102 are reduced
from 4.5 $/h to 3.7 $/h and 8.6 $/h to 7.1 $/h, respectively.

5 6 9 80
[}
. AN 8 *.. - 70
. L 5 A ~e._ -
= e g g’ . re0g
3 3 Sso r4 = < b ~e >
= LIS 2 =6 ~-. L 50 <o
=z =~ o ¥ ~e ©
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Concentration of Feed Extract (w/w%) Concentration of Feed Extract (w/w%)
(a) (b)

Figure 2. Effect of the initial concentration of soluble solids in coffee extract on the
Cﬁ,‘é and Z{V of the components (a) D-101 and (b) D-102.

Figure 3 shows that an increment of the initial concentration of soluble solids increases
the r;, value in both evaporators (D-101 y D-102), causing a reduction of the final product
cost from 22931 $/T to 21875 $/T. Furthermore, f;, presents an increment in evaporators
D-101 and D-102 of 3.9% and 5.6%, respectively. This means that an increment in the
initial concentration of coffee extract could also improve the balances between the
investment rate and exergy destruction cost rate.
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Figure 3. Effect of the initial concentration of soluble solids in the coffee extract on the
13, and f, of the components (a) D-101 and (b) D-102.
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4. Conclusions

The purpose of this study was to perform an advanced exergoeconomic analysis of the
double effect evaporation process of coffee extract. The results of this research show that
although B-201 is the component with the highest avoidable exergy destruction rate, it
does not have a high avoidable cost rate. The components that have the highest potential
for improvement are D-101, D-102 and E-103 because they have the highest avoidable
exergy cost rate. Additionally, the initial concentration of soluble solids proved to be a
significant parameter for the process, given that an 8 w/w% increase of the initial
concentration of soluble solids reduced the avoidable exergy destruction cost by 15%.
These results suggest that a reduction of the avoidable exergy destruction rate in these
components can be achieved and it is possible to have annual savings of $8.37x10° in the
overall operating costs.

Further research is needed to optimize the solid-liquid extraction of coffee, in order to
achieve a higher initial concentration of soluble solids in the coffee extract. Also extended
parametric and structural change studies are recommended in the double effect
evaporation process in order to maximize the exergetic efficiency and minimize the
operational costs.
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ARTICLE INFO ABSTRACT

Keywords: The integrated production of biofuels from agro-industrial wastes is increasing around the world.
Syngas The thermodynamic performance and economic analysis of these processes have become topics of
Biodiesel

interest given the need to reduce the cost of biofuels and their impact on the environment. This
study develops a simulation of the production process of syngas and biodiesel from spent coffee
grounds, and an exergoeconomic analysis that mainly determines the exergy destruction rate, the
investment and operational cost rate, and the exergy destruction cost rate at component level and
for the overall system. The total investment cost for the integrated process resulted in 13.2 million
dollars. The specific cost of syngas and biodiesel from spent coffee grounds were estimated in
$0.36/kg and $0.71/kg, respectively. The results show that the drying process including the air
heating for the pretreatment of the biomass had an exergy destruction rate of 11,463 kW and was
responsible of the 92% of the overall exergy destruction cost rate. An increment of the dead state
temperature reduced the specific cost of syngas and biodiesel in 17% and 8%, respectively. Future
studies should focus on the exergoeconomic optimization of the drying process of biomass in
order to minimize the operational costs.

Exergy destruction cost
Investment cost rate
Exergetic efficiency

1. Introduction

Currently, fossil fuels are the primary source of energy. Approximately, 80% of the word’s energy demand is supplied by them [1].
However, it’s estimated that oil reserves would not be sufficient to meet the demand by 2050 [2]. To overcome this problem, it’s
important to look for renewable energy sources, especially in sectors that consume more energy: industries and transport [3]. Biofuels
are one of the most common renewable energy sources and are considered the best option for industries especially when biofuel comes
from an industrial waste [4]. During 2018, according to British Petroleum company, the United States became the first country with an
annual production of 38.1 million tons of biofuel, followed by Brazil with a production of 21.4 million tons per year [5]. Nowadays
there are 803 biorefineries in Europe where 45% of them produce biofuels [6]. The biofuels mostly produced are biodiesel, syngas and
bioethanol [7]. In the last few years, different countries have produced biofuels from different sources, such as waste deriving from
agriculture [8], agroindustry [9] and livestock [10]. These have gradually contributed to the reduction of 80% of the greenhouse
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emissions from landfills [11].

The agricultural wastes that have been studied to be converted to biofuels included rice bran [12], oat straw [13], fish waste [14],
alga [15] and spent coffee grounds (SCG) [16], where the last one has the highest calorific value (22 MJ/kg) and oil content (29%),
becoming one of the best energetic potential resources for the production of liquid and solid biofuels. There are many experimental
studies about the production of biofuels from SCG at laboratory scale. Liu et al. [17] studied the biodiesel production by applying
in-situ transesterification method at 70 °C by 3 h, obtaining a yield of 98,61% greater than the 83% obtained by Haas et al. [18].
Meanwhile, Park et al. [19] applied indirect transesterification to the humidified SCG for the production of biodiesel and obtained a
yield of 16.75%. Pacioni et al. [20] applied the gasification process with steam in a tubular reactor to produce syngas from SGC with a
yield of 88.6%. Kibret et al. [21] applied the same process by using a semi-fluized bed and increased the yield to 95%.

In the last few years, many exergetic and exergoeconomic analyses of different biodiesel and syngas production processes have been
developed in order to evaluate the sustainability of these processes. In the case of biodiesel, Antonova et al. [22] evaluated the
production of biodiesel from the oil of canola seeds and found that the dryer and the transesterification reactor destroyed 7.8% and
25.2% of the fuel exergy rate, respectively. Amelio et al. [23] shows that an exergetic optimization in the biodiesel production from
triolein oil achieves a higher reduction than energetic optimization, with a difference of 44.7 kW. Mancebo et al. [24] achieved an
increase in the exergetic efficiency through an exergetic optimization from 10% to 22% and the reduction of exergy destruction cost
rate from $0.13/h to $0.12/h. In the case of syngas, Shayan et al. [25] analyzed the gasification process of wood and determined the
optimum temperature of gasification which allowed them to increase the exergetic efficiency by 24.9% and reduce the exergy
destruction cost rates by 8.9%. Another similar study determined that the exergetic efficiency could be increased to 76.2% when the
steam/biomass mass ratio is 1.83 [26]. Different exergetic analysis have been performed in processes that include a gasifier in
combination with other treatments such as hydrotreatment, hydrocracking, steam reforming [27], direct and indirect synthesis of
dimethyl ether [28], digestion plants [29] and integrated energy system [30]. In all these processes, the component with the highest
exergy destruction rate was the gasifier.

As it is shown, although there are many experimental analysis on SCG that have demonstrated a high potential to be converted to
biofuels, there are not exergetic and economic analyses focused on evaluating the sustainability of this process. The previous exer-
goeconomic analysis mentioned were only focused on evaluating specific steps such as transesterification or gasification of other types
of biomass. Therefore, an exergetic and economic analyses of an integrated process for the production of biodiesel and syngas by
indirect transesterification and gasification from SCG has never been reported.

In an effort to address the gap found in the literature, the aim of this study is to perform an exergetic and exergoeconomic analyses
of an integrated production process of biodiesel and syngas from SCG. The process is simulated and validated with experimental data
from previous studies. It includes drying of biomass, oil extraction, gasification of biomass, and indirect transesterification of the oil.
The analyses allow us to identify the main components that have the highest exergy destruction rates and exergetic cost rates. The
findings obtained herein can be useful for the design and optimization of biorefineries based on SCG.
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Fig. 1. Process flow diagram of the integrated process to produce a) syngas and b) biodiesel.



D.L. Tinoco-Caicedo et al. Case Studies in Thermal Engineering 28 (2021) 101556

2. Materials and methods
2.1. System description

Fig. 1 shows the production of syngas and biodiesel from SCG with initial moisture of 61.1% w/w. Air (stream S3) is heated up to
150 °C (stream S4) in a heat exchanger (E—101), then it enters a dryer (D-101) to reduce the SCG’s moisture to 12.4% w/w. The dried
biomass (Stream S5) enters the soxhlet extractor (S-101), where it is in contact with hexane (stream S6) to extract 15% of the lipids
from the SCG. The oil stream enters into a flash evaporator (EV-101) to recover the hexane (stream S8) and separate it from the lipids
(stream S9). Traces of solvent in the spent biomass are evaporated in the dryer (D-102) with air preheated to 100 °C (stream S12).
Then, the dried SCG enters a gasifier at 900 °C with carbon dioxide as the gasifying agent (stream S15) and produces syngas (stream
16), with a relative molar composition of 0.02, 0.43, 0.10, 0.37 for Hy, CH4, CO, and CO., respectively [31]. In addition, the gasifier
produces a solid stream with 95% char and 5% ash (stream 17). SCG oil (stream S9) is heated in a heat exchanger (E—202) with steam
(stream B21) to 54 °C (stream B6). A mixture of methanol (stream B4) and hydrogen chloride (stream B3) is heated in a heat exchanger
(E—201) with steam (stream B19) up to 54 °C. The heated mixture enters into a reactor (R-201) where the esterification reaction occurs
to obtain methyl esters from free fatty acids. The methyl esters and the triglycerides of the oils leave the reactor (steam B8). Other
products like excess reagent and produced water leave the reactor separately (stream B7). The product is decanted before going into
the second reactor to eliminate the residues of methanol, water and HCI. In the second transesterification reactor (R-202), triglycerides
from SCG oil (stream B10) react with methanol and KOH (stream B12) to produce water as a by-product (stream B14) and a mixture of
glycerin and biodiesel as a product (stream B15). The product from the second reactor is cooled to room temperature (stream B16) and
decanted to separate the glycerin (stream B17) from the biodiesel (stream B18).

2.2. Process simulation

The simulation of the process was performed in Aspen Plus V12.1. The SCG and the ash were simulated as unconventional com-
ponents. Proximate and ultimate analyses were defined by applying the enthalpy and density model of the unconventional components
(HCOALGEN and DCOALIGT) [32]. The oil chemical composition extracted from the SCG was obtained from a previous study [33],
therefore the chemical compounds were simulated as conventional components using the NIST ThermoData Engine (TDE) database
[34].

The conditions of the D-101 such as air/SCG mass ratio and initial and final humidity were established from experimental data in a
convective dryer [35]. The EV-101 was simulated as a flash separator and a total solvent recovery was assumed. The ideal thermo-
dynamic model was used for the gasification process because the pseudo-components were at a low pressure of 101.3 kPa [36]. The
gasifier was simulated by the use of the RYIELD and the RGIBBS reactors [37]. Tar formation was not considered [38] and char was
defined as pure coal, which was determined by the mass of fixed coal in the biomass.

For the esterification and transesterification processes, the UNIQUAC thermodynamic model was used, because the studied system
has two liquid phases, some strong polar compounds and is at a low pressure of 101.3 kPa [39]. A yield of 100% and 85% were
considered for the esterification and transesterification reactions occurring in R-201 and R-202, respectively, according to previous
studies [40].

2.3. Model validation

The final moisture obtained in the dryers, the syngas composition obtained in the gasifier, the yield achieved in the oil extraction
process, and the yield and composition of the biodiesel produced in the transesterification reactor were compared with the results
obtained experimentally by previous studies using the same operational conditions, to ensure the validity of the modeled processes. For
the esterification and the transesterification reactors, the operating conditions of Haile et al. [40] were used. The esterification reactor
was operated at atmospheric pressure, with a methanol/FFA molar ratio of 20:1 and HCI at 10% w/w free fatty acids. The trans-
esterification reactor had a methanol/oil molar ratio of 9:1 and KOH and 1% w/w of oil content. The D-101 was operated with the
conditions presented in the experimental study of Gémez et al. [35].

The drying air temperature was 150 °C, and its relative humidity was 50%. The SCG initial moisture was 61.1% w/w. The inlet air
flow was 524.8 kg wet air per kg of wet biomass.

For the soxhlet extraction the solvent/biomass mass ratio was 9.87 as used by De Melo et al. [41]. The gasifier was operated at 900
°C, with a CO»/SCG molar ratio of 0.17 and with initial biomass moisture of 2.89% w/w, which are the conditions proposed by Kibret
etal. [21].

2.4. Exergetic analysis

The exergetic analysis was conducted at the level of each system component. The Engineering Equations Solver (EES) software was
used for the calculations. The enthalpy and entropy of most of the states were determined with the thermophysical properties library of
EES, when possible. The specific heat capacity expressions for substances were not included in the EES database, such as SCG [42],
lipids [43], ash [44], char [45] and glycerin [46], they were found in the literature.

The physical exergy and chemical exergy of the material streams were calculated using Eq. (1) and Eq. (2), respectively.
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where T = 27 °C is the temperature of the dead state (with a dead state pressure of 1 atm), which is the annual average temperature in
Guayagquil, Ecuador. x; and e{" are the molar composition and the standard chemical exergy, respectively of each compound presented
in the stream i. The standard chemical exergies were obtained from the Model II [47].

The chemical exergy of moist air was calculated with Eq. (3) [48].

air 1+ 1.6078w

Wo

i 1 4 1.6078w,] 16078 1.6078w
e =0.2857c, 4, T, In { [H} {K} } .

The exergy of wet biomass was calculated by using Eq. (4) [49] where xpp is the composition of SCG in a dry free ash basis.
e = xpg - €5 + Zx,- e 4

The chemical exergy of the ashes was calculated by using the model proposed by Song et al. [50] which is based on a statistical
study of ash in 86 varieties of biomass and depends on the total concentration of different minerals. For SCG, this total concentration
was obtained from a study conducted on coffee waste [51]. The chemical exergies of SCG, defatted SCG, oil, char and the biodiesel
were determined by using Eq. (5) applied to pure hydrocarbon fuels [49]. The molecular formula of each of these substances was
estimated based on their respective ultimate analysis.

¢! =HHV(T,, P,) —T()[X:v,ﬁ,e - vasp} (T,, P,) — [ZVPE;" - ZVREg?:| (5)
R P P R

where HHV represents the higher heating value at the dead state conditions; vis the stochiometric coefficient of each combustion
compound, and s the standard entropy of each compound. The higher heating values of SCG oil [40], biodiesel [52], SCG and defatted
SCG [32], and char [20] were obtained from literature.

For the calculation of the chemical exergy of glycerin, a reaction involving reference substances has been considered:

C3H303 + 5 02 i 3C02 + 4H20

Eq. (6) was used for the determination of the chemical exergy of glycerin [49]; where AG is the change in the Gibbs function at dead
state conditions.

ch __ _
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ZVPE;h — ZVREf;':| 6)
P r
The exergy balance of each component of the process was performed according to Bejan et al. [49] using Eq. (7):

Ery—Epy = Epy — Eprs )

where Ep.kcorresponds to the fuel exergy, Epy is the product exergy, Ep s the destroyed exergy and Epx is the exergy loss. Table 1

Table 1

Definitions of fuel and product exergy for each component.
Component Ep E,
Heat exchanger (E—101) Es1s — Esio Ess — Es
Dryer (D-101) Es1 + Es3 Ess
Soxhlet extractor (S-101) (Espy — Esaz) — (Esz1 — Esao) + (Egs — Eso) Eg7 — Eso
Evaporator (EV-101) (Esoq4 — Esas) + Esy — (Esa7 — Esoe) Esg + Eso
Heat exchanger (E—102) Esag — Esao Es12 — Esn
Dryer (D-102) Es10 + Es12 Esia
Reactor (R-101) Es1a + Esis — Es1z Esio
Heat exchanger (E—201) Ep1o — Egao Eps — Eps
Heat exchanger (E—202) Epn — Epsn Eps — Epy
Heat exchanger (E—203) Epis — Epie Epos — Epos
Reactor (R-201) Epe + Epy — Epy — Epg Ep1o
Reactor (R-202) (Ep13 — Ep1a) + (Epaz — Epoa)+ Egio Eps
Overall system Eneating — Ecooting + Ess — Ess + Es1 + Es15 + Eps — (E7 — Epo) + Ep1s — Ep1a Ep16 + Esue
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presents the definitions of the fuel and product exergy for each component of the process. For the overall system, the Ehm-ng is the sum
of the changes of exergy rates of the streams of steam used in the heating processes. Eoiing is the sum of the change of exergy rates of the
streams of cooling water used in the cooling processes.

2.5. Economic analysis

The economic analysis was performed by following the Total Revenue Requirement methodology [49]. The purchase equipment
cost (PEC) for each component of the process was obtained from vendors based on the required characteristics and are presented in the
results section. The costs of steam and carbon dioxide were considered as $0.03/kg and $24.22/kg, respectively [53]. The cost of
cooling water [54] is $0.72/m°. The cost of n-hexane, methanol, hydrogen chloride and sodium hydroxide were $0.03/kg, $1.15/kg,
$0.50/kg, $0.04/kg, respectively, which were obtained from vendors.

The total cost rate for operation and investment (Zk) was determined as is shown in Eq. (8).

Ze=2"+ 7, )

I, oy 20&M | . . .
where Z; is the capital investment costrateand Z,  is the operation and maintenance cost rate of the kth component. These variables
were calculated by using the economic indicators presented in Table 2, obtained from a previous study [49].

2.6. Exergoeconomic analysis

The exergoeoconomic analysis was carried out by performing a cost balance in each component of the system following Eq. (9):

CF, Kt Zk = CP, k ©)

where Cp « and Cp, i are the fuel and the product cost rate of the k-th component, respectively. These costs were determined following
the expressions from Table 3. The exergoeconomic indicators such as the exergoeconomic factor (f), the relative cost difference (ry),
and the exergy destruction cost rate (Cp) for each component of the system were calculated following the methodology reported by
Bejan et al. [49].

3. Results and discussions
3.1. Model validation

In order to verify the validity of each component’s calculation models, the values of the main operating parameters obtained in this
work have been compared with those reported in experimental studies from other literature. On Table 4, the final moisture obtained in
the dryer (D-101), the yield of the Soxhlet extractor (S-101), the syngas composition that is produced in the gasifier (R-101) and the
yield and biodiesel composition produced in the reactor (R-202) were presented and compared. It can be observed that the results of
the model are close to the results reported in the experimental studies, with a maximum absolute error of 5.3, which represents a 6%
relative error. Therefore, it is concluded that the models can be used to represent the syngas and biodiesel production process from SCG
oil under the established operating conditions.

3.2. Exergetic analysis

Table 5 shows the mass flow rate (m), the temperature (T), the pressure (P), the specific enthalpy (h), the specific entropy (s), the

physical exergy (£ h), the chemical exergy (ECh) and the total exergy (E) of each material stream. It can be observed that the chemical
exergy is higher than the physical exergy in most of the states, especially in the streams that have lipids, hexane, biomass, and its

Table 2

Economic parameters used for the economic analysis [49].
Parameter Value
Average general inflation rate 0.05
Average nominal escalation of all costs 0.05
Average nominal escalation of fuel costs 0.05
Plant economic life in years (n) 20
Plant life for tax purposes in years 15
Average combined income tax rate 0.38
Average property tax rate (%PFI) 0.015
Average insurance rate (%PFI) 0.5
Average capacity factor 0.85
Labor positions for O&M 20
Average labor rate ($/h) 18
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Table 3
Cost balance equations and auxiliary equations for exergy costs of the system.
Component Fuel Cost Product Cost Auxiliary Equations
E-101 Cs15 — Cs10 Cs3 — Cs2 cs2 =0
Cs19 = Cs18
D-101 Ce1 + Cs3 Css cs1 =0
s-101 (Cs22 — Cs23) — (Csa1 — Cs20)+ (Css — Cs10) Cs7 — Cso Cs21 = Cs20
Cs23 = Cs22
Cs10 = Cs7
EV-101 (Cs24 — Csa5) + Cs7 — (Csa7 — Csas) Css + Cso Cs25 = Cs24
Cs27 = Cs26
Csg = Cs9
E-102 Csas — Cszo Cs12 — Csn1 csn =0
Cs29 = Cs28
D-102 Cs10 + Cs12 Cs14 -
R-101 Cs14+ Cs15 — Cs17 Csi6 Cs17 = Cs16
E-201 C19 — Crao Cgs — Cs CB19 = CB20
E-202 Cpa1 — Cpaa Cp2 — Cp CB21 = CB22
E-203 Cr1s — Cpie Cpas — Cpas CB26 = CB25
Cp17 = CB18
R-201 Cps + Cp2 — Cp7 — Cpo Cr1o CB7 = CB6
€y = CBo
R-202 (Ce13 — Cp1a) + (Co2s — Cpaa)+ Cr10 Cris CB23 = CB24
CB14 = CB13
Overall System Cheating — Ceooling + Css — Css + Cs1 + Cs15 + Cas — (Co7 — Cpo) + Cp1s — Cpua Cr16 + Csi6
Table 4
Validation of the models.
Component Parameter This work Literature Absolute Error
D-101 Final moisture (%, wb) 12.4 12.4 [35] 0
S-101 Yield (%, db) 15.0 15.0 [41] 0
R-101 CO, 0.370 0.373 [21] 0.003
(¢0) 0.100 0.040 [21] 0.060
CH4 0.430 0.526 [21] 0.096
Hy 0.020 0.061 [21] 0.041
R-202 Yield 82.0 87.3 [40] 5.3
Linoleic Acid 0.37 0.41 [40] 0.04
Palmitic Acid 0.36 0.36 [40] 0.00
Oleic 0.14 0.14 [40] 0.00
Stearic 0.08 0.08 [40] 0.00

derivatives. Therefore, this production process is focused on using the chemical exergy of biomass through chemical reactions, for the
transformation into biofuels.

Table 6 shows the exergy of the fuel (Er), the exergy of the product (Ep), the exergy destruction (Ep) and the exergetic efficiency (n)
for each component and for the overall system. The components E—201, E—202 and E—203 have an exergy destruction rate lower than
0.5 kW, therefore they were excluded from the table. It can be observed that the E-101 and D-101 are the main sources of irre-
versibility, they cause 53% and 28% of the overall exergy destruction rate, respectively. Similar results were found in a spray drying
process of instant coffee [53] where the dryer was responsible for 23% of the exergy destruction. Similarly, Mehrpooya et al. [12]
reported that air heat exchangers based on steam were the components with the lowest exergetic efficiency in the drying process of
wood chips because a great amount of high quality energy was destroyed when the air was discharged.

Some studies show that the heat source in heat exchangers significantly affects the exergy destruction rate. When the heat source is
flue gases, the exergy destruction rate is reduced [55]. Singh et al. [56] found that the use of solar energy for heating air increased the
exergetic efficiency of the heat exchanger and the dryer from 15.3% to 24%. Another reason for a low exergetic efficiency is the high
drying temperature. Beigi et al. [57] identified that an increase in the air temperature, increases the rate of heat and mass transfer and
thus, increases the exergy of the exhaust air and the exergy losses.

Additionally, other components such as the R-202 and the R-101 destroy 5% of the overall destroyed exergy. Ofori-Boateng et al.
[58] identified that transesterification reactors have a high exergy destruction rate because the reaction produces glycerin as a
by-product and it has a high chemical exergy. Some factors that reduced the exergetic efficiency of these reactors were a high con-
centration of the catalyst, a high methanol/oil ratio and a high temperature of reaction [59]. Regarding the gasifier, Ji-chao et al. [60]
found that unwanted products in the reaction such as char, increase the exergy destruction rate of this component, because it has a high
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Table 5

Thermodynamic values of the streams.
State m(kg/h) T (°C) P (bar) h (kJ/kg) s (kJ/kg K) E‘Ph &KW) E'C" &W) E(kW)
S1 1071 30 1 197 0.5905 6.2 3630 3636
S2 562,075 25 1 0 0.0000 0.0 0 0
S3 562,075 150 1 151 0.4206 4010.0 0 4010
S4 562,670 80 1 57 0.1763 730.3 2 732
S5 476 80 1 159 0.4873 1.9 3622 3624
S6 4570 25 1 0 0.0000 0.0 60,608 60,608
S7 4586 68 1 71 0.2238 6.0 61,127 61,133
S8 4524 69 1 72 0.2264 6.1 60,001 60,008
S9 62.5 30 1 11 0.0350 0.0 1126 1126
S10 459 68 1 113 0.3517 1.0 3094 3095
S11 50,651 25 1 0 0.0000 0.0 0 0
S12 50,651 100 1 78 0.2330 118.0 0 118
S13 50,746 60 1 36 0.1156 27.4 578 605
S14 365 60 1 94 0.2967 0.6 2240 2240
S15 0.01 25 1 0 0.0000 0.0 0 0
S16 289 425 1 876 1.9150 24.5 1334 1358
S17 75.8 900 1 981 1.5350 11.4 596 608
S18 34,874 190 13 2681 6.1420 8234.0 5108 13,342
S19 34,874 190 13 702 1.8670 1408.0 484 1891
S20 7550 25 1 0 0.0000 0.0 105 105
S21 7550 68 1 179 0.5596 24.5 105 129
S22 976 190 13 2681 6.1420 230.5 143 374
S23 976 190 13 702 1.8670 39.4 14 53
S24 745 190 13 2681 6.1420 175.8 109 285
S25 745 190 13 702 1.8670 30.1 10 40
S26 7680 25 1 0 0.0000 0.0 107 107
S27 7680 69 1 184 0.5750 26.3 107 133
S28 1882 190 13 2681 6.1420 444.3 276 720
S29 1882 190 13 702 1.8670 76.0 26 102
Bl 63 30 1 11 0.0350 0.0 1126 1126
B2 63 54 1 61 0.1959 0.1 1126 1126
B3 6 30 1 12 0.0391 0.0 2 1909
B4 6 30 1 13 0.0424 0.0 39 39
B5 12 25 1 0 0.0000 0.0 37 37
B6 12 54 1 72 0.2306 0.0 37 37
B7 1 54 1 61 0.1958 0.0 0 0
B8 71 54 1 64 0.2036 0.1 1125 1125
B9 11 54 1 93 0.2963 0.0 39 39
B10 63 53 1 57 0.1824 0.0 1095 1095
B11 26 30 1 13 0.0424 0.0 159 159
B12 1 30 1 17 0.0580 0.0 0 0
B13 26 30 1 13 0.0428 0.0 159 159
B14 0 54 1 77 0.2464 0.0 0 0
B15 89 54 1 46 0.1471 0.1 881 881
B16 89 30 1 7826 0.0260 0.0 881 881
B17 34 30 1 11 0.0352 0.0 343 343
B18 55 30 1 6607 0.0220 0.0 767 767
B19 0 190 13 2681 6.1420 0.1 0 0
B20 0 190 13 703 1.8690 0.0 0 0
B21 2 190 13 2681 6.1420 0.4 0 1
B22 2 190 13 703 1.8690 0.1 0 0
B23 0 190 13 2681 6.1420 0.0 0 0
B24 0 190 13 703 1.8690 0.0 0 0
B25 156 27 1 8366 0.0280 0.0 2 2
B26 156 40 1 63 0.2053 0.1 2 2

chemical exergy. Another study identified that parameters such as a high initial humidity of the biomass [61] and a low gasifying
agent/biomass mass ratio [62] decreased the exergetic efficiency of the gasifier.

Furthermore, the components with the least impact on the overall exergy destruction rate are the E—201 and E—202, because they
destroy less than 1%. Fig. 2 shows the exergy flows rates across the process. It can be observed that the S-101 and EV-101 have an input
exergy rate higher than 60 MW. This occurs because the input solvent has the highest chemical exergy rate. That is why the recu-
peration of the solvent in the EV-101 is so important in order to reduce the exergy destruction rate and the operating costs. A previous
experimental study showed that the use of a recycled solvent in the extraction process did not affect the extraction yield of SCG oil [63].
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Table 6
Results of the exergetic analysis of all the main components of the process.
Component Ep (kW) Ep (kW) Ep (kW) n (%) ¥*p ¥p
E-101 11,451 4010 7441 35 0.526 0.050
D-101 7646 3624 4022 47 0.285 0.027
S-101 61,433 61,133 300 99 0.021 0.002
EV-101 61,351 61,133 217 929 0.015 0.001
E-102 617 118 499 19 0.035 0.003
D-102 3213 2240 972 69 0.069 0.006
R-101 1633 1358 274 83 0.019 0.002
R-201 1125 1095 30 97 0.000 0.000
R-202 1254 877 376 70 0.000 0.000
Overall System 149,725 135,588 14,135 91 1.000 1.000
I ey
Exergy destruction
S6: 60608 kW
S4: 732 KW 520: 105 KW 513: 805 kW
.S1:3636I(W’ $5:3624 kW D §10: 3005 kW I/ S14: 2240 KW | 1'S18: 1358 kW B)
D-101 S-101 % D-102 R-101 |
4022 KW s29) 5;3;' 12f il s Ni S17: 608 kW
522 374 kW 00KN T 275 kW
$15: 0.0018 kW
$19: 1891 kW B 1[“’""" |
$3: 4010 kW ST7: 61133 kW
I~ 529: 102 kW —>
S20K| £ 101 E-102
500 KW
7441 kW ~824:285 kW= I
S11: 0 kW
EV-101 $28: 720 kW
~526: 107 kW ) S27: 133 KW
S518: 13342 kw ™
S§26: 40 kW
218 kW
§9: B1: 1126 kW
- 7 A
B9: 38.6 kW B14: 0.01 KW B17: 348 kW

E-202 J— B2: 1126 kW I R-201 j B10: 1095 KW ) R-202 — B15: 881 kW M| E-203 -B1B:TB7KW’

- B21:0.61 kW =) 2 ?.09 KW B24: D01 kW B826: 2%3 KW
0431W o B23: 0.04 KW T TN s 27w 0.01 kW
B13: 15IB.7 kw |
B6: :?7.19 kw
~B5: 37.18 kW —)| A
E-201 |—B20: 0.02 kW —
~B19: 0.17 kW —|
0.13 kW
Fig. 2. Grassmann’s diagram of the process.
Table 7
Results of exergoeconomic analysis.
Component PEC (%) o5 ($/MJ) 7 ($/h) 2 ($/h) Zi+ Cp($/h) Cp ($/h) fe Tk
E-101 1415 0.028 0.44 0.25 759.20 758.50 0.09 1.86
D-101 6000 0.042 1.87 1.08 617.40 614.40 0.48 1.12
S-101 15,000 0.005 4.69 2.69 12.94 5.56 57.02 0.01
EV-101 5000 0.006 1.56 0.90 7.06 4.60 34.85 0.01
E-102 1415 0.028 0.44 0.25 51.65 50.96 1.35 4.29
D-102 6000 0.011 1.87 1.08 41.73 38.78 7.07 0.47
R-101 10,000 0.015 3.12 1.79 19.95 15.03 24.66 0.27
E-201 3000 0.028 0.82 0.42 1.25 0.01 98.93 1121.00
E—202 3000 0.028 0.82 0.42 1.29 0.05 96.22 269.00
R-201 25,000 0.001 6.80 3.49 10.44 0.14 98.67 2.10
R-202 20,000 0.003 5.44 2.79 12.90 4.66 63.87 1.20
E—-203 4000 0.014 1.09 0.56 1.65 0.00 99.96 628.00
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3.3. Exergoeconomic analysis

The total investment cost for the plant of syngas and biodiesel from SCG is estimated to be $13.2 million. The annual fuel cost and
the operation and maintenance costs are $375,100 and $49,820 dollars, respectively, for a production of 289 kg/h of syngas and 55 kg/
h of biodiesel, from processing a mass flow of 41,500 kg/h of SCG.

Table 7 shows the purchase equipment cost (PEC), the specific fuel costs (cy), the capital investment cost rate (Z,fl), the operational

and maintenance cost rate (Z,?&M), the total operational cost rates (Z + Cp), the exergy destruction cost rate (C‘D), the exergoeconomic
factor (fi), and the relative difference (r) for each component. It can be observed that the components with the highest purchased costs
such as R-201 and R-202 are not the components with the highest operational cost rates. Also there are other components with lower
investment costs that have higher exergy destruction cost rates, such as the heat exchangers and the dryers.

Fig. 3 shows that the E—~101 and the D-101 are the components with the highest operating costs rates (Z; + Cp), followed by the
E—102 and the D-102. This means that the air heater and the dryer influence significantly the overall costs of the system. These
components have an exergoeconomic factor (f) of less than 10%, which means that the predominant cost is related to the destruction
of exergy. At the same time, these components have the highest exergy destruction rate. Similar results have been found in a study
related to a food drying process [64], where the dryer and the air heat exchanger presented an exergoeconomic factor of less than 5%.

A previous study had demonstrated that the avoidable exergy destruction cost rate could be more than 50% in components such as
dryers or heat exchangers. Therefore, if the exergy destruction cost rate is reduced by at least 50% in D-101 and E—101, the overall
operational cost of the process can be reduced by 45% and the overall exergetic efficiency could increase from 90.6% to 94.4%.

In order to reduce costs, it is possible to optimize the operational conditions of the process and to analyze the different factors that
significantly affect the exergy destruction cost rate. A previous study [65] proposed solar heat pump dryers, which allowed the
reduction of the exergy destruction cost rate from $0.06/h to $0.0044/h and the increase in the f from 5% to 51%; so that a balance is
reached between the investment cost and exergy destruction cost rate with this structural change. Another study identified that
recycling the drying air in continuous dryers has an economic and exergetic benefit for the process [66]. S. Zohrabi et al. [67] studied
the recirculation of air in a convective dryer and achieved an increase of the exergetic efficiency from 55% to 95%.

According to different studies, the gasifier is one of the components that has the highest exergy destruction cost rate. Fakhim-
ghanbarzadeh et al. [68] determined that this component was responsible for 11% of the operational cost rate and that it could be
reduced 10% by increasing the temperature of the reaction and reducing the biomass/gasifying agent mass ratio. Fani et al. [69] found
that the decrease of pressure in the reactor also reduces the cost rate. In addition, there are other important factors that are more
dependent on the fuel used to operate the plant’s facilities [70]. In a previous study, the specific cost of the gasifying agent was found to
be key in this cost rate [71].

The dead state temperature is also another important factor because it is determined by the initial condition of the air and the water
used in the system and influences the exergy rates of each process stream. This variable changes over time, as it depends on climatic
changes. Fig. 4 shows the effect of the dead state temperatures between 15 °C and 35 °C on the exergy destruction rate and the cost of
exergy destruction rate. The results are favorable for high dead state temperatures, and a 10°C change reduces the process cost rate by
$150/h.

Fig. 5 shows the components of the process that are most affected by the change of the dead state temperature; in this case, they are
the components with the highest exergy destruction cost rate. This means that the overall operational cost rate could be reduced by
$300/h when the temperature of the environment is increased. Erbay et al. [72] presented similar results when they analyzed the effect
of the dead state temperature between 0 and 20 °C in the exergetic efficiency and total exergy costs of a ground-source heat pump food
dryer. Other components such as the R-101 are not significantly affected by the change of the dead state temperature, because they do
not have inputs from the environment. Dryers and heat exchangers require ambient air, which means that environmental conditions
strongly affect the performance of these components.

4. Conclusions

The integrated production process of biodiesel and syngas from spent coffee grounds was simulated and evaluated by an exer-
goeconomic analysis. The model was validated with experimental data obtaining a maximum relative error of 6%. The exergetic and
economic indicators were determined at a component level and an overall system level.

The economic analysis revealed that the first stage of the process, which includes the pretreatment of the biomass and the oil
extraction, has a lower capital investment cost rate but a higher operating and maintenance cost rate than the stage of syngas and
biodiesel production.

The overall exergetic efficiency of the process was 91% with an exergy destruction rate of 14,135 kJ/s. The overall exergy
destruction cost rate ($1,493/h) represents 97% of the total cost rate of the plant. The main components that caused the highest exergy
destruction rates and cost rates were the SGC dryers (D-101 and D-201) and the air heat exchangers (E-101 and E—201). These
components are responsible for 92% of the overall exergy destruction cost rate.

An increase in the dead state temperature could reduce the exergy destruction cost rate of the process up to 9%. The biodiesel and
syngas specific costs could be reduced by maximizing the exergetic efficiency and minimizing the exergy destruction cost rate in the
dryers and the air heat exchangers.

An advanced exergoeconomic analysis should be performed in order to quantify the avoidable exergy destruction cost rate, mainly
in the dryers and air heat exchangers.
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Finally, it can be concluded that the exergetic and economic analyses reveal the components that are responsible for the highest
exergy destruction rate and also the components that have a greater impact on the final product cost of the process. In order to increase
the feasibility and sustainability of the process, future research should be focused on integrating different sources of energy, including
renewable sources, for the air heating in order to minimize the exergy destruction rate in the drying process. Furthermore, experi-
mental analysis are considered necessary to determine the impact of operational parameters and structural changes on the SCG drying

process.
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Nomenclature

unit exergy cost ($/MJ)
heat capacity (kJ/kg K)

(g}

o
o

specific exergy rate (kJ/kg)
exergy rate (kJ/h)
exergoeconomic factor
specific enthalpy (kJ/kg)
High heating value (MJ/kg)
mass flow rate (kg/h)
lifetime of the system (years)
pressure (kPa)

relative cost difference

ideal gas constant (kJ/kmol K)
specific entropy (kJ/kg)
temperature (°C)

mole fraction of water vapor
mole fraction

destruction rate

relative irreversibility
investment cost rate ($/h)

‘:-'-nm‘m a-
<

£ Hvxmn Us 3T

N

Greek letters

A difference
n exergetic efficiency (%)
Superscript
ch chemical
ph physical
Subscripts
B biodiesel process
CI cost investment
D destruction
DB dry biomass
F fuel
gly glycerin compound
i ith compound
k kth component
loss
o thermodynamic environment

O&M operation and maintenance
P product

cost rate associated with an exergy stream ($/h)
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R Reagents

S oil extraction and syngas process
X hydrocarbon fuels

WB wet biomass

Abbreviations

D dryer

E heat exchanger

EV evaporator

FFA free fatty acids

NIST National Institute of Standards and Technology
Oo&M operation and maintenance

PEC

PFI
R

S
SC

SCG
TDE

purchased equipment cost
Plant-facilities investment
Reactor

soxhlet

spent coffee

spent coffee ground
ThermoData Engine

UNIQUAC Universal quasichemical
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