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Resumen I  

En este epígrafe se muestra un breve resumen de los artículos publicados que conforman está 

tesis, como indica la normativa de la Universidad de Salamanca “Procedimiento para la presentación de la 

Tesis Doctoral en la Universidad de Salamanca en el Formato de Compendio de Artículos / Publicaciones 

(Comisión de Doctorado y Posgrado, 15 de febrero de 2013)”. 

 
 
 

Artículo 1 
 

Título: Optimal gas treatment and coal blending for reduced emissions in power plants: A case 

study in Northwest Spain. 

Autores: Lidia S Guerras y Mariano Martín. 
 

Revista: Energy 
 

DOI: 10.1016/j.energy.2018.12.089 
 

Resumen: En este trabajo se ha desarrollado un marco de toma de decisiones para el diseño de 

la sección de tratamiento de gases de combustión de una central eléctrica, que incluye operaciones de 

remoción de partículas, NOx y SO2. Se ha aplicado a una central térmica de carbón en España para 

seleccionar las tecnologías óptimas y su secuencia. Se han desarrollado modelos sustitutos para los 

tratamientos. El problema corresponde a una programación no lineal entera mixta que incluye la eliminación 

de NOx catalítica y no catalítica, lo que permite varias asignaciones para la tecnología catalítica, 

precipitación electrostática y eliminación de SO2 húmedo o seco. Se reformula como un problema no lineal 

para evaluar las oportunidades de bypass. La optimización sugiere el uso de precipitación electrostática, 

seguida de la eliminación catalítica de NOx y la eliminación de SO2 seco. A continuación, también se ha 

resuelto un problema de mezcla de carbón para dos funciones objetivo. Cuando solo se consideran los 

costos de tratamiento, se recomienda el uso de carbón importado, pero un aumento del 4% en su precio 

puede cambiar la decisión por el uso de carbón nacional. Si la energía del carbón se agrega a la función 

objetivo, el carbón de alquitrán crudo se incluye en la mezcla y el carbón importado se usa para mantener 

las emisiones dentro de los límites. La oxidación forzada de piedra caliza es la tecnología seleccionada. 
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Artículo 2 
 

Título: Optimal Flue Gas Treatment for Oxy-Combustion-Based Pulverized Coal Power Plants 
 

Autores: Lidia S Guerras y Mariano Martín. 
 

Revista: Industrial & Engineering Chemistry Research 
 

DOI: 10.1021/acs.iecr.9b04453 
 

Resumen: La oxicombustión es reconocida como la tecnología más limpia que utiliza carbón como 

fuente de energía. La limpieza de los gases de combustión es esencial para un funcionamiento sostenible. 

En este trabajo se determina la selección óptima de las tecnologías de tratamiento de gases de combustión 

en centrales de oxicombustión. Se utiliza un procedimiento de dos etapas que combina heurística y 

programación matemática para evaluar las tecnologías involucradas, incluida la caldera, la desnitrificación, 

la precipitación electrostática, la eliminación de dióxido de azufre y la captura de carbono. Para el 

funcionamiento de la planta, se debe seleccionar la alimentación de carbón. Se resuelve un problema de 

mezcla extendido para evaluar el tipo de carbón que se comprará en función de su costo y composición. El 

procesamiento óptimo de los gases de combustión consiste en la precipitación electrostática, seguida de la 

eliminación de SO2 seco y la purificación de CO2 con zeolitas. No se requiere ningún método de 

desnitrificación específico debido a los bajos niveles de concentración de NOx generados en la 

oxicombustión. Esta hoja de flujo se utiliza para seleccionar uno entre una mezcla de tres tipos diferentes 

de carbón: alquitrán de hulla nacional, importado y crudo. Sin embargo, no se recomienda ninguna mezcla 

ya que se seleccionó alquitrán de hulla crudo. Aunque los costos de procesamiento son más altos, se ve 

compensado por el menor coste de la materia prima. 

 
Artículo 3 

 
Título: On the water footprint in power production: Sustainable design of wet cooling towersAutores: 

Lidia S Guerras y Mariano Martín. 

Revista: Applied Energy 
 

DOI: 10.1016/j.apenergy.2020.114620 



Resumen III  

Resumen: Las plantas de energía renovable deben instalarse donde esté disponible el recurso 

principal. El clima afecta el diseño y la huella hídrica de estas plantas. Se estudian dos tipos de ciclos de 

potencia, un ciclo Rankine regenerativo, representativo de biomasa y plantas termosolares, y el ciclo 

combinado, correspondiente a procesos basados en biogás o gasificación. Las instalaciones se modelan 

en detalle unidad por unidad para calcular el rendimiento del ciclo, el trabajo del condensador, el consumo 

de agua y la geometría de la torre de enfriamiento húmedo de tiro natural para su diseño sostenible. Las 

regiones cálidas, apropiadas para instalaciones solares, y las regiones húmedas requieren torres más 

grandes y caras. Las áreas con alta disponibilidad solar también muestran un mayor consumo de agua, lo 

que representa un intercambio para un futuro sistema de energía basado en energías renovables. Además, 

también se han desarrollado pautas de diseño y modelos sustitutos para estimar el consumo de agua, el 

tamaño de la torre de enfriamiento y su costo en función del clima. Los sustitutos son útiles para el análisis 

de la huella hídrica de un sistema de energía de base renovable que sustituye al de base fósil. 

 
Artículo 4 

 
Título: Multilayer Approach for Product Portfolio Optimization: Waste to Added-Value Products 

Autores: Lidia S. Guerras, Debalina Sengupta, Mariano Martín, and Mahmoud M. El-Halwagi 

Revista: ACS Sustainable Chemistry & Engineering. 

DOI: 10.1021/acssuschemeng.1c01284 
 

Resumen: Se ha desarrollado un procedimiento sistemático multicapa de varias etapas para la 

selección de la cartera de productos óptima a partir de biomasa residual como materia prima para sistemas 

que implican el nexo “wáter-energy-food”. Consiste en una metodología híbrida heurística, basada en 

métricas y optimización que evalúa el desempeño económico y ambiental de productos de valor agregado 

a partir de una materia prima en particular. La primera etapa preselecciona los productos prometedores. A 

continuación, se formula un problema de optimización de la superestructura para valorizar o transformar 

los residuos en el conjunto óptimo de productos. La metodología se ha aplicado dentro de la iniciativa 

“Waste to Power and Chemicals” para evaluar el mejor uso de los residuos de biomasa de la industria del 

aceite de oliva en alimentos, productos químicos y energía. La etapa heurística se basa en la revisión de la 

literatura para analizar los productos y técnicas factibles. A continuación, se han desarrollado y utilizado 



Resumen IV  

métricas simples para preseleccionar productos que son prometedores. Finalmente, se utiliza un enfoque 

de optimización de la superestructura para diseñar la instalación que procesa hojas, astillas de madera y 

aceitunas en productos finales. La mejor técnica para recuperar fenoles del “alperujo”, un residuo sólido 

húmedo/subproducto del proceso, consiste en el uso de membranas, mientras que la técnica de adsorción 

se utiliza para la recuperación de fenoles de hojas y ramas de olivo. La inversión necesaria para procesar 

los residuos asciende a 110,2 millones de euros por 100 kt/año para la instalación de producción de 

aceitunas, mientras que el beneficio depende del nivel de integración. Si la instalación está adscrita a la 

producción de aceite de oliva, el beneficio generado oscila entre los 14,5 MM €/año (cuando los residuos 

se compran a precios de 249 € por tonelada de alperujo y 6 € por tonelada de hojas y ramas de olivo) y 

34,3 MM €/año cuando el material de desecho se obtiene de forma gratuita. 
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1. Motivation 
 

The use of coal dates back to 5000 BC by the Chinese, but it was not until the industrial revolution 

that a huge demand of coal is created. During the industrial revolution, coal became the main energy source. 

One of the most important facts was the use of coal to feed the steam engine as well as the progress 

generated in the steel-making process. After the second world war, petroleum gained importance, becoming 

the main energy source. The energy consumption has been raising, due to the increase of population, the 

technological advancements that need more electrical energy, as well as the wider access to electricity in 

all countries. Fossil fuels as coal and oil are the major source of greenhouse gases in the production of 

energy. Figure 1.1 shows the percentage of energy consumption as a function of source. 

 

Figure 1. Energy consumption by source, in the World (Our World in Data, 2021) 
 

The generation of more energy produces more pollutants and as a result, more greenhouse gases 

are emitted which increase global warming. Carbon dioxide, methane, nitrous oxide, or fluorinated gases 

are the main greenhouse gases. These gases are not only produced in the generation of energy, but also, 

they are emitted during the production and transportation of coal, natural gas and oil, agricultural and 

industrial activities, combustion of fossil fuel, and solid waste. 
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In 1896, Svante Arrhenius was the first to study the relationship between global warming and fossil 

fuel combustion, but it was not until 1997 when the Kyoto Protocol is approved that society becomes aware 

of the actual issues. This protocol is an international treaty whereby members are committed to reducing 

greenhouse gas (GHGs) emissions. The global average temperature has increased by 1.2ºC since the late 

19th century (NASA, 2021). Some of the consequences of global warming are the increase of the desert 

areas, the melting of the polar ice caps, the rising sea, the drying of surface water bodies, that may cause 

the extinction of more than one million species of animals and plants (Goel and Bhatt, 2012). 

Despite coal is one of larger pollutant generators, currently, it is still one of the top primary energy 

sources in this world, being responsible for around 37% of the global electricity generated (Coal & Electricity, 

2021). In the case of coal power plants, the main pollutants carbon dioxide, sulfur dioxide, nitrogen oxides, 

mercury, and ash are yielded. Over the last years, emissions of sulfur dioxide, nitrogen oxides, and ash 

have been reduced, due to the legislation applied. 

The need for controlling the emissions at "La Robla" power plant, property of Naturgy, was the 

starting point of this thesis project as a way to help them address the issues and select the technologies 

from a systematic way. From that point, the beginning of this thesis emerged, corresponding to the first work, 

shown here as Chapter 3. 

 
1.1. Environmental and human health effects of pollutants generated from coal power 

plants. 
 

Sulfur dioxide is a nonflammable, nonexplosive, and colorless gas. At a 

concentration larger than 3.0 ppm, the sulfur dioxide gas has a pungent, irritating odor (Miller, 2011). The 

environmental effects of sulfur dioxide, generated by coal combustion in power plants, can be impaired 

visibility, damage to materials, damage to vegetation, and deposition as acid rain. 

Impaired visibility occurs when fine particles of sulfur dioxide in the atmosphere decrease 

the visual range by dispersion and absorption of light. In urban air, 5 to 20 percent of all suspended 

particulate matter can be sulfuric acid and other sulfates, so this fact generates a decrease in visibility (Miller, 

2011). Sulfur compounds are responsible for major damage to materials. Sulfur dioxide is one of the most 

damaging. When the sulfur dioxide enters in contact with water and oxygen from the atmosphere, sulfuric 

acid is formed. This compound accelerates metal corrosion. It should be noted that temperature and relative 
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humidity has also an important influence on the rate of metal corrosion. It also damage plants. Usually sulfur 

dioxide enters leaves and the cells of the plants transforming from sulfite into sulfate. This generates the 

disruption of the cell structure and the death of the plants. Sulfur dioxide together with nitrogen oxides 

emissions are responsible for acid rain when they react with water and oxygen in the atmosphere,. 

Consequences of acid rain are acidification of the environment, destroying aqueous habitats, and damaging 

tree foliage and crops. 

Talking about health effects, sulfur dioxide has an important role in the formation of small 

acidic particulates that can penetrate in human and animal lungs and be absorbed by the bloodstream (El 

Safty and Siha, 2013). It should be noted that there are not a lot of studies about the effects of individual 

pollutants given that sulfur oxides tend to happen in the same kinds of atmospheres as particulate matter 

and high humidity (Miller, 2011). Normally, it is difficult to define the specific cause, since maybe it can be 

one part of the pollutants in the atmosphere. 

 
 

The term nitrogen oxides concerns nitric oxide (NO), and nitrogen dioxide (NO2), being 

nitrogen dioxide the main compound in the group. Nitric oxide is a colorless gas, noncombustible, very toxic 

by inhalation and skin absorption, and has a slight odor (Nitric oxide, 2021). Nitric dioxide is a deep red- 

orange gas, not flammable, toxic by inhalation, and skin absorption (Nitrogen dioxide, 2021). In the event 

the nitrogen oxides are not removed after combustion, they are released and accumulate in the atmosphere, 

and damage the environment and human and animal health (Munawer, 2018). Regarding the effects on the 

environment, they include photochemical smog and visibility impairment, ground-level ozone, acid rain or 

acid depositions, acidification, and eutrophication of water and soils, damage to natural ecosystems, cultural 

heritage and crops, and damage to materials. 

Photochemical smog is a brownish-yellow haze over urban areas, resulting from the 

combination of nitrogen oxides with other pollutants in the atmosphere as unburned hydrocarbons that react 

in the presence of sunlight (Cholakov, 2009). Besides nitrogen dioxide absorbs visible light at a 

concentration of 0.25ppmv which creates a reduction in visibility (Miller, 2011). Nitrogen oxides contribute 

25 to 30% to acid rain (Cholakov, 2009), since they react with atmospheric moisture to form NO− and H + 
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(i.e. nitric acid (HNO3)). Nitric acid produces considerable corrosion of metal surfaces, damage to terrestrial 

systems, acidification of freshwater bodies, eutrophication, among others. The growth of the ozone level is 

due to the reaction between nitrogen oxides and volatile organic compounds (VOCs)in presence of heat and 

sunlight. 

Regarding health effects, nitrogen oxides can cause chronic obstructive pulmonary 

diseases, respiratory infections, and alterations in the lungs, if the exposition is long- therm. 

 
 

Particulate matter consists of coal fly ash and coal dust (Munawer, 2018). The 

environmental problems are depositions, dumping site, and reduction of visibility. 

The particulate matter is transferred through the atmosphere to form depositions and 

dumping sites causing serious problems to terrestrial and water ecosystems. They can be generated by the 

decrease the pH level of soil, and reduce the crops. Besides during the transportation of the particulate 

matter, since they are solid particles the visibility in the atmosphere is reduced. 

Concerning health effects, there are a lot of consequences since the particulate matter 

can be made up of a large number of compounds responsible for different cancers, cardiovascular diseases, 

and reproductive disorders. 

 
 

Carbon dioxide is colorless, odorless, nontoxic, and noncombustible (Carbon dioxide, 

2021). Carbon dioxide generates harmful impacts on the environment in the form of global warming and 

greenhouse gases. 

The effects of global warming concern people, animals, and the habitat resulting in phenomena 

such as the rising of sea level in some places, the increasing of desert areas in others or the drying of 

surface water bodies. These effects can cause the extinction of a lot of species of animals and plants (Goel 

and Bhatt, 2012). For that reason, in some parts of the world freshwater scarcity is becoming an important 

issue so it is very important to minimize pollutants emissions, to limit or even avoid global warming and 

therefore its consequences. 

This fact, in the case of the production of electricity, is very significant since to produce energy 

water is required to cool. River water is employed usually, and some places nowadays do not have enough 
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water to produce the electricity demanded. This problem is not only for coal power plants, despite the low 

carbon technologies to produce electricity generate lower pollutants since these facilities still have a demand 

for water (IEA, 2020). 

As a result of the decision from the European Commission to shut-down coal power plants, one of 

the affected was "La Robla" power plant, generating a slight change in the direction of the thesis. From this 

moment on, we started to analyze other problems from power plants, for try to minimize the pollutants 

emissions. In this point, the second work was developed analyzing on oxy-combustion power plants, 

corresponding to Chapter 4. 

 
1.2. Water-Food-Energy nexus and circular economy. 

In 2008, the concept of water-energy-food nexus began to gain popularity, and along the time their 

own concept has been changing. Nowadays, there are two categories of definitions for this nexus. In the 

first category, this concept is known as the interlink between water, energy, and food; and not only the 

interactions among different sectors within the nexus system. While in the second category, this nexus is 

considered as an analysis approach to quantify the link between the nexus nodes (Zhang et al., 2018). This 

nexus allows a cross-sector coordination and promotes the sustainable development of each sector in the 

same work. The interlink between the different sectors is explained below, and a summary is shown in Figure 

1.2. 

Water to food: Water is essential for agriculture since a large number of crops need irrigation to 

grow up. Furthermore, the increase of population and a new healthy lifestyle results in a significant rise of 

demand for healthy food. It should be noted that to satisfy this growing demand, an increment of quantity of 

water is needed (Brears, 2015). Also, in the processing and preparation of food it is necessary the use of 

water such as to clean the crops, to boil the crops, and so on. 
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Figure 1.2. Water-Food-Energy nexus 
 

Food to water: Agriculture production utilizes fertilizer and pesticides, creating major environmental 

changes as the pollution of water sources (Cai et al., 2018) or nutrient loading in waterways (Woo and 

Kumar, 2016). 

Water to energy: Energy production and supply is highly dependent on water supplies. The energy 

production from traditional and emerging energy sources requires significant amount of water for both 

cooling systems and turbines systems (heating) (Cai et al., 2018). 

Energy to water: Energy is required for water abstraction, distribution, and treatment (Zhang et al., 

2018). The process of water abstraction consists of taking water from any sources for irrigation, industry, 

recreation, flood control, or treatment to produce drinking water. The distribution process involves the 

transport of water from one location to another such as pumping irrigation water, while the water treatment 

can be heating, desalinization, purification, and so on. 

Energy to food: Energy is required for fertilizer production, agricultural machinery, food 

preservation, food processing, food transport, cooking, and pumping irrigation water (Sadeghi et al., 2020). 

Food to energy: In this case, there is only one link between these sectors and consists of the use 

of some kinds of food such as cereals and grain, known as first generation biofuels, to the production of 

energy (Zhang et al., 2018). 
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The food to energy link has some ethical issues due to use of food for energy production when 

certain parts of the world do not have enough to feed their population. Another problem that this link 

generates is that certain cereals can be employed as raw materials for biofuels and which increases the 

market price and by this, a rise of the cost of some products in supermarkets. The solution to this ethical 

problem is provided by the circular economy, using the waste from the food to produce energy instead of 

the food itself. For maximizing the concept of circular economy, the added value products from the waste 

should be recovered. 

As mentioned previously, both traditional power plants and non-traditional power plant has a high 

demand of water. In this regard, an analysis of water consumption in all kinds of power plants across to 

Spain is developed, corresponding to Chapter 5. 

To complete the thesis, and contribute to the food - energy link an analysis of the circular economy 

in multi product power plants was elaborated based on the waste from olive oil production. In this study, 

added valued product are recovered and the remaining of the solid waste are burning to product energy. 

This study is explained in Chapter 6. 

 
2. Background 

 
Over the years, a large number of researches concerning flue gas from coal power plants have 

been developed. Pre-combustion, post-combustion, and during combustion studies are carried out to reduce 

the production of pollutants and eject them into the atmosphere. Usually, studies are based on different 

processes for the removal or reduction of one or two pollutants. 

 
2.1. Gas treatment 

 
2.1. Sulfur dioxide removal 

 
One of the most studied pollutants is the sulfur dioxide, and therefore there are a lot of types of 

investigations and technologies to remove it. The main advantage of sulfur dioxide is that a large number of 

sorbents can be employed as lime, limestone, ammonia, sodium carbonate, potassium carbonate, sodium 

hydroxide, potassium hydroxide, ammonium, amine, active carbon, and so one. This fact allows the 

development of a number of technologies to remove sulfur dioxide (Kohl and Nielsen, 1997). 
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The pre-combustion process to reduce the sulfur from the coal, consists of removing pyritic sulfur 

that contains the coal. Physical coal cleaning is not effective for remove all sulfur content. However, chemical 

coal cleaning processes can be used, although it is not used on a commercial scale. The advantage of the 

use of this technique is the elimination of traces of elements as antimony, arsenic, cobalt, and so on. The 

disadvantages of this technique are the increasing of the price coal, the decrease in the heating value due 

to the increasing of moisture content, and the low-sulfur content coal is recommended (Miller, 2015). 

Post-combustion (PC) processes and during-combustion (DC) processes can be classified in two 

major groups: wet flue gas desulfurization (FGD) systems and dry and/ or semi-dry FGD systems. Figure 

1.3 shows some of the most significant wet and dry FGD systems. Regarding the wet FGD systems are 

carried out post-combustion process while in the case of the dry and/ or semi-dry FGD systems some 

processes are developed post-combustion and other during the combustion, corresponding in Figure 1.3 as 

PC and DC. 

 
 

Figure 1.3. Classification of some flue gas desulfurization technologies. 
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2.2. Nitrogen oxides removal 
 

NOx abatement and control technologies are a relatively complex issue. NOx cannot be easily 

removed or reduced, and there are not many alternatives as in the case of sulfur dioxide removal. The NOx 

removal technologies are implemented during the combustion and process post-combustion. Technologies 

of elimination of nitrogen before combustion (pre-combustion) are not considered because there are other 

sources of nitrogen that be able to react to form NOx, as will be explained in Chapter 3. 

The principles or methods employed for NOx abatement are reducing peak temperature, drop-in 

residence time at peak temperature, chemical reduction of NOx, oxidation of NOx with subsequent 

absorption, removal of nitrogen, or using a sorbent (Clean Air Technology Center, 1999). They can be 

developed as modifications in the combustion process or applied in the post-combustion. Reducing peak 

temperature can be accomplished through different ways, as recirculation of flue gas reburning of natural 

gas, using low NOx burners, rendering out of service of some burners, and so on. The drop-in resistance 

time at the peak is achieved through injecting air, fuel, or steam into the boiler. The chemical reduction 

consists of adding a chemical to react with the NOx, for instance, the selective catalytic reduction to selective 

non-catalytic reduction. The oxidation of NOx technique raises the valence of the nitrogen ion to allow water 

to absorb it, generating N2O5, finally, a scrubber must be used to remove it. The use of sorbents for removed 

NOx can be applied in combustion chambers or ducts. The sorbent can generate adsorption or adsorption 

processes. Sorbents employed can be ammonia, powdered limestone, aluminum oxide, or carbon and some 

of them can remove other pollutants, like sulfur dioxide. 

Two categories can be considered for NOx control technologies: primary control technologies and 

second control technologies. Primary control technologies reduce the production of NOx in the primary 

combustion zone, and they get through different modifications in the boiler. On the contrary, second control 

techniques reduce the NOx produced in the flue gas away from the primary combustion zone (Srivastava et 

al., 2005). 

Primary control technologies consist of the use of low-NOx burners, carried out furnace air staging, 

attain a flue gas recirculation, fuel staging, and made a process optimization (Miller, 2015; Reddy, 2014). 

These technologies are easier to apply in the case of new boilers since they are adapted throughout of 

building of the boiler. In old boilers, techniques such as furnace air staging, fuel staging can be adapted or 
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in some cases change of low-NOx burners. The application of these techniques may cause some problems 

such as the rise of the amount of unburnt carbon, the generation of more quantity of CO, or the abatement 

of boiler efficiency. As a consequence, the implementation of these primary techniques needs to be 

accompanied by control systems into the boiler since these parameters (NOx, O2, CO, unburnt carbon, and 

boiler efficiency) should be controlled (Power Line, 2020). 

Two strategies have been developed for post-combustion control and are commercially available, 

the selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). These techniques are 

explained in detail in Chapters 2 and 3. SCR technology was patented in the United States by Englehard 

Corporation in 1957 (Sorrels et al., 2019). This technology can achieve NOx reductions above 90% and has 

been widely used for over 30 years in commercial applications in western Europe especially Germany, 

Japan, the USA, and China (Reddy, 2014). SNCR technology was originally developed for oil and gas units 

in the 1970s but in the late 1990s, it was applied for coal power plants. This technique requires low capital 

for installation but on the contrary, it has relatively higher operating costs (Sorrels et al., 2019). The post- 

combustion techniques are explained in detail in Chapters 3 and 4. 

 
2.3. Carbon dioxide capture 

 
In the seventies, the removal of carbon dioxide was considered for the first time, being pioneers in 

this field Marchetti in 1977 and Baes et al. in 1980. It was not until the 1990s that the topic gain support 

(Herzog, 2018). The carbon capture technology involves three main stages: carbon capture, transportation 

of the captured CO2, and finally, CO2 sequestration (Wilberforce et al., 2021). Nevertheless this thesis only 

focuses on the step of carbon capture. There are three general methods to carbon capture from electric 

power generation: pre-combustion CO2 capture, oxy-combustion, and post-combustion CO2 capture. 

Pre-combustion CO2 capture is based on the gasification of coal through partial oxidation, 

employing air or oxygen, to produce synthesis gas (syngas) rich in monoxide carbon and hydrogen. Carbon 

monoxide is reacted with steam in a catalytic reactor (shift converter), to generate dioxide carbon and more 

hydrogen. Then, the syngas is treated to removed acid gases in two steps: first sulfur dioxide and follow 

dioxide carbon. After that dioxide carbon is sent to a drying and compression unit. Clean syngas is fed in a 

gas turbine modified for firing syngas with high hydrogen content. Thus, electricity is produced similar to a 
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natural gas combined-cycle plant. In addition to that from the combustion turbine can be obtained additional 

electricity, employing a heat recovery steam generator as an integrated gasification combined cycle (IGCC) 

power plant.(Metz et al., 2005; Miller, 2015; Zhu and Frey, 2012). Spain hosts an IGCC power plant whose 

main source is coal with a production capacity of 350 MW (INITEC Energía, 2010). 

In the strict sense, oxy-fuel combustion is not technically a capture technology, since its main goal 

is the generation of electricity. It should be noted that this process which coal combustion occurs in an 

oxygen-enriched environment, generates a flue gas comprised principally of CO2. The process is based on 

the coal combustion with air and dioxide carbon, flue gas obtained is treated to clean and split different 

compounds. One part of dioxide carbon is sent to the boiler and the other part is storage (Goel et al., 2018). 

This methodology is explained widely in Chapter 4. 

Post-combustion CO2 capture is applied in flue gas combustion. These techniques can be applied 

in pulverized coal power plants (Maroto-Valer, 2010). These abatement techniques are described 

completely in Chapter 4. 

 
2.4. Biomass as a source of power and chemicals 

The concept of biorefineries in the literature has evolved from simple bioethanol or biodiesel 

production facilities, single raw material -single main product, where byproducts where used to improve the 

tight economics, i.e. DDGS (Karuppiah et al., 2008) or glycerol (Martín and Grossmann, 2012a) to truly 

integrated plants (Bond et al., 2014; Cruz et al., 2014), where intermediates and final products are generated 

and the facilities show several production lines. The process to design such integrated biorefineries involves 

integration of several concepts such as circular economy, water-energy nexus, to encourage the use of 

waste and byproducts, the energy and water efficiency, catalysis and synthesis that allowed the further 

transformation of chemicals into added value ones, and process intensification. This process follows from 

the studies of many groups such as experimentalists in the catalyst, bioengineering and biological fields, but 

it is typically the process system engineering community the one with the skills to put together such 

integrated facilities. In between, second generation bioethanol plants, algae based biodiesel production can 

be considered steps of the evolution (Martín and Grossmann, 2013). Energy and fuels are no longer the aim 

of these facilities, see Figure 1.4. The reasons are diverse including cost, social expectations and efficiency 
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in the use of the natural resources. The initial one is the cost. Competing with crude based chemicals is hard 

since the use of biomass as raw material requires additional steps to obtain the actual raw material for the 

transformation, i.e. sugars or syngas. That is the reason for the development of integrated facilities, to take 

advantage of synergies and improve the economics obtaining multiple products. In addition, society does 

no longer easily accept the fact that the final use of biomass is just to burn it to obtain energy. This is part 

of the European strategy. More interesting uses for the biomass are to be found. Thus, added value products 

such as carotenoids (Psycha et al., 2014), platform chemicals such as levulinic acid (Alonso et al., 2013), 

furfural and either hydroxymethylfurfural (Torres et al., 2010), and/or dimethyl furfural (Martín and 

Grossmann, 2016), dioles (Huang et al., 2017), food supplements and polymers (García Prieto et al., 2017), 

essential oils (Dávila et al., 2015) and active principles for drugs enter in the portfolio of the biorefinery. 

These products also help in the economy of the biorefinery. In addition, waste use and valorization provides 

the opportunity to create a circular economy. Waste to power initiative is the one that has paved the way for 

waste to be recycled (www.eia.gov). Waste as raw material includes from lignocellulosic biomass such as 

wood chips, forest residues, etc., to manure, sludge or municipal solid waste. While lignocellulosic biomass 

has been widely addressed as a raw material, the rest are starting to gain attention. For years waste was 

devoted for the production of power via anaerobic digestion (León and Martín, 2016) or gasification of 

municipal solid waste (Niziolek et al., 2015). However it is also possible lo produce bulk and specialty 

chemicals. Using digestion as waste processing technology, the biogas produced contains all the ingredients 

for dry reforming so that it can be used for the production of methanol, ethanol, dimethyl ether or FT fluids 

(Hernández and Martín, 2016). In addition, the digestion of waste generates a residue rich in nutrients. The 

use of the nutrients to grow algae integrated with the production of methanol from the biogas allows the self- 

sufficient production of biodiesel from waste (Hernández and Martín, 2017). Furthermore, specialty 

chemicals such as essential oils can also be obtained (Dávila et al., 2015). The design of such integrated 

refineries involves concepts like circular economy, integration and intensification, and process system 

engineering tools have been developed to aid in the synthesis. Alternatively, for less diluted waste sources 

such as MSW (Niziolek et al., 2015) once a raw syngas is available, the synthesis possibilities are almost 

endless (Martín and Grossmann, 2013). The analysis and development on integrated biorefineries, rely on 
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the modelling of the units and the formulation of the problem as a simulation based or a superstructure- 

based approach. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.4. Pyramid of biomass related products 
 
 

2.5. Water scarcity 

The term “water scarcity” refers to the lack of resources of freshwater to meet the water demand. 

Water scarcity is an important issue since other civilizations, without the current environmental problems, 

collapsed due to the prevalence of intense and prolonged droughts (Tzanakakis et al., 2020). All life on the 

planet depends on the availability of water, so that it becomes one of the most precious of resources. Water 

scarcity generates serious restrictions in terms of social integrity and economic development. In fact, many 

regions and countries around the world are affected (Angelakis et al., 2018). Of all the fresh water consumed, 

15% is used for household purposes, 70% for agriculture and 15% within the industrial sector. Unfortunately, 

only 3% of the water on Earth is fresh water and two-thirds correspond to polar ice caps and glaciers (Jess 

and Wasserscheid, 2013). Due to population growth, the water necesities increase, as well as the energy 

and food requirements which in turn have other water needs. In this way, a large number of researches have 

focused on the exploitation of alternative water sources as recycled water, rainwater, and brackish water. 

Recycled water or also known as reclaimed water consists of the reuse of wastewater. If this water will be 

employed to drink it is called potable reuse or purified water. Recycled water can be used in several areas 

as domestic (bathing, showering, toilet, clothes washer, dishwasher, garden,...), agriculture (irrigation, 

cleaning food,...), or industrial (Salgot et al., 2018). Some companies as Coca-Cola, Frito-Lay, PepsiCo, or 

Intel have implemented industrial water reuse to address energy and sustainability goals. For example, 
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Coca-Cola company has installed several recycle and reclaim loops, allowing facilities to reuse processed 

water in cooling towers, boilers, or cleaning (Saeid Eslamian and Faezeh Eslamian, 2017). 

 
3. Theoretical foundations. 

 
3.1. Methodologies. 

Several approaches can be employed for the design of a transformation process or the 

development of the flowsheeting. These approaches can be classified into heuristic-based and 

mathematical optimization. The heuristic approaches are based on rules and known-how to improve 

decision making, while the mathematical programming consists of optimization techniques to select the 

configuration and parameter of the processing system (Grossmann, 1996). 

 
3.1.1. Heuristic-based approach. 

 
The implementation of heuristic methods is presented in the literature through two main 

approaches, Douglas hierarchy (Douglas, 1988), and the onion model (Smith, 2005). The Douglas hierarchy 

procedure consists of five stages. The first decision corresponds to determining if the process operates in 

continuous or batch. Then, feeds and products are evaluated through input-output in the structure. Next, the 

recycle structure and the reactor operations and conversion are analyzed. Subsequently, the separation 

systems are studied, and finally, the energy in the process is researched, allowing the reduction of 

consumption. As Figure 1.5 shows, the onion model begins in the analysis of the reactor, followed by the 

separation and the recycled system, based on the output stream from the reactor and its conversion. Then, 

the heat recovery is studied, followed by the assessment of the heating and cooling utilities. Finally, the 

treatment of water and other effluents is researched (Sánchez et al., 2020). In certain cases, the same 

operation can be developed by different processes. In this way, the best choice can be determined on 

industrial experience, collected in several books and usually called rules of thumb (Couper et al., 2012; Hall, 

2012). 
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Figure 1.5 The onion model of process design (Smith, 2005) 
 
 

3.1.2. Mathematical programming approach. 
 

Mathematical programming is also known as synthesis problem. Mathematical-based methods 

began to replace heuristic methods for solving more and more complex problems. The development of 

simultaneous design approaches based on superstructure optimization (Yee and Grossmann, 1990) or 

pinch localization approaches (Duran and Grossmann, 1986) generated a major shift in the field, as did the 

development of mathematical programming approach. The formulation of the synthesis problem should be 

carried out through three steps: modelling of the superstucutre flowsheet; problem formulation; and solution 

of the optimization model. 

 
3.1.2.1. Modeling techniques 

 
The modelling is based on algebraic models for the different process unit that flowsheet represent. 

Martin and Grossman presented a number of techniques to classify these different algebraic models. These 

classification is short cut methods, mechanistic methods, rules of thumb, dimensional analysis, surrogate 

models, or experimental correlations (Martín and Grossmann, 2012b;Martín and Martínez, 2013). These 

modeling techniques can be applied to the same problem. 

The short cut approach is a simple represetantion of systems and it is based on basic first 

principles, that is mass and energy balance. The disadvantage of this method is that it is not easy to model 

non ideal or complex behaviour. 
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The mechanistic models are more complex than the previous one and they are sitll based on 

physical principles. They include equilibrium models, kinetic models, phase equilibrium or even rigorous 

models where it is employed the continuity, momentum and energy equations. Contrary to the previous one, 

the disadvantage of this methods is the complexity of the models finally developed. 

Rules of thumbs models are based on experimental experience of the operation units. Usually 

operational data are limited and therefore their use too. 

Factorial design of experiment considers the statistical analysis, allowing the systematic study of a 

large number of variables from experiments. This method is only available for the range of they have been 

obtained. In some occasion they can be generated scale up problems. 

Empirical correlation methods are obtained from experimental studies and involve physical 

meaning and experimental background. Like the previous one, the method is only implemented for the range 

of they have been obtained and sometimes it is difficult to find the equation to represent the relation-ship 

between several variables. 

Neural networks consist of statistical analysis too but in this case, require a large number of 

samplings and as a result, good fittings and predictions are obtained. 

The Kriging model is developed through interpolation methods and a good representation of 

complex surfaces of response is obtained. 

 
3.1.2.2. Problem formulation 

 
The optimization problems are composed by objetive function (single or multiple), equations and 

constraints. In the case of these studies, a single objetive function is used. The general form of optimization 

problems is shown following (Grossmann et al., 2000): 

min Z = f (x, y) 
st  h(x, y) = 0 

g(x, y) ≤ 0 
x ∈ X ; y ∈ Y 

 
(1) 

 

Where f(x,y) is the single objective function such as cost, environmental index, amount of products, 

use of sources, ... ; h(x,y)=0 represents the performance of the system and can be mass and energy balance, 
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equilibrium equations, among others; g(x,y) are inequalities that some specifications or constraints for 

feaseble choices. 

Optimization problems may be classified as a function of the type of variables 

(continue/integer/binary), the kind of objective function (single/multiple), or sort of constraints 

(linear/nonlinear). The classification is: 

• Linear: the vector x is continuous and all funcions are linear. 
 

• Non-linear: the variable x is continuous and at least one equation is nonlinear. 
 

• Mixed-integer linear: The vector x is integer or binary but all functions are linear. 
 

• Mixed integer non-linear: The vector x is integer or binary and at least one equation is 

nonlinear. 

In order to develop a better classification of optimization problems, the concept of convexity must 

be clarified. An optimization problem is convex when all of the constraints and the objective functions are 

convex functions. While any optimization problem is non-convex whtna the objetive function or any of the 

constraints are non-convex. Figure 1.6 illustrates graphical the concept of convex and non-convex 

optimization problems. 

 
Figure 1.6. Graphical representation convexity concepts. 

 
In this way, the classification of optimization problems can be illustrated in Figure 1.7 as a function 

of the convexity property (Lin et al., 2012). 
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Figure 1.7. Overview of problem types related to optimization problems. 
 
 

3.2. Superstructures optimization 
 

3.2.1. General problem formulation 
 

A superstructure can be defined as a network of all possible alternatives to carry out a systematic 

design of chemical processes, to select the best option to define a flowsheet and a portfolio of products. 

Superstructure-based process synthesis was introduced by Umeda et al. (1972) and it is based on three 

sequential steps: 

1. The postulation of a superstructure that consists of the set of all possible alternatives in the 

structure of the process. 

2. Conversion of the superstructure into mathematical programming. 
 

3. Apply mathematical optimization models to find the optimal structure solution. 
 

Initially, the superstructure should capture all possible alternatives which generate limitations in the 

problems because in some cases several feasible or optimal process alternatives may be omitted. In view 

of theses limitations, the community has developed differents approaches to solvent it. One of them consists 

of automated superstructure generation methods, in which the superstructure is built from a set of 

alternatives via deterministic algorithmic procedures. Another case is evolutionary “superstructure-free” 

approaches where the superstructure is generated dynamically along with the research process, each 

superstructure is created by the algorithm instead of by the designer or the chemical process engineer. Over 
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time, several types of superstructure representations have been developed. Mencarelli et al. (2020) have 

been collected the main types of representations, generating a classification of ten cathegories: 

1. State-task network 
 

2. P-Graph representation; 
 

3. State-equipment network representation; 
 

4. State-space representation; 
 

5. R-graph representation; 
 

6. Generalized modular framework representation; 
 

7. Group contribution based methodology; 
 

8. Phenomena-building block approach; 
 

9. Unit, port, conditioning stream representation 
 

10. Building block-based superstructure 
 
 

The conversion of a superstructure into mathematical programming is based on the mathematical 

representation of the real behavior of the process. For developed this conversion, the methods explained in 

previous section (3.1.2.2) are employed. 

It should be noted that there is no single solution in the case of superstructure, as there are many 

factors that modify the optimal solutions (Sánchez et al., 2020). These factors can be the decision criterion 

or the type of objective function to be optimized, such as minimum energy consumption, production cost, 

environmental footprint, heat and water consumption or even maximizing process profit . 

Superstructures have been applied in a lot of topics as bioethanol (Martín and Grossmann, 2011a), 

biodiesel (Gong and You, 2015; Martín and Grossmann, 2011b), hydrocabron refinery (Wang et al., 2013), 

water integration (Ahmetović and Grossmann, 2011), energy integration (Martín and Grossmann, 2012c), 

water and energy consumption (Baliban et al., 2013), water-energy nexus (Ahmetović and Kravanja, 2012), 

environmental impacts (Gebreslassie et al., 2013), or savety considerations (Peña-Lamas et al., 2018). 

To complement the mathematical design of superstructures hybrid methods have been developed 

for process flowsheet sintesis. This methods includes the use of heuristics (Grossmann et al., 2000) as well 

as mathematical prescreaning approaches (Bertran et al., 2017). 



Chapter 1 A study of the water-energy nexus in power plants 

C1. 20 Lidia Sánchez Guerras 

 

 

 
 

3.2.2. Types of problems: Bleeding problem and pooling problem. 
 

Pooling and blending problems are an industrially relevant mathematical programming problem 

that arises in the petroleum refining industry. The importance of these problems on the industrial scale is 

due to the large amount of money that can be saved it as well as the improvement of some products. 

According to Misener and Floudas (2009), there are five classes of pooling problems as a function of 

mathematically modeling: 

• Standard pooling problem is defined as a network flow problem over three set nodes: feed 

stocks, pooling or storage tanks, and final products. These nodes are called input, intermediate 

and output too, respectivelly. Flow rates are selected to maximize profit or minimize cost. The 

first algothm was introduced by Haverly in 1978. 

• Generalized pooling problem increases the complexity of the problem by letting the flow rates 

between the intermediate pooling tanks and converting the network from a pre-determied 

structure into an optimally chosen configuration. 

• Extended pooling problem was introduced by Gounaris and Floudas in 2007, incorporate Title 

40 Code of Federal Regulations Part 80.45: Complex Emissions Model and associated 

legislative bounds into the constraint set. The problem maximizes profit as a standart pooling 

problem, adding as constraints the volatile organic, NOX, and toxics emissions. 

• Non-linear blending: The assumption that pooling problems can be simplified into linear blends 

is not always valid. Thus, this new group of blending problems appears because in the 

petroleum industry there are several non-linear characteristics such as the qualities of the 

fuels, including the vapor pressure, the octane number, among others. 

• Crude oil operations: This type of pooling problem concerns at the front-end of a refinery. In 

this case, input nodes refer supply ships that arrive at a refinery, intermediate nodes are 

storage tanks and charging tanks, and the output nodes correspond crude distillation units. 

 
 

Although this type of problems referred to refineries, over the years it has been extended to other 

areas within process engineering. Increasingly, these problems are being applied to the production of 
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formulated products such as polymers (Vaidyanathan and El-Halwagi, 1996), surfactants (Mattei et al., 

2014), repellent lotions (Conte and Gani, 2011), detergents (Martín and Martínez, 2013), surfactant design 

(Martín and Martínez, 2015), among others. Another important application of growing interest is 

biorefineries. Hernandez et al. presented a methodology to evaluate the mixture of different types of waste 

including manure, sludge, urban food waste, and urban green waste for the production of syngas. Hovewer, 

simultaneous process and product design is still a challenge. 

 
4. Conclusions 

 
After carrying out the analysis of these environmental problems generated by energy production, 

the following conclusions were reached: 

• Gas treatment technologies require detailed models to evaluate their performance. In 

addition not only a number of technologies are availabled in the market but also the 

amount of raw material purchased, coal type, is linked. The process design and coal blend 

selection is somehow a new type of extended pooling problem that companies need to 

solve on a daily basis. 

• The location as well as the type of energy technology used to obtain the energy must be 

studied simultaneously, since it will affect water consumption. It is expected that the new 

plants will have a suitable location. For example, concentrated solar plants will be located 

in an area with a climate that negatively affects water consumption, opposite to the more 

flexible location form coal-fired power plants. 

• With the need to introduce waste as a source of chemicals and energy, the use of biomass 

has to diversify towards value-added products so that only the waste is a source of energy. 

The simultaneous selection of products integrated with a power plant can provide the 

economic opportunity for the exploitation of biomass waste. 

 
5. List of acronyms and abbreviations 

 
GHGs: greenhouses gas. 

 
SCR: selective catalytic reduction. 
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SNCR: selective non-catalytic reduction. 

VOCs: volatile organic compounds. 
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With 2030 agenda in mind, society faces challenges for the new energy system aiming at reducing 

emissions water footprint and supporting the development of a circular economy. In this context the 

contribution of this thesis focuses on analyzing the water energy food nexus from different perspectives. 

 
• The first stage deals with the optimal design of the flue gas treatment in pulverized coal 

power facilities. The systematic analysis of the technologies available is developed 

towards defining the actual flowsheet and the operation conditions. 

• The market decision of the selection of the raw material mix depends on the price and 

composition in terms sulfur, nitrogen, chlorine, and others. And extended blending 

problem is formulated as a tool for the simultaneous selection of technologies and coal 

mix. 

• The trend towards a more sustainable operation let us to evaluate the flue gas treatment 

in oxy-combustion power plants and the corresponding blending problem. 

• Together with flue gas water footprint is another challenge in power production. Water 

consumption depends on the thermodynamic cycle, the energy source (fuel; solar) and 

the location of the facility. To address all the challenges the systematic design of wet 

cooling towers is attempted developing surrogate models to evaluate cost and water 

consumption across climates and technologies. 

• Waste is valuable resource towards energy and chemicals. Integrated facilities to produce 

added-value products and utilities are to be systematically design, selecting the portfolio 

of product and the reuse of waste to produce energy for the operation of the facility and 

the market. A general hybrid methodology is proposed to this task. 
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Abstract 
 

In this work a decision making framework for the design of the flue gas treatment section of a power 

plant has been developed, including particle, NOx and SO2 removal operations. It has been applied to a 

coal based thermal power plant in Spain to select the optimal technologies and its sequence. Surrogate 

models for the treatments have been developed. The problem corresponds to a mixed integer non-linear 

programming one including catalytic and non-catalytic NOx removal, allowing various allocations for the 

catalytic technology, electrostatic precipitation and wet or dry SO2 removal. It is reformulated as a nonlinear 

problem to evaluate bypass opportunities. The optimization suggests the use of electrostatic precipitation, 

followed by catalytic NOx removal and dry SO2 removal. Next, a coal blending problem has also been solved 

for two objective functions. When only treatment costs are considered, the use of imported coal is 

recommended, but an increase of 4% in its price can change the decision into the use of national coal. If the 

energy within the coal is added to the objective function, crude tar coal is included in the blend and imported 

coal is used to maintain the emissions within limits. Limestone Forced Oxidation is the selected technology. 
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1. Introduction 
 

Coal based power plants have been responsible for a fair share of the power production worldwide. 

However, current trends towards clean and sustainable energy have led to an effort towards reducing SO2 

and NOx emissions and water consumption. Modelling has been widely used to evaluate the performance 

of the facilities and the units. The different works have focused on one the he four main sections of the 

power plants: the boiler, the power cycle, the cooling units and the flue gas treatment section. Regarding 

the power island, most of the work in the literature evaluates the steady state operation of the thermal cycle 

(Sanpasertparnich and Aroonwilas, 2009), using specialized software such as “Power plant simulator” (KED, 

2018), Cycle Tempo 5.0 (Kumar et al., 2016), or using commercial process simulators such as CHEMCAD 

(Martín and Martín, 2017) or ASPEN (Ong’iro et al., 1996). However, the actual operation of power plants is 

not in steady state. Their production is regulated to meet demand depending on the availability of renewable 

resources. Thus, the analysis of the dynamics has been presented in a number of studies (Weng et al., 

1996), using specialized software (i.e. or ClaRaCSC (Brunnemann et al., 2012)) or commercial software 

such as SIMULINK, ThermoSysPro (El Hefni et al., 2011) or Apros 6 (Hentschel et al., 2017). Apart from the 

power produced, water scarcity and the water e energy nexus have attracted attention towards evaluating 

the water con- sumption involved in the cooling units. Power plants typically consume at least 1.8 L/kWh as 

a result of condensing the exhaust stream from the turbine, but the actual value depends on the plant location 

(Martín and Martín, 2017). The third section corresponds to emission control and includes the evaluation of 

the boiler operation. Two ap- proaches have been used to reduce emissions: i) the implementa- tion of 

measures to reduce the formation of those species by controlling the combustion at the boiler (Wang et al., 

2018). ii) the installation of end of trail gas treatment. Most of the studies on boiler design are carried out to 

mitigate the production of pollutants by evaluating the temperature (Al-Abbas et al., 2012) and velocity 

profiles, the burner design (Safaei et al., 2014) and the excess of air (Li et al., 2018) and the composition of 

the oxidizer (Rahmanian et al., 2014). Furthermore, flue gas treatment has been widely addressed from an 

industrial perspective (Kikkawa et al., 2008) and the technologies are well estab- lished (Mitsubishi, 2017). 

However, the flue gas section has received less attention in the literature focusing on carbon capture. 

Several simulations of the carbon capture section of power plants using ASPEN plus can be found in the 
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literature for coal-based plants using MEA solutions (Alie et al., 2004), for IGCC technologies using amine 

solutions (Adams and Mac Dowell, 2016) or evaluating the CO2 emissions of the co-firing of biomass with 

coal (Cebrucean et al., 2017). The difficulties in carbon capture from dilute streams have led to study 

oxycombustion systems. Two approaches to model oxycombustion power plants have been used, the use 

of process simulators (Xiong et al., 2011) and the development of equation-based models of the various 

units from the boiler to the air separation system to build a systematic framework for optimization (Dowling 

et al., 2014). Together with CO2, the emission of NOx and SO2 must be limited. There are several alternative 

denitrification (DeNOx) technologies such as catalytic or non- catalytic processes, as well as wet and dry 

systems for desulfur- ization (DeSOx). The removal yield and cost of each technology depends on the 

operating conditions and the addition of chemicals such as ammonia, CaO or CaCO3 (NLWA, 2014). The 

actual selection of tech- nologies and their relative position in the treatment chain depends on the coal 

composition and emission limits. Apart from the in- dustrial experience and guidelines, no systematic study 

has addressed the optimal location of the DeNOx and DeSOx, the selection of the proper technologies or 

the operating conditions. The few studies that evaluate the production of NOx and SO2 associated with 

power plants use empirical correlations to char- acterize the boiler and the fuel used. The abatement 

technologies are modeled using fixed removal ratios (Luo et al., 2012). The same group extended the work 

to perform a multiobjective optimization to account for environmental impact of the generation of power from 

fossil resources (Luo et al., 2014). 

In this work, a framework is developed to select among different denitrification and desulfurization 

technologies and their relative position along the flue gas treatment chain of a power plant. It consists of a 

two-stage procedure. The first stage corresponds to the pre-screening of the technologies available based 

on industrial know-how. The second one consists of formulating a superstruc- ture model (Grossmann et 

al., 2000; Yeomans and Grossmann, 1999) of alternative technologies from the boiler to the discharge of 

the flue gas involving denitrifier, desulphurizer and particle removal. Surrogate models for each of the units 

are developed based on experimental and industrial data providing a flexible framework to evaluate and 

design the flue gas treatment process. 

Once the plant is installed, it may have to process different coals. Price fluctuations in coal, supply 

agreements, social reasons and the ever-changing policies can result in the interest or need to process 
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different types of coal. Coal blending is a well-known topic aiming at selecting the proper mixture of coal 

types to meet sulfur content and optimize the combustion properties (Shih and Frey, 1995). However, the 

blending studies in the literature for different feedstocks either for coal (Shih and Frey, 1995), gasoline (Zhao 

and Wang, 2009), refrigerants (Churi and Achenie, 1997), detergents (Martín and Martínez, 2013), paints 

(Conte et al., 2011) are limited to the addition of process constraints on the composition of the feed to the 

mathematical formulation of the problem. Only lately, raw material blending and/or formulation have been 

coupled with process analysis and design (Ameri et al., 2018). Martín and Grossmann (2013) considered 

process and product formulation design in the context of algae growing for biodiesel FAEE produc- tion. 

Furthermore, biodiesel (FAME) has been produced from waste considering the NPK composition of 

digestate for optimal algae growing and the biogas composition for the optimal production of the methanol 

required for oil transesterification (Hernández and Martín, 2017). Hernández et al. (2017) presented a 

methodology to evaluate the mixture of waste for the production of syngas with the appropriate composi- 

tion for methanol, ethanol and FT-liquids production including the entire process model in the formulation. 

In this work we have extended this approach to formulate a coal blending problem that includes a detailed 

model of the technologies responsible for flue gas processing as a decision making tool to help select the 

coal blend. 

The rest of the paper is organized as follows. Section 2 presents the details of the modelling 

including operating constraints for the different technologies and regulation constraints on the emissions. In 

section 3 the formulation is described and the model charac- teristics. In section 4 we present the results of 

the operation of the treatment process and the coal blending problem. Finally, section 5 draws some 

conclusions. 

 
2. Process design 

 
A section of coal-based power plants from the boiler to the disposal of flue gas is analyzed to 

compute the composition of the gas produced and the alternative technologies to remove ash, NOx, SO2 

and acids such as HF and HCl. The optimization of the flue gas treatment consists of two stages combining 

heuristics and super- structure optimization for the selection of the technologies and their location. 
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2.1. Heuristic based selection of technologies 

There are a number of technologies that have been proposed for particle, NOx and SO2 removal. 

Particle removal can be carried out using gravity settling chambers, impingement separators, cyclone 

(centrifugal) separators, electrostatic precipitators (ESPs), fabric filters and wet collectors/scrubbers. Among 

them, ESPs are typi- cally used when very high efficiencies are required for removing fine particulate matter 

and very large volumes of gas are to be handled. Therefore, we disregard the rest (Miller, 2015). Three 

types of sources are identified for the production of NOx, namely, thermal, prompt (fixing N2 from the 

atmosphere) and fuel nitrogen. Mostly, there are two types of technologies used in industry, those aimed at 

reducing their generation by modifying combustion characteristics, including low NOx burners, and those 

that treat the flue gas. We assume that the first measurements have already been included in the current 

design of the thermal plant and we focus on post combustion modifications that include catalytic (SCR) and 

non- catalytic (SNCR) abatement (Miller, 2015). There is also a large number of alternatives to remove SO2 

from a flue gas. They are commonly classified between wet and dry scrubbers. There is a large number of 

alternatives such as the use of limestone combined with natural or forced oxidation, the use of a mixture of 

MgO and CaO, the use of high e calcium lime, dual ealkali, dry scrubbing, dry injection, Wellmann-Lord and 

regenerable MgO (Miller, 2015). However, in industry, approximately 85% of the flue gas desulfurization 

units installed in the US are wet scrubbers, 12% are spray dry systems, and 3% are dry injection systems. 

The removal efficiencies of wet systems are higher than 90% while last dry designs can also reach 90% 

removal (EPA, 2003). Thus, for this work we have selected two alternatives: A wet removal system known 

as the Limestone Forced Oxidation (LFSO) and the dry removal using a Spray drier, Spray dry scrubbers 

(LSD). Therefore, for the superstructure we only focus on these two. 

 
2.2. Process superstructure 

In a second stage a superstructure optimization model is formulated for the selection of flue gas 

treatment technologies by modelling each of the units. The flue gas generated in the boiler can be treated 

using a non-catalytic NOx removal unit within the boiler structure, selective non-catalytic reduction (SNCR). 

We allow the presence or absence of this technology by defining a split of the flue gas stream. The hot flue 

gas is later used to reheat up steam before it is sent to the medium pressure section of the turbine. Next, 
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the possibility of treating the flue gas using a selective catalytic reduction (SCR_1) as deNOx technology is 

considered. This technology operates within a range of temperatures. A heat exchanger is allocated before 

the catalytic reactor to adjust the temperature. However, it is possible that the SCR is not selected at that 

point of the flue gas treatment chain, thus a bypass is allowed. The subsequent treating step is the removal 

of particles. We allow the presence or absence of this technology by creating a divider that sends the flue 

gas to the electrostatic precipitator or through a bypass. The next treatment stage is the removal of SO2. 

Three alternatives are allowed, a bypass, if the SO2 concentration is already below limits, a wet and a dry 

removal technology. In the last two cases the flue gas must be cooled down before being fed to the 

absorption column and heat exchangers are placed before the treatment units. In the case of the dry removal 

technology, the solids are recovered, and the flue gas is sent to further treatment. Only a fraction of the 

liquid is reused, the rest is discarded. Finally, it may be interesting to locate the catalytic removal of NOx by 

the end of the trail (SRC_2). A bypass is also allowed in case the concentration of particles NOx and SO2 is 

already within the limits. Otherwise, at this point the flue gas must be heated up before feeding the catalytic 

reactor using a heat exchanger. The concentrations of SO2 and NOx must meet the legal limits at the end 

of the processing train. Figure 3.1 shows the superstructure of alternatives that is solved towards the optimal 

flue gas deNOx and deSO2. 
 

Figure 3. 1.- Superstructure for flue gas denitrification and desulfuration. 
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3. Superstructure model formulation 
 

All the units involved in the process are modeled using exper- imental data, mainly for removal 

ratios as a function of process conditions, rules of thumb, thermodynamic and chemical equilibrium and 

mass and energy balances applied to the following list of species: 

{C, CO, CO2, O2, S, SO2, N2, Cl2, F2, NO, NO2, ash, NH3, H2O, CaO, CaCO3, CaSO3, CaSO4, HCl, HF, 

CaCl2, CaF2, H2}. 

In this section we present the modelling issues of each of the main units. Splitters, triangles in 

Figure 3.1, and mixers, crossed squares in Figure 3.1, are modeled based on simple mass and energy 

balances. Stream mixing is assumed to be adiabatic and stream splitting is isothermal. Heat exchangers 

are modeled using a mass balance assuming no species change and an energy balance assuming no 

losses, using heat capacities as a function of the temperature in the form of polynomials (Martín, 2016). The 

rest of the units are modeled based also on mass and energy balances. However, along the following 

subsections we present the particularities of the models for the main units such as boiler, selective non- 

catalytic reduction of NOx, (SNCR), selective catalytic reduction of NOx (SCR), electrostatic precipitator, 

wet and dry systems for SO2 removal. 

 
3.1. Boiler model 

The operation of the boiler depends on the actual design of the boiler and the burners, the 

composition of the coal used, resulting in the energy generated and the composition of the gas. In this work 

we assume that the geometries of the boiler and of the burners are given and the implementation of 

measures to reduce NOx and SO2 formation is already considered. Typically, within the boiler a temperature 

distribution is generated. The particular pro- file depends on the fuel and the fuel to air ratio. Thus, the gas 

composition is computed as a function of the temperature profile where atom balances and chemical 

equilibria must also hold. Experimental data or a detailed CFD model of the boiler can be used to compute 

the temperature profile. For proprietary issues, public data from the literature of an industrial air fired burner 

are used instead (Al-Abbas et al., 2012). To compute the species equilibrium, we divide the boiler into two 

parts, zone 1, the flame section, and zone 2, the upper one, see Figure 3.2. The temperature of each region 

is computed as an area average. To determine this temperature from the profile, each of the regions is 
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discretized using a grid. For zone 1, 6 subregions are considered, while for zone 2, that presents a more 

homogeneous temperature distribution, only 1 region has been used. We compute the equilibria in the lower 

section and later we recomputed the NO to NO2 equilibrium in the cooler region. 

Figure 3.2. Temperature profile of an air fired coal burner. Zone 1: Flame section. Zone 2: Upper region, Experimental data 

from(Al-Abbas et al., 2012). 

 

3.1.1. Flame section (zone 1) 
 

The average temperature is computed out of the spatial distribution of temperatures using eq. (1). 
 

The relative areas and their correspondent temperatures are computed from (Al-Abbas et al., 2012). 
 

T = ∑ aiTi 
area 

 
(1) 

 

The 6 subregions of zone 1 represent, from bottom to top in Figure 3.2, areas of 13.3, 23.6, 31.8, 

11.3, 12.2 and 7.6%. Using this temperature, we compute the equilibrium that generates the various species. 

The following species and equilibria are considered in the analysis. 

1. Carbon burning. It is the source of energy in the process. 
 

C + O2 → CO2 

 
 

(2) 
 

Experimental data at industrial scale shows that around 99% of the coal is burned into CO and 

CO2. Thus, 1% unburned coal based on this rule of thumb is assumed. Out of it, 20% is slang while the rest, 
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80%, is dragged by the flue gas (La Robla, 2017). The actual ratio between CO and CO2 depends on a 

number of other reactions such as Bouduard reaction (Martín, 2016). The equilibrium is given by the 

following equation: 

C + CO2 ←→ 2CO (3) 
 

P2 8841 K =  CO  ⇒ log(K ) = 9.1106 − (4) 
PCO T 

 
However, we use experimental data from the literature to impose a CO2 to CO ratio of 1.198 

(Dolman et al., 2008). 

2. NO production. 
 

It is produced following two reactions given by eq. (5): 
 

N + O k1 → NO + N 
2 k−1 

N + O k2 → NO + O 
2 ← 

−2 (5) 
 

 

N + O  Keq → 2 NO 
2 2 ← 

 

The kinetic constants for the direct and indirect reactions for the two original ones are given as eq. 
 

(6) (Habib et al., 2008) and allow us to compute the equilibrium constants for each reaction and the overall 

production of NO. 

k = 1.8·108·exp  − 38, 370  
1  T  

  
k = 3.8·107·exp  − 425  

−1  T   
  

K1 = 1 k 
−1 

k = 1.8·108·exp  − 4, 680  
(6) 

2  T  
  

k = 3.8·107·exp  − 20,820  
−2  T  

  

K2 = 2 k 
−2 

 

Due to numerical issues when using the individual equations, the individual kinetic constants in eq. 
 

(6) have been rearranged into a global equilibrium constant as follows, eq. (7): 
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 K = K ·K = 22.44·exp  − 21,805   (7) 
eqNO 1 2  T  

  
 

3. NO2 production: It follows the reaction below (Jess and Wasserscheid, 2013), eq. (8): 
 

2NO + O  Keq → 2NO (8) 
2 ← 2 

 
K 

NO2 
= 2.75369·1020·T −6.95528 (9) 

 

Other nitrogen oxides can also be produced in the boiler, such as N2O3 and N2O4, but the 

concentrations are negligible in the flue gas (Clean Air Technology Center, 1999). Typically, NOx consists 

of 95% NO and 5% NO2 (Mussatti et al., 2002).We use this proportion to validate the model results. 

 
 

4. Sulfur combustion (Sarkar, 2015). We assume 100% conversion of the sulfur into SO2 (La Robla, 
 

2017) 
 

S + O2 → SO2 (10) 
 
 
 

5. HCl production (Shemwell et al., 2002) We assume 100% conversion (La Robla, 2017). 
 

Cl2 + H2 → 2 HCl (11) 
 
 

6. HF production (Laird and Smith, 2017). We assume 100% conversion (La Robla, 2017) 
 

F2 + H2 → 2 HF  
(12) 

 
 
 

Apart from the equilibria, the atom balances must also hold, eq.(13): 
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∑ 
in={C} 

nc = ∑ nc 
out ={CO,CO2 ,C ,ash} 

∑ 
in={N , N2} 

nN = ∑ nN 
out ={NO, NO2 , N2} 

∑ 
in={O2 ,H2O} 

nO = ∑ nO 
out ={O2 , NO, NO2 ,SO2 ,H2O} 

∑ n  =  ∑ n (13) 

in={F} 
F F 

out ={HF} 

∑ 
in={Cl} 

nCl = ∑ 
out ={HCl} 

nCl 

∑ 
in={H2O} 

nH = ∑ nH 
out ={HCl ,HF ,H2O} 

 
3.1.2. Upper section (zone 2) 

 
In this section an average temperature computed from the temperature profile is assumed to 

recompute the equilibrium using eqs. (8) and (9) again to determine the ratio between NO and NO2 in the 

flue gas exiting the boiler. The composition of the gases provided by the model is validated by personal 

communication with the company. Finally, the excess of air, up to 30%, determines the efficiency of the 

combustion (Grassi et al., 1992): 

η = 0.2473·%excess,air + 0.6016 (14) 
 
 
 

3.2. Electrostatic precipitator 

The electrostatic precipitator is in charge of removing the par- ticles in suspension. It provides them 

with an electric charge so that they are attracted by the walls. The removal efficiency depends on the particle 

size and the strength of the electric field (Gajbhiye et al., 2015; Nóbrega et al., 2004). The unburned coal is 

also removed at this point (La Robla, 2017). With the appropriate field generated, the efficiency is already 

close to 100% and thus the particle size is the yield defining parameter (Nazaroff and Alvarez-Cohen, 2000). 

The target is to reduce the particle concentration below 50 mg/Nm3 (BOE, 2004). 

The precipitator is modeled using a mass balance where only the solids are removed from the gas 

stream, a removal ratio and an energy balance, see eq. (15). The typical exit temperature is around 423 K 

(GasNatural Fenosa, 2015). 
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η(d ) = f (size) 

 
ParticleRe moval = ∑η(d )nParticle (d ) 

η = ParticleRe moval  

Particlein 

 

(15) 

 
 

To compute the removal yield, η, the information on the performance of an electrostatic precipitator 

as a function of the particle size as presented by Nichols and McCain (1975) is used. We consider a particle 

size distribution discretized into 7 sizes, eq. (16). Most of the particles are of 10 mm, based on industrial 

experimental data (La Robla, 2017). Using the removal efficiency from the literature discretized per particle 

size (Nichols and McCain, 1975), the matrixes in eq. (16) are developed: 

 0.075 0    0.075 0.99   0.2 0    0.2 0.95  
    
 0.5 0    0.5 0.90  

PSD (ϕ ) =  1.5 0   η (ϕ ) =  1.5 0.96  (16) 
particle   particle   

 2 0    2 0.97  
    
 5 0.01   10 0.99   5 1   10 1   
    

The estimation of the cost for the electrostatic precipitator is given by Miller (2015), where Qy is the 

volume of gas (Nm3) processed in a year. The advantage of this type of cost functions is that if the technology 

is not selected, no flowrate is processed and, as a result, there is no cost associated. 

CostPE = 2.85·(Qy ) + 8.50·(Qy ) 
 

(17) 
 
 
 

3.3. Denitrifier 

The limit for NOx concentration in the flue gas in the Spanish law is 600 mg/Nm3 (BOE, 2004). 
 

Therefore, the concentration of NOx in the flue gas after processing must be below this limit. 
 
 

3.3.1. Selective catalytic reduction (SRC) 
 

The location for the denitrifier technology in the flue gas treatment chain depends on the source of 

the flue gas. Coal thermal plants generate flue gases that contain high concentration of dust. To process 

these kind of flue gases, the selective catalytic denitrifier (SCR), is typically located just after the boiler and 
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before the elec- trostatic precipitator (SRC_1) (Sorrels et al., 2016). Alternatively, tail end denitrifier 

technology can also be used (SRC_2). This option requires flue gas reheating. To provide generality to the 

superstructure we consider both alternatives for the location of the SCR technology. In both cases the 

reduction of NOx takes place using NH3 following the reactions given by eq. (18). Before the SRC, the 

temperature must be adjusted using a heat exchanger so that the operating temperature ranges within 545- 

650 K (Mussatti et al., 2002). The ammonia is fed at 423 K with a composition of 99.5% ammonia and the 

rest dry air (Sorrels et al., 2015). An excess of ammonia with respect to the stoichiometric is used, typically 

5% (Rosenberg and Oxley, 1993). 

4NO + 4NH3 + O2 → 4N2 + 6H2O 

2NO2 + 4NH3 + O2 → 3N2 + 6H2O 
(18) 

 

Oxygen is added using an air to ammonia ratio of 20:1, to work below flammability limits (Sorrels 

et al., 2016). The air is assumed to be atmospheric air with moisture. The removal yield, or the conversion 

of the reactions, is a function of the temperature as given by a figure in Rosenberg and Oxley (1993).We 

developed a correlation to predict the removal efficiency as a function of temperature as follows, eq. (19). 

Good fitting between the data and the equation is achieved: 

η = 6.6537·10−6·T (K )3 −1.523·10−2·T (K )2 +11.43·T (K ) − 2, 731.8 (19) 
 

The SRC is modeled based on the stoichiometry of the reactions taking place, eq. (18), the 

conversion as a function of the operating temperature, eq. (19), a mass balance accounting for the fed of 

NH3 and additional air, and an adiabatic energy balance (Martín, 2016). 

The investment cost of this unit is estimated using the correlation from Miller (2015), eq. (20), where 

mNOx is tons processed in a year of NOx: 

Cost 
 
 
SCR 

5, 000· (m 
0.8 NOx·(1−ηSCR )) (20) 

 
3.3.2. Selective non catalytic reduction (SNCR) 

 
The SNCR is actually installed within the boiler since it requires high operating temperatures. In 

our model the SNCR is located between zone 1 and zone 2. This region corresponds to the section of the 

boiler that produces overheated steam for the turbine. The operating temperature is the same as that 
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computed for the boiler. We can use ammonia or urea. However, the use of urea increases the production 

of N2O and ammonia is used instead. The chemical reactions for the reduction of the NOx are the same as 

those presented for the SCR technology, eq. (18). However, in this case the removal efficiency depends on 

the excess of ammonia (Sorrels et al., 2016). Ammonia is fed to the boiler with an air to ammonia ratio of 

20:1, to avoid safety issues (Sorrels et al., 2016). The air is atmospheric humid air and ammonia is provided 

with the same composition as before, 99.5 ammonia and the rest dry air (Sorrels et al., 2016). 

The SNRC is modeled based on the stoichiometry of the reactions taking place, eq.(18), accounting 

for the feed of NH3 and additional air, the yield as a function of the excess of ammonia, eq.(21), and an 

adiabatic energy balance for streammixing because we neglect the reaction heat due to the small amount 

of NOx in the stream. An empirical model is developed to predict the removal yield, eq. (21), using 

experimental data in a figure by Dobrei. The removal efficiency is correlated versus the stoichiometric excess 

of ammonia, η. Good fitting between eq. (21) and the data is achieved. 

NH3,excess = 0.0267·η − 0.0202 (21) 
 
 

The investment cost is estimated using the information in Miller (2015), where mNOx is tons of NOx 

processed in a year. 

Cost 
 
 
SCR 

2, 500· (m 
0.8 NOx·(1−ηSCR )) (22) 

 
 

3.4. Desulfuration 

The target for SO2 in the flue gas exiting the treatment is 200 mg/Nm3 according to the Spanish 

regulations (GasNatural Fenosa, 2015). LFSO and LSD operate at a reduced temperature. Thus, heat 

exchangers are used to adjust the temperature before treatment. 

 
3.4.1. Wet removal (LFSO) 

 
The optimal operating temperature is 323 K (Sargent and Lundy, 2003). Thus, a heat exchanger is 

needed to cool down the flue gas before feeding it to the absorber column. The mechanism for the removal 

of SO2 using a wet process follows the reactions below, eq. (23), where SO2 is treated with limestone and 

the product is oxidized to gypsum (Kohl and Nielsen, 1997). 
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 L 
 

 
 

 

SO + CaCO + 1 H O → 1 
↓ +CO 

 
 

2 3 2 2 
CaSO3· 

2 
H2O 2 

1 1 3 
CaSO3·  H2O +  O2 +  H2O → CaSO4·2H2O ↓ 

2 2 2 
2HCl + CaCO3 → CaCl2 ↓ +H2CO3 

2HF + CaCO3 → CaF2 ↓ +H2CO3 

H2CO3 → H2O + CO2 

(23) 

 

To obtain gypsum, a 3 to 1 ratio of moles of O2 to SO2 is needed [60]. The removal efficiency 

depends on the ratio between the flue gas flowand the slurry containing the CaCO3. Typically, a slurry 20% 

w/w of CaCO3 is used (Zhong et al., 2008). Using the experimental data in Zhong et al. (2008), we developed 

a surrogate model to estimate the removal ratio as a function of the liquid to gas ratio given in liters per Nm3 

of gas, eq. (24). Good fitting with the experimental data is obtained. 

2 

η = −5.06993·10−4·  + 2.591958·10−2· L  + 0.653958042 
 

(24) 
 G   G  

 

The LSFO process is modeled using a mass balance based on the stoichiometry of the reactions 

shown above, eq. (23), the removal efficiency as a function of the (L/G) ratio, eq. (24), and an adiabatic 

energy balance to compute the exit temperature. The gas exits the unit saturated at the operating 

temperature. Antoine correlation is used to compute the moisture in the flue gas. 

The investment cost of the technology is estimated by the SO2 eliminated in tons per year (Miller, 

2015) using eq. (25): 

Cost LFSO = 3, 700·((mSO2 
)·(1−ηLFSO )) 

 

(25) 
 
 

3.4.2. Dry removal (LSD) 
 

Dry removal uses a CaO slurry with 35% of water to the spray tower. The feed temperature must 

be between 393 K and 448 K. The reaction mechanism is as follows, eq. (26) (Hayton, 2015): 
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2 

 Ca  Ca 
   

1 

 

CaO + H2O → Ca (OH ) 
SO2 + Ca (OH ) 1 

→ CaSO3·  H2O + H O 
2 2 

SO + Ca (OH ) + H O + 1 O 
 

→ CaSO ·2H O  (26) 
2 2 2 2 2 4 2 

2HCl + Ca (OH ) → CaCl2 ↓ +2H2O 

2HF + Ca (OH ) → CaF2 ↓ +2H2O 
 

The typical molar ratio CaSO3 to CaSO4 is 9:1, because the absence of forced oxidation leads to 

a low yield of gypsum (Farber, 1986). The removal efficiency depends on the fraction of S in the coal and 

the stoichiometric molar ratio between Ca and S. A two-stage fitting procedure (Martín and Martín, 2013) is 

used to produce a general model considering both variables. A range of sulfur concentrations, %S, from 2.5 

to 6% and Ca/S ratios of 0.7e1.5 are common and will be imposed as lower and upper bounds for these 

variables. Eq. (27) shows good fitting with the experimental data. 

2 

η = (−0.4554·(%S ) +1.2451) + (0.3469·(%S ) + 0.6286)·  + (−0.0243·(%S ) − 0.56325)·  (27) 
 S   S  

 

The LSD process is modeled using a mass balance based on the stoichiometry of the reactions 

shown above, eq. (26), the removal efficiency, eq. (27), and an adiabatic energy balance. The gas exits the 

unit saturated at the temperature, typically from 338 K to 448 K. Antoine correlation is used to compute the 

moisture in the flue gas. The investment cost of the technology is estimated as a function of the SO2 

eliminated in tons per year (Miller, 2015). 

Cost LDS = 4, 400·((mSO2 
)·(1−ηLFSO )) 

 
(28) 

 
 

3.5. Solution procedure 

The optimization of the gas treatment chain presents several steps. After the pre-screening of 

technologies based on industrial experience, a model for a superstructure with the most used/promising 

ones is formulated. Surrogate models for all units are developed as presented along section 3. 

We consider two steps in the solution of the mathematical problem, namely, technology selection 

and operation. 
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The first step corresponds to a design problem. We formulate the problem as a large non-linear 

programming (NLP) for the optimal selection of technologies for a fixed carbon feed to the boiler. Due to the 

complexity of the non-linear models we avoid the use of integer variables by allowing bypasses. The 

optimization uses an economic objective function since the aim is to be able to meet the current limits 

imposed by the legislation.We consider a typical mix of coals based on actual data of a particular day. The 

model is 4500 var and 4100 eqs, written in GAMS and solved using a multistart procedure with CONOPT. 

3.0 as the preferred solver with eq.(29) as the objective function. 
 

Cost = 1 (Cost 
 

+ Cost + Cost + Cost ) + Cost + Coste  (29) 
Anual 3 SCR _1 PE LSD LFSO NH3 CaCO3 

 

Once the technologies are installed in a facility, the market and/or political decisions are behind the 

selection of the coal or coal blend to be processed. Thus, the second step is the everyday problem that the 

managers of the plants must solve on the decision on the coal blend to burn. An extending blending problem 

is formulated for the optimal set of technologies to select on the optimal coal blend used including the detail 

models for the flue gas treatment technologies. 

Two different objective functions are used. First, we consider the treatment costs. The model is 

slightly smaller than the entire superstructure, 3100 var and 2800 eqs. written in GAMS and solved using a 

multistart procedure with CONOPT. 3.0 as the preferred solver using eq. (30) as objective function. 

Cost = 1 (Cost 
 

+ Cost + Cost + Cost ) + Cost + Cost 
Anual 3 SCR _1 PE LSD LFSO NH3 CaCO3 (30) 

+Cost NatCoal + CostImpCoal + CostFuelCoal 
 

Finally, the different heating values of the various coals provide another interesting tradeoff. Even 

though in this work the power island of the plant is not considered, in eq. (30) we add the benefit of the 

power produced by each coal type. Assuming 50% efficiency from thermal energy to power, based on the 

ratio of the actual power capacity of the plant (350-400 MW) and the thermal energy involved in the coal 

blends used (700-780 MW), and an electricity price of 0.07 V/kWh we reevaluate the blending problem. The 

size of the blending model remains the same, 3100 var and 2800 eqs. written in GAMS and solved with eq. 

(31) as objective function using a multistart procedure with CONOPT. 3.0 as the preferred solver. 
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Cost = 1 (Cost + Cost + Cost + Cost ) + Cost + Cost 

 

Anual 3 SCR _1 PE LSD LFSO NH3 CaCO3 (31) 
+ ∑ Costcoal − PElectricity ·ηTtoE · ∑ HHVi ·Coali 

i∈coal i∈coal 
 
 

4. Results 
 

We consider the use of three types of coal, national, imported and crude tar coal. The compositions 

and the prices are presented in Table 3.1. A feed of 23 kg/s of coal or coal mixture is used as reference for 

a typical production capacity of around 350-400 MWe (La Robla, 2017). To compute the flue gas exiting the 

boiler, the temperature profile provided in the literature was used (Al-Abbas et al., 2012). Other examples 

from the literature have also been studied with average temperatures within 5% error (Ma et al., 2016). The 

resulting flue gas composition was corroborated with industry to validate the model (BOE, 2004; La Robla, 

2017). This section is divided in two. The first one presents the process design problem. The second one 

presents an extended coal blending problem evaluating the selection of technologies as a function of the 

coal mixture. 

Table 3.1 Coal composition and price 
 National1 Imported2 Crude coal tar2 
H2O 0.1357 0.0988 0.1038 
C 0.688493 0.705099 0.779552 
H2 0.022585 0.030706 0.03033 
O2 0.000165 0.000579 0.021109 
S 0.018631 0.004351 0.041942 
N2 0.013844 0.018164 0.017093 
Cl 0.000140 0.00012 0.00004 
F 0.000072 0.000076 0.000017 
Ash 0.12037 0.142105 0.006117 
Price (€/t) 69.36 103.3 23.59 
PCS(kcal/kg) 6,311 6,716 8,475 

1: (Nichols and McCain, 1975) 2:(Sorrels et al., 2016) 
 
 

4.1. Process design 

The superstructure in Figure 3.1 is applied to a particular case based on data provided from a 

power plant in the Northwestern of Spain, La Robla, using a coal blend of 26% national, 26% imported and 

the rest crude coal tar. This blend shows an availability of 717MW. The optimization of the superstructure in 

Figure 3.1 for this case, selects the use of selective catalytic reduction and dry removal of SO2 using LSD. 

However, in some of the units there is a fraction of the total flow of flue gas that is not processed through 
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the units, but a bypass is suggested, see Table 3.2. The results are reported per thermal energy available 

in the coal or coal blend used in each case. 

Table 3.2 Costs of the units selected by case 
Costs PE (€/kW) NOx Removal (€/kW) SO2 Removal (€/kW) Total (M€/yr) 
Superstructure 10.691 142.633 200.651 94.5 
Bypass not processed  16% 1%  

 
 

The solution to the superstructure in Figure 3.1 involves the selection of PP followed by SCR and 

LSD. However, 16% of the flue gas is not fed to the SCR and it is suggested that 1% of the flow is not fed 

to the LSD. The decision on the installation of fractional bypasses to the desulphurizer and denitrifier is 

difficult to be implemented in industry. It is easier to process the entire flow of flue gas through the units. 

Therefore, instead of solving the mathematical model for the entire Figure 3.1, we consider four flowsheets 

consisting of the combination among the two deNOx and the two deSOx removal technologies, disregarding 

the use of the deNOx by the end of the processing train. 

In Table 3.3 we compare the solution to the four main alternative flowsheets without the possibility 

of bypass. It is possible to see that the values of the objective function, column Total (MV/yr) in the table, 

are of the same order of magnitude as those in Table 3.2. Futhermore, the optimal solution involves the 

same technologies and in the same order as described in the solution of the complete superstructure given 

by Figure 3.1, SCR and LSD. The main operating conditions for the units are presented in Table 3.4. 

Table 3.3 Costs of the units selected by case 
Costs PE (€/kW) NOx Removal (€/kW) SO2 Removal (€/kW) Total (M€/yr) 
SCR_1 + LFSO 12.114 171.438 165.690 96 
LFSO + SCR_2 11.735 228.015 165.690 135 
SCR_1 + LSD 10.592 142.640 200.671 89 
LSD + SCR_2 10.427 181.328 200.580 123 

 
 

Table 3.4 Main operating conditions 
 Electrostatic Precipitator (PE) NOx Removal SO2 Removal 
SCR_1 + LFSO Yield:100  72.667 

T(K)= 580.457 
L/G: 15 
=0.929 

LFSO + SCR_2 Yield:100  83.263 
T(K)= 608.5 

L/G:15 
 0.929 

SCR_1 + LSD Yield:100  89.240 
T(K)= 638.446 

Ca/S= 0.949 
 =0.946 

LSD + SCR_2 Yield:100  74.241 
T(K)= 583.9 

Ca/S=0.931 
=0.956 
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The differences in the objective function using LFSO or LSD are within 10% margin for the coal 

blend used in this case study. However, it is more interesting to use the catalytic removal of NOx before the 

electrostatic precipitator than any other alternative for the removal of NOx. Actually, the cost for the removal 

of NOx is the same no matter the location of the unit. The main difference is that by the end of the processing 

train the flue gas is already cold and thermal energy is required to heat up the flue gas, reducing the 

efficiency of the plant. In terms of the operating conditions, see Table 3.4, the removal ratio of NOx is always 

above 70% and the variability in the yield is related to the removal ratio required to meet the emission limits. 

In the case of the removal of SO2, the optimal operation conditions are always the same for the technology 

no matter the option selected for the removal of NOx. Note that we do not claim global optimum. 

 
4.2. Coal selection: blending problem 

The blending problem is analyzed considering a fixed flowsheet consisting of the SCR, PE and 

either LFSO or LSD. Four items are considered in this analysis: 1) Optimal blend as a function of the cost 

of processing the emissions. 2) Cost of the coals so that the national one is selected. 3) Cost of the 

technology for the selection of the national coal and 4) Optimal blend for maximum power production with 

emissions limitations. Taking into account that around 85% of the industrial plants already have LFSO 

technologies installed, including La Robla thermal plant, Leon (Spain), we will be considering this technology 

first for our evaluation of the optimal blend considering the three coals presented in Table 3.1. In a second 

case, the LSD technology is also evaluated following the same procedure. 

Thus, we optimize first the coal selection among the national coal from Spain, the imported coal 

and crude coal tar, using eq. (30) as objective function. The flue gas treatment train consists of SCR followed 

by PE and the LFSO desulphurizer technology. The tradeoff corresponds to the coal cost versus its sulfur 

content. It turns out that the optimization selects the imported coal. No blend is selected. In spite of being 

the most expensive coal, see Table 3.5, the operating costs of the facility including the flue gas processing 

are the lowest. In Table 3.5 it is possible to see that the cost of the LFSO process for SO2 removal is 4 times 

larger when using the national coal compared to the use of imported one mitigating the difference in the cost 

of the raw materials, which results in a small difference in the total operating cost. 

 
 
 

Lidia Sánchez Guerras C3. 19 



Chapter 3 A study of the water-energy nexus in power plants 
 

 

 
 

Table 3.5 Cost for gas processing for the various coal types. 
 Coal 

(€/t) 
SCR 1 
(€/kW) 

LFSO 
(€/kW) 

TAC 
(M€) €/ MWh NOx remov 

(kg/s) 
SO2 remov 
(kg/s) 

National 69.36 153.123 138.204 116.849 410.4 6.45·10-4 0.786 
Imported 103.3 144.542 30.329 114.457 385.2 6.48·10-4 0.184 
Crude coal 23.59 128.011 231.683 132.132 352.8 7.24·10-4 1.77 

 
 

Based on these results, a sensitivity analysis was carried out to determine the critical price of the 

imported coal so that national coal was preferred. It turns out that for a price of imported coal from 107.4 

V/t, national coal is preferred. Thus, for imported coal prices 4% above the current value, national coal can 

be competitive. The cost of the treatment technologies also evolves in time. 

Apart from evaluating the critical cost for imported coal, the effect of the cost of the technology on 

the coal selection is also evaluated. By performing a sensitivity analysis, the cost for LFSO technology must 

decrease by 12.5% with respect to the base case provided by eq. (25) for national coal to be preferable. 

Thus, by technology development and optimization it would be attractive to use national coal. These two 

issues, coal price and treatment technology costs, have many social implications. Many families in the 

Northwest region of Spain live by the coal and related industries. After generations, the expertise is in coal 

industry and mining operations. Therefore, either the operators are trained otherwise, or we provide a more 

efficient and cost-efficient sulfur removal process. Alternatively, subsidies can be provided so that the 

economic advantage of using imported coal is mitigated. Note that these solutions are local, not global 

optimization is claimed and therefore further studies can be carried out. 

The energy per kg of coal is inversely related to the sulfur content in these three coals. As a result, 

the crude coal tar, in spite of presenting large costs for desulfurization, is the one that shows the best cost 

per unit of power produced, as seen in Table 3.5. The blending problem is solved for a different objective 

function that includes the power produced as benefit, eq. (31). By solving the updated blending problem with 

eq. (31) as objective function, it turns out that the optimal blend consists of 25% imported coal and the rest 

crude coal tar. Table 3.6 summarizes the breakdown of the treatment cost and the total amount of SO2 and 

NOx removed. Note that the power within the coal blend is 773MW, 7% larger that the base case used in 

the design study. Using this objective function, for national coal to be used the cost of imported coal must 
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be around twice its current cost. A more integrated approach including the evaluation of the power cycle is 

to be added. 

Table 3.6 Cost for gas processing for mixed of coals using LFSO: Economic objective 
 N/I/C PE(€/kW) SCR 1 

(€/kW) 
LFSO 
(€/kW) 

TAC 
(M€) 

€/ MWh NOx remov 
(kg/s) 

SO2 remov 
(kg/s) 

Mixed 0/25/75 10.280 91.880 193.941 -100.12 -281.6 4.925·10-04 1.405 
 
 

A similar study is carried out for considering the LSD technology for the removal of SO2. The 

particular feature of this technology is its lower removal yield. The optimization of the blending problem using 

eq. (30) as objective function results in selecting imported coal. Table 3.7 shows the performance and the 

cost of processing the flue gas using LSD. Comparing Tables 3.5 and 3.7 it can be seen that the use of 

LFSO technologies is cheaper than using LSD technologies when particular coals are used. Furthermore, 

in spite of the lower cost of the crude coal tar, its larger content in sulfur does not allow meeting the 

environmental constraints. Again, for national coal to be used the cost of imported coal must be around 

twice its current cost and it is difficult that a decrease in the cost of the LSD technology makes the use of 

national coal preferable. Finally, the blending problem is solved again using eq. (31) to evaluate the trade- 

off between sulfur content and power production of the various coal types. The solution of the model 

suggests the use of a combination of 58% imported and the rest crude tar coal. This blend contains the 

same power that the original blend used in the design case study, 717MW. Note that no global optimum can 

be claimed. The main operating results are summarized in Table 3.8. The largest SO2 removal yield 

achieved using the LFSO technology results in larger profit using this alternative. As a result, LFSO is the 

best technology among the two for a wider range of blending ratios. 

Table 3.7 Cost for gas processing for the various coal types. 
 Coal 

(€/t) 
SCR 1 
(€/kW) 

LSD 
(€/kW) 

TAC 
(M€) 

€/MWh NOx remov 
(kg/s) 

SO2 remov 
(kg/s) 

National 69.36 158.984 167.593 125.693 450 6.69·10-4 0.802 
Imported 103.3 149.501 36.202 117.19 396 6.70·10-4 0.184 
Crude coal tar 23.59 Does not meet environmental limits 

 
 

Table 3.8 Cost for gas processing for mixed of coals using LSD: Economic objective 
 N/I/C PE 

(€/kW) 
SCR 1 
(€/kW) 

LSD 
(€/KkW) 

TAC 
(M€) 

€/MWh NOx remov 
(kg/s) 

SO2 remov 
(kg/s) 

Mixed 0/58/42 10.721 141.372 153.297 -69.967 -212.110 7.031·10-4 0.866 
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5. Conclusions 
 

In this work we have developed a flexible framework for the optimal selection of flue gas treatment 

technologies. The extended framework allowed formulating a blending problem that includes process 

models to evaluate the selection of the coal and the critical prices resulting in a useful tool for decision 

makers in the power industry. The framework is based on a mathematical optimization approach that models 

each of the units using surrogate models based on first principles and industrial data developing a 

superstructure of alternative technologies, catalytic and non-catalytic NOx abatement, particle removal and 

SO2 removal using wet and dry systems, aiming at minimum total annual cost for flue gas processing. 

Further CFD modelling of the boiler can be performed as a preliminary stage. 

This general framework is used to evaluate the optimal gas treatment technologies in a power plant 

in Spain for particle, NOx and SO2 removal the operating conditions as well as the limits that would allow 

selecting the use of local coal in terms of coal price and technology cost. The optimal train of operation 

consists of the use, in this order, of catalytic NOx removal, an electrostatic precipitator and LSD SO2 

removal. However, this solution is for a particular coal blend. Considering the most typical technology, LFSO, 

imported coal is the preferred raw material, but if its price increases by 4%, national coal becomes the raw 

material of choice. Alternatively, a 12.5% decrease in the cost of LFSO also suggests the use of national 

coal which means that it could be possible to maintain the local industry. If the energy available in the coal 

is also considered, crude tar coal is included in the blend up to 75% and the rest imported coal so that the 

SO2 emissions are maintained within the legal limits. The larger removal yield from the LFSO provides 

flexibility and shows larger benefits when using this technology. Therefore, this is the technology of choice 

for general use. 

 
6. List of acronyms and abbreviations 

 
Costi: Cost of item i (V/unit) 
K: Kinetic constant (m3/mol s) 
K: Equilibrium constant (barn) 
ESP: Electrostatic precipitator 
FAME: Fatty acid methyl ester 
FT: Fischer - Tropsch 
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(L/G): In L of liquid solution per m3 of gas 
mi: tons per year of contaminant (t/yr) 
ni: Molar flow of species I (mol/s) 
nParticle(d): Number of particles of sized d 
NH3 excess: Molar excess of ammonia with respect to the stoichiometric one 
NLP Non linear programming 
NPK Nitrogen e Phosphorous-Potassium 
Pi: Partial pressure of species i (bar) 
PElectricity: Electricity price (V/kWh) 
PS: Particle size distribution 
Qy: Volume of gas (Nm3) processed in a year (Nm3/yr) 
T: Temperature (K) 

 
 

Symbols 
 

i: Fraction of area of section i 
j: Removal efficiency of technology j 
TtoP: Thermal to power efficiency 
: Particle size (mm) 

 
 

Abbreviations 
 

BG: Filter 
Div: Splitter 
CT: Cooling tower 
HP: High pressure turbine 
HX: Heat Exchanger 
LP: Lower pressure turbine 
LSD: Spray dry scrubbers 
LSFO: Limestone Forced Oxidation 
MP: medium pressure turbine 
Mx: Mixter 
PE: Electrostatic precipitator 
SRC: Selective catalytic reduction of NOx SRC_1 After boiler 
SRC_2: After desulfurization 
SNCR: Selective non-catalytic reduction of NOx TA Absorption tower 
TL: Tank 
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Abstract 
 

Oxy-combustion is recognized as the cleanest technology which uses coal as an energy source. 

Flue gas clean-up is essential for sustainable operation. In this work, the optimal selection of the flue gas 

treatment technologies in oxy-combustion power plants is determined. A two-stage procedure combining 

heuristics and mathematical programming is used to evaluate the technologies involved including the boiler, 

denitrification, electrostatic precipitation, sulfur dioxide removal, and carbon capture. For plant operation, 

the coal feed has to be selected. An extended blending problem is solved to evaluate the coal type to be 

purchased based on its cost and composition. The optimal flue gas processing consists of electrostatic 

precipitation, followed by dry SO2 removal, and CO2 purification using zeolites. No specific denitrification 

method is required due to the low concentration levels of NOx generated in oxy-combustion. This flowsheet 

is used to select one among a mixture of three different types of coal: national, imported, and crude coal tar. 

However, no mixture is recommended as crude coal tar was the one selected. Even though the processing 

costs are higher, it is outweighed by the lower cost of the raw material. 
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1.- Introduction 
 

In spite of the penetration of renewable sources in the energy mix, coal still contributes to 40% of 

the world’s total power production (The World Bank, 2014). Although several countries have issued 

regulations to reduce and even to eliminate coal in the power production sector, in the following years, it will 

still be an important resource. To reduce CO2 emissions aiming at meeting the climate change targets of 

the Paris Agreement, carbon capture technologies have gained interest (Bui et al., 2018; National Energy 

Technology laboratory., 2018) but the need to find uses of CO2 (Davis and Martín, 2014; Martín, 2016) and 

the issues related to its storage present important challenges to the implementation (Koytsoumpa et al., 

2018; Martín, 2014). One carbon capture technology for a more environmentally friendly use of coal as a 

source of power is oxy-combustion (Lockwood, 2017; Nemitallah et al., 2017). The advantages behind oxy- 

combustion lie in the fact that the coal is burned with pure oxygen instead of air. Therefore, instead of being 

diluted with nitrogen, CO2 is the accompanying gas allowing a high concentration. This stream can be better 

treated for the recycle of the CO2 reducing the NOx formation. However, impurities such as SO2 are 

generated in the gas, even though the removal efficiency is expected to be larger (Global CCS Institute., 

2019). 

Work on oxy-combustion has been extensive in the last decade, particularly on evaluating the 

combustion efficiency (Li et al., 2019), including simulations of the boiler (Donato et al., 2010), CFD models 

at different scales (Perrone et al., 2018), and its numerical optimization (Zebian et al., 2012). The general 

opinion is that oxy-combustion is the most promising alternative to the use of coal combustion for the 

production of power (Deng et al., 2012). A comprehensive review on oxy fuel combustion can be found in 

the work by Nemitallah et al. (2017) However, most of the work dealing with the flue gas treatment in oxy- 

combustion has focused on CO2 capture for its recycle while the entire process of flue gas processing has 

not received the same attention (Duan et al., 2019). The literature on oxy-combustion discusses the need 

for particulate and sulfur control (Davidson and Santos, 2010), but no systematic analysis is carried out for 

the flue gas treatment and CO2 recycle. 

In this work, a two-stage optimization approach is used for the design of the flue gas treatment in 

oxy-combustion power plant facilities. The aim is to purify the stream for recycle and/or reuse of CO2. A 
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hybrid approach is used (Guerras and Martín, 2019) where a prescreening of the technologies is carried out 

in a first stage. Next, a superstructure of alternatives is formulated by developing surrogate models of all the 

technologies to select the most promising flue gas processing chain for oxycombustion facilities. The rest of 

the work is organized as follows: Section 2 presents the details of the modeling including operating 

constraints for the different technologies and regulation constraints on emissions. In Section 3, a systematic 

procedure for the selection of the flue gas processing technologies is described together with the model 

characteristics. In Section 4, the results of the operation of the treatment process and the coal blending 

problem are presented. Finally, Section 5 draws some conclusions. 

 
2.- Process design 

 
Over the last few years, a large variety of treatments have been developed for CO2, SO2, NOx, and 

particle removal. A two stage procedure is considered for the design of the flue gas treatment in oxy- 

combustion facilities. In this section, the flowsheet design for the processing of the oxy-combustion flue gas 

treatment is presented as well as its use to formulate an extended blending problem as a tool for the 

selection of the coal blend to be purchased. 

 
2.1. Design Procedure. 

The optimization of the gas treatment chain in oxy-combustion plants follows several steps as in a 

previous work (Guerras and Martín, 2019). First, the process flowsheet for the gas treatment is designed. 

This step consists of two stages. The first stage in the design of the flue gas processing consists of a 

thorough literature review to preselect a number of technologies for the removal of each one of the pollutants. 

The preselection of methods is based on the analysis of the alternatives that are predominantly employed 

at the industrial scale. In oxy-combustion boilers, it should be noted that the NOx generated originates from 

the impurities within the coal, and thus, they are in small amounts (Riaza et al., 2012). Typically selective 

catalytic reduction (SCR) and selective noncatalytic reduction are the more common methods for NOx 

abatement (Guerras and Martín, 2019; Miller, 2015). Based on a previous work, the selective noncatalytic 

reduction is not considered although it is employed in some cases at the industrial scale (Guerras and 

Martín, 2019). In the last few years, several methods have been developed for the removal of SO2, HF, and 
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HCl. They are classified into wet, dry, and semi-dry. It should be noted that each class includes a number 

of methods like lime spray drying (LSD), limestone forced oxidation (LFSO), limestone natural oxidation, 

Mg−O-lime process, Wellman−Lord process, high-calcium lime process, among others (Elliott et al., 1989; 

Miller, 2015, 2005). However, the raw material cost and the yield lead to the selection of LFSO and LSD. 

These processes represent above 85 and 12% of the industrial practice, respectively (EPA, 2003). It should 

be noted that, on the one hand, LFSO shows larger efficiency than LSD, resulting in a more flexible 

technology. However, on the other hand, the LSD adopts a more simple technology (Jurczyk et al., 2016). 

Regarding CO2 capture, over the last few years, the number of alternatives has been increasing (Wang et 

al., 2017). Nowadays, methods have been developed to remove carbon dioxide are physical and chemical 

solvents (particularly monoethanolamine, MEA), membranes, adsorption onto solids, pressure/vacuum 

swing adsorption (PSA), and cryogenic separation (Miller, 2015). In the literature, several reviews presenting 

the alternative technologies are available (Wang et al., 2017). However, few are the studies that present the 

cost of carbon capture in the operation of a power plant (Herzog, 2018). Lately, also life cycle assessment 

comparing the technologies has been presented (Cuéllar-Franca and Azapagic, 2015). Based on the results 

and comments of these works, a selection of technologies is considered in this work. Chemical solvent 

methods are widely used at the industrial scale, in particular, amine-based liquid solvent systems. They are 

widely studied and tested at the industrial scale, presenting large CO2 recovery, but the energy consumption 

in the solvent regeneration stage is high, resulting in large environmental impact (Cuéllar-Franca and 

Azapagic, 2015). Physical solvents are highly efficient for concentrated CO2 streams (Wang et al., 2017). 

However, membranes (Martín-Hernández et al., 2020) and physical solvents (GPSA, 2012) require 

operation at high pressure. The large flow of flue gas prevents from selecting these alternatives. Carbonation 

is gaining attention due to the high removal yields (Fennell and Anthony, 2015; Wang et al., 2017). Finally, 

adsorbent beds such as pressure swing adsorption (PSA) systems require low energy and show high 

performance (Hauchhum and Mahanta, 2014). The main advantage of PSA is the relative low cost and 

energy efficiency (Hauchhum and Mahanta, 2014; Leung et al., 2014; Mondal et al., 2012; Siqueira et al., 

2017). Therefore, carbonation, absorption in amine solutions, and adsorption in zeolite beds are the 

preselected methods for carbon capture (Bui et al., 2018; Elliott et al., 1989; Miller, 2015, 2005). In this way, 

the prescreening of the treatment methods results in the selection of the electrostatic precipitator, for 
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particles removal, SCR, for NOx removal, lime spray drying (LSD) process and LFSO for sulfur removal 

process, and finally carbonation/calcination cycle, amine absorption, and PSA systems with zeolites for 

carbon dioxide removal. The second stage consists of the development of a superstructure of promising 

alternative technologies. The units that constitute the superstructure are modeled one by one using 

experimental data from the literature, first principles, and industrial data. The optimization of the 

superstructure selects the flue gas treatment technologies. Starting the description at the boiler, its 

configuration as well as the nozzles (Donato et al., 2010; Li et al., 2019; Nemitallah et al., 2017; Perrone et 

al., 2018) determine the performance of the oxycombustion. This performance can be represented by the 

temperature profile within the boiler is responsible for the flue gas composition. Noncatalyzed reduction was 

not selected in a previous work (Guerras and Martín, 2019), and therefore, only catalytic reduction is 

preselected to process the flue gas. Next, an electrostatic precipitator is used to remove particulates. 

Subsequently, the first of the CO2 capture technologies is allocated. A system consisting of a carbonator 

and a calcinator is used to capture CO2 using CaO and producing CaCO3. It is a process that must take 

place at a high temperature, and therefore, it is allocated first downstream. A bypass is allowed in case this 

technology is not selected. The clean CO2 recovered after the decomposition of the CaCO3 is sent to Mx_07 

for its reuse. The gases, including O2 and other traces, are sent to Mx_05 for further treatment. After the 

carbonator-calciner looping system, the SO2 removal technologies are used including the wet and dry SO2 

removal methods. A bypass is also allowed in case there is no need for these techniques. Finally, the amine 

absorption and the zeolite adsorption processes are placed in parallel with a bypass in case CO2 was already 

captured in the carbonator-calciner system. The CO2 captured is recycled. A purge is allowed and an 

additional feed of CO2 is also possible. 

The purge is intended to be further used as a source of CO2 within the carbon capture and utilization 
 

initiative including the production of chemicals such as methane, methanol, and so forth. Each flue gas 

treatment unit is modeled in detail to formulate a superstructure of alternatives. In this section, the models 

developed for each of the treatment units are described. The following section “Superstructure Modeling” 

presents the modeling issues of the gas treatment units. The superstructure is used to define the optimal 

selection of flue gas treatments before recycling it to the boiler. The problem formulation becomes a large 

nonlinear programming (NLP) problem. The flue gas may not be treated in all technologies depending on 
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its purity and processing costs. Thus, bypasses are allowed and the problem is defined using continuous 

variables instead of integer ones. The main aim is the recycle of the carbon dioxide to the boiler to guarantee 

the cleaning of the flue gas at a minimum cost. 

 
2.2. Extended Blending Problem. 

Once the optimal flue gas treatments are installed in the facility, the coal selection problem is 

evaluated. This is a typical problem in power plants because they have to select the coal to buy based on 

market price for minimum flue gas treatment costs. The formulation of the problem includes the flowsheet 

of the treatment technologies while freeing the flows of the different coal types available to be selected. 

 
3. Superstructure modelling 

 
The process model including all the technologies constitutes a superstructure of alternatives, see 

Figure 4.1. In this section, the modeling approach for the different units is presented including the 

assumptions and the source of the information. The superstructure is based on the selection or nonselection 

of the different processes described before. For that, splits are used to allow the use of different processes. 

In this way, to allow the selection of two or more processes, splitters are used, where the stream can be 

sent to one or several units. 

Figure 4.1. Superstructure for oxy-combustion flue gas processing. 
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3.1. Boiler Model. 

Pulverized coal is burned in the boiler. The composition of the flue gas is computed by determining 

the equilibrium of the gases assuming two main zones: flame zone and upper region. Each of the zones is 

modeled similarly considering the average temperature and the equilibria among the chemical species for 

the production of CO and CO2, as well as for NO and NO2. For S, Cl2, and F2, a complete conversion is 

assumed. In the following lines, the equations that model this unit are described. The main difference 

between coal-fired boilers and oxy-combustion boilers is the inert gas used. In the case of oxy-combustion 

boiler instead of using nitrogen, carbon is used. The principal advantages are the low generation of NOx 

and the reusage of carbon dioxide. 
 

Figure 4.2. Temperature profiles for oxy-combustion industrial boilers.(Al-Abbas et al., 2012 with permission). 
 

The average temperature of each zone is computed from temperature profiles, see Figure 4.2, as 

in previous work (Guerras and Martín, 2019). Given that different O2 to CO2 ratios can be used, the 

temperature profiles vary. In Figure 4.2, these profiles are shown where O2/CO2 volume ratios of OF25, 

OF27, and OF29 correspond to 25/75, 27/73, and 29/71, respectively. The average temperature is computed 

out of the spatial distribution of temperatures using eq 1. The relative areas and their correspondent 

temperatures are taken from (Al-Abbas et al., 2012) 
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T = ∑ aiTi 
area 

(1) 

 

Table 4.1 shows the area sectors and their temperatures for the three cases in Figure 4.2, with 

regards to zone 2, the flame zone. In the upper zone, due to the more homogeneous temperature 

distribution, a unique division is assumed. A corresponds to the fraction of area and T indicates the 

temperature in Kelvin. 

Table 4.1. Temperature distribution in Zone 1: Flame zone 
 OF  5 OF27  OF29 

A T (K) A T(K) A T(K)  
Zone 1 747.2  747.2  747.2  
Zone 2 0.0524 871.4 0.0784 912.8 0.1270 912.8 

0.0429 995.6 0.0421 912.8 0.0259 995.6 
0.0310 933.5 0.0619 1120 0.0198 995.6 
0.0310 1000 0.1858 1368 0.2590 1430 
0.1830 1244 0.0867 1492 0.0288 1368 
0.1088 1369 0.1288 1554.5 0.0288 1492 
0.0429 1461.0 0.0322 1409.3 0.0576 1492.0 
0.0381 1430.5 0.0322 1057.8 0.0288 1617 
0.0143 1430.5 0.0607 1741 0.0302 1120 
0.0306 1057.8 0.1586 1617 0.1914 1741 
0.2959 1554.5 0.0334 1679 0.0345 1617 
0.0272 1670 0.0991 1492 0.0604 1679 
0.1020 1399.0 1  0.1079 1500.0 
1   1  

 
 

Using the average temperature in each zone, the equilibrium that generates the various species is 

computed. The following species and equilibria are considered in the analysis. 

a) Carbon equilibria: Reactions 2 and 3 show the combustion of carbon and the Bouduard 

equilibrium. Using this to model the CO2 to CO ratio does not result in the industrial data. 

Therefore, experimental data are used. A value of 11,412 from the literature is assumed (Hu 

and Yan, 2012). 

C + O2 → CO2 

C + CO2 ←→ 2CO 

(2) 
 

(3) 
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A correlation is developed based on the data in the literature (Hu and Yan, 2012) to predict 

the unburned coal for oxy-combustion as a function of the percentage of oxygen, see eq 

4. 
 

CUnburned = −1.0625·yO + 0.3611 (4) 
 

20% of the unburned carbon corresponds to slag while the rest, 80%, is dragged by the 

flue gas (La Robla, 2017). 

b) NO production: it is modeled based on the equations provided in eq 5. The equilibrium 

constant is computed based on the kinetic constants as given in eq 6 (Guerras and Martín, 

2019). 

N + O k1 → NO + N 
2 k−1 

N + O k2 → NO + O 
2 ← 

−2 

 
 N + O  Keq → 2 NO 

2 2 ← (5) 
 

K = K ·K = 22.44·exp  − 21,805  
eqNO 1 2  T  

  (6) 

c) NO2 production: it is modeled using eq 7 (Jess and Wasserscheid, 2013), where the 

equilibrium constant is given in eq 8 

2NO + O  Keq → 2NO 
2 ← 2 (7) 

 

K 
NO2 

= 2.75369·1020·T −6.95528  
(8) 

 

It is assumed that no other nitrogen oxides are present because typically their 

concentrations are negligible (Clean Air Technology Center., 1999). To verify that the 

model reports reasonable results, an industrial reported ratio of 95% of NO and 5% NO2 

(Mussatti et al., 2002) is expected. 

d) Sulfur combustion:(Sarkar, 2015) 100% conversion of the sulfur into SO2 is assumed (La 

Robla, 2017): 

2 

e
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S + O2 → SO2 
 

(9) 
 

e) HCl production: (Shemwell et al., 2002) 100% conversion is assumed (La Robla, 2017): 
 

Cl2 + H2 → 2 HCl (10) 
 

f) HF production: (Laird and Smith, 2017) 100% conversion is assumed (La Robla, 2017) 
 

F2 + H2 → 2 HF  
(11) 

 

Apart from the equilibria, the atom balances must also hold, without accounting for the 

inert CO2. 

Carbon balance 

(nC ) 
 
 

Inlet = (nCO + nCO + nC ) 
 
 
 

Outlet 
 

Hydrogen balance: 

2·(nH ) + 2·(nH O ) = 2·(nH ) + 2·(nH O ) + (nHCl ) + (nHF ) 
 2 2 inlet  2 2 Outlet 

Oxygen balance: 

2·nO2 
+ nH2O Inlet 

= 2·nO2 
+ nH2O + 2·nCO2 

+ nCO + 2·nNO2 
+ nNO + 2·nSO2 

Outlet
 

Nitrogen balance 

2·n N2 
Inlet 

= 2·nN2 
+ nNO2 

+ nNO Outlet
 

Sulphur balance 

[nS ] = nSO  
Inlet  2 Outlet 

Chlorine balance: 

2·nCl 
 = [nHCl ] 

 2 Inlet Outlet 

Fluorine balance: 

2·nF  = [nHF ] 
 2  Inlet Outlet 

g)  An excess of oxygen is recommended to improve the combustion yield. The reference is 

the O2 required to burn C to CO2. According to Hu and Yan (2012), values of 1.01 and 

1.05 are considered as lower and upper bound. 

2 
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SCR 

=  1  

 

3.2. Denitrifier 

Two main methods that are commonly considered for the removal of NOx from flue gas are: 

catalytic (SCR) and noncatalytic reduction. In this case, only SCR is evaluated based on previous results 

(Guerras and Martín, 2019). The removal of nitrogen oxides is based on the chemical equations below, in 

the presence of ammonia and oxygen: 

4NO + 4NH3 + O2 → 4N2 + 6H2O 

2NO2 + 4NH3 + O2 → 3N2 + 6H2O 
(12) 

 

This unit is modeled using mass and energy balances as well as empirical correlations for the yield 

and rules of thumb for the feed ratios. The mass balance follows the stoichiometry of the reactions in eq 12. 

The oxygen to ammonia ratio used is 20:1, to avoid flammability issues, and the oxygen is fed as 

atmospheric humid air. In a previous work (Guerras and Martín, 2019), the conversion of the reactions was 

fit from the experimental data in Rosenberg and Oxley (1993) to eq 13. 

η = 6.6537·10−6·T (K )3 −1.523·10−2·T (K )2 +11.43·T (K ) − 2, 731.8 (13) 
 

The temperature of the gas exiting the reactor is computed using an adiabatic energy balance 

(Martín, 2016). The investment cost of this unit is estimated using the correlation from Miller (2015), eq 14, 

where mNOx corresponds to the tons of NOx processed in a year. 

Cost 
 

SCR 
5, 000· (m 

0.8 NOx·(1−ηSCR )) (14) 

 
 
 

3.3. Desulfuration 

The removal of the SO2 is a major issue in oxy-combustion flue gas treatment because NOx 

concentration is expected to be well below that of air-fired boilers. Two methods are evaluated: wet removal 

(LFSO) and dry removal (lime spray drying, LSD). 

 
3.3.1. LFSO. 

 
The wet removal of SO2 is based on the reactions that can be seen in eq 15 where a slurry of 

CaCO3 is fed to a gas liquid contactor operating at 323 K (Sargent and Lundy, 2003) and the product is 

oxidized with air to gypsum (Kohl and Nielsen, 1997). The model for this unit is based on the mass balance 
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given by the stoichiometry of these set of reactions. The feed ratio of O2 to SO2 used is 3:1 (Kohl and Nielsen, 

1997), and the slurry contains 20% w/w of CaCO3. In a previous work (Guerras and Martín, 2019), an 

empirical model was developed using experimental data reported by Zhong et al. (2008) to predict the 

removal of SO2 as a function of the liquid to gas ratio (in liters per Nm3) as presented in eq 16. The exit gas 

temperature is computed using an adiabatic energy balance, and the gas exits the contact equipment 

saturated. 

SO + CaCO + 1 H O → 1 
↓ +CO 

 
 

2 3 2 2 
CaSO3· 

2 
H2O 2 

1 1 3 
CaSO3·  H2O +  O2 +  H2O → CaSO4·2H2O ↓ 

2 2 2 

2HCl + CaCO3 → CaCl2 ↓ +H2CO3 

(15) 

2HF + CaCO3 → CaF2 ↓ +H2CO3 

H2CO3 → H2O + CO2 

 L 
2
 

 
 
 

 L  η = −5.06993·10−4· + 2.591958·10−2· + 0.653958042 (16) 
LFSO     

    
 

The investment cost of the method is estimated by the SO2 eliminated in tons per year (Miller, 2015) 
 

using eq 17 

Cost LFSO = 3, 700·((mSO2 
)·(1−ηLFSO )) 

 
(17) 

 
 

3.3.2. LSD. 
 

The dry removal method treats the flue gas with a slurry 35% in CaO operating within 393 and 

448K. The mechanisms of the removal process (Hayton, 2015) can be seen in eq 18. The stoichiometry of 

the reactions allows computing the performance of this unit. Because of the absence of forced oxidation, 

the molar ratio CaSO3 to CaSO4 is 9:1. The removal yield of SO2 is estimated using a model developed from 

experimental data (Martín and Martín, 2013) reported in a previous work (Guerras and Martín, 2019) as a 

function of the fraction of S in the coal and the molar ratio between Ca and S, see eq 19. The common range 

of sulfur concentrations, %S, and Ca/S ratios for the use of this correlation are from 2.5 to 6% and 0.7 to 
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 Ca  Ca 
   

1 

 
 

1.5, respectively. The exit temperature of the gases is computed assuming an adiabatic energy balance. 

The gas exits saturated. 

CaO + H2O → Ca (OH ) 
SO2 + Ca (OH ) 1 

→ CaSO3· H2O + H O 
2 2 

SO + Ca (OH ) + H O + 1 O → CaSO ·2H O 
 

 
(18) 

2 2 2 2  2 4 2 

2HCl + Ca (OH ) → CaCl2 ↓ +2H2O 

2HF + Ca (OH ) → CaF2 ↓ +2H2O 
 

2 

ηLSD = (−0.4554·(%S ) +1.2451) + (0.3469·(%S ) + 0.6286)·  + (−0.0243·(%S ) − 0.56325)·  
 S   S  

 

(19) 
 

The investment cost of the method is estimated based on SO2 eliminated in tons per year (Miller, 
 

2015). 

Cost LDS = 4, 400·((mSO2 
)·(1−ηLFSO )) 

 
(20) 

 
 

3.4. Particle Removal. 

The electrostatic precipitator is modeled using a mass balance to the particles. The removal ratio 

is computed based on the particle size, see eq 21, using the experimental results reported by Nichols and 

McCain (1975). Seven diameter sizes are considered 0.075, 0.2, 0.5, 1.5, 2, 5, and 10 μm with removal 

ratios of 0.99, 0.95, 0.9, 0.96, 0.97, 1, and 1, respectively. Together with the mass balance, an energy 

balance is also performed. The exit temperature is typically 423K (GasNatural Fenosa, 2015). 

η(d ) = f (size) 

ParticleRe moval = ∑η(d )nParticle (d ) 

(21) 

 
ηPE = ParticleRe moval  

Particlein 

 

The estimation cost for the electrostatic precipitator is reported by Miller, (2015), where Hy is the 

volume of gas (Nm3) processed in a year. The advantage of this type of cost functions is that if the method 

is not selected, no flowrate is processed and, as a result, there is no cost associated. 

2 

2 2 

2 
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· 
 

 

CostPE = 2.85·(H y ) + 8.50·(H y ) 
 

(22) 
 

3.5. Carbon Capture. 

After a prescreening of technologies, three alternatives are considered based on their application 

to power plants such as carbonation (Fennell and Anthony, 2015), amine absorption (GPSA, 2012), and 

PSA systems (Hasan et al., 2012). The gas purified is recycled to the boiler. 

 
3.5.1. Amines. 

 
Among the different amines, MEA has been traditionally used for power plants (Stec et al., 2015). 

To compute the flow of amine fed to the gas liquid contactor, a mass balance is performed, eq 23, where 

the molar ratio of CO2 recovered per mol of amine (MR) and the MEA concentration (MEAconc) are given in 

Table 4.2. 95% removal of CO2, CO2eff, is assumed (Zhang and Chen, 2013). 

MWMEA 
 CO2eff ·fcCO2 

  1  
 

 

MEAconc 
 MWCO · MR  

= fcMEA 

(23) 
 

The gas may need to be compressed. The compressors are modeled assuming polytropic 

behavior. The efficiency of the compression stages is assumed to be 0.85, and the polytropic coefficient is 

assumed to be 1.4 (Wallas, 1990). The absorption process is exothermic, and the column must be 

continuously cooled. The cooling needs are computed using eq 24 based on the amount of CO2 absorbed 

by the amine and the heat reaction 

Q(Col1) = ∆Hreact ,a min e ·CO2eff · fcCO2 
(24) 

The loaded amine flow is sent to regeneration in a distillation column. Rules of thumb from the 

literature (GPSA, 2012), see Table 4.2, are used to compute the energy involved in heating the amine flow 

(qamine) before being fed to the column, eq 25, as well as the energy required by the reboiler and the cooling 

needs for the condenser eq 26. 

Q( Feed ) = FFeed ·qA min e 

 
Q(Cond ) = FCond ·qA min e 

Q(Re b) = FRe b ·qA min e 

(25) 
 
 
 

(26) 

2 
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According to the literature, the inlet temperature to column 2, Tcol2, is equal to 93 °C, with the bottom 

temperature, Tbottoms, of 125 °C while at the condenser, Ttop, is assumed to be 54 °C. The factors Fi in eqs 

25−27 are given in Table 4.2. The MEA solution recovered from the bottom is recycled back to the gas-liquid 

contactor. From the reboiler, the regenerated amine is cooled down heating up the feed to the column. Next, 

a heat exchanger is used to adjust the temperature to 29 °C. Equation 27 computes the cooling needs. The 

make-up and the recycled solution are mixed adiabatically and fed to the gas−liquid contactor. 

Q( Feed −Col1) = FCooler ·qA min e (27) 
 

The cost correlations, for the investment, eq 28, and for the operating costs, eq 29, are given by 

empirical correlations developed using data from the literature (David and Herzog, 2019). The experimental 

data reported by David and Herzog (2019) show the operation of a facility with and without the carbon 

capture technology. Based on these data, the contribution of the amine absorption to the capital and 

operating costs is computed based on the thermal energy generated at the boiler by burning the coal and 

the actual flow of CO2 fed to the process, see eqs 28 and 29. 

Capital =  623 $ ·(Pot )·(F ) (28) 
Cost  kW  CO2 CO2 In 

  
 
 Operation =  5.5 $ ·(Pot )·(F ) (29) 

Cost  1000 kWh  CO2 CO2  In 

 

The parameter PotCO2 is related to the power generated per kilogram of coal used where FCO2 is 

the carbon dioxide fed into the process. 

Table 4.2. CO2 capture using alkali solutions (GPSA, 2012) 
 MEA 
Gas pickup mol/mol amine 0.33 
Solution concentration (wt %) 15-25 (0.2) 
Heat of reaction (BTU/lb CO2) 620-700 
MR 0.35 
Density 1.018 
Cost (€/kg) 1.3 
Molecular Weight 61.08 
Reboiler (BTU/hr) 72000 GPM 
Condenser (BTU/hr) 30000 GPM 
Amine feed to distillation 
(BTU/hr) 

45000 GPM 

Amine cooler (BTU/hr) 15000·GPM 
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3.5.2. Zeolites. 
 

The PSA system is modeled to compute the absorbent bed required and the vessel that contains 

it. The bed of zeolites is designed based on the amount of CO2 to be captured, considering the adsorption 

equilibrium between the CO2 and the material. The adsorption yield of the CO2 on the zeolite bed is 

computed based on experimental adsorption equilibrium data. The large model of the superstructure 

suggested the development of a surrogate model of the adsorption capacity, q, in mol per kg of the zeolite 

13X, based on the operating temperature and the CO2 partial pressure, PCO2. The range of operation is from 

0.2 to 1 atm and 25 to 60°C (Hauchhum and Mahanta, 2014). 
 

q = (2·10−5T 2 − 0.0025T −1.1968)P2 
2 

+ (0.0027·T + 2.1451)·PCO + (−0.035T + 3.9061) (30) 
 

The breakthrough curve for the zeolite determines the operating time and the size of the bed. It 
 

shows that the operating time must be below 20 min so that the exit gas contains only traces of CO2. An 

operating time around 15 min is selected (τ = 15 min) because in the flue gas, there exist more components 

although in small proportions. In this way, the purity of the CO2 is guaranteed. The yield, η, is assumed to 

be 95%. Thus, the mass of the zeolite bed required is given by eq 31. 
 

m = 1 fcCO ·1000
η·τ 

  
(31) 

Zeolite 
 

q MWCO 

 

In order to recycle high purity CO2, the tails of the desorption curve must be cut. The order of 

desorption is N2, NOx, CO2, SO2, O2, and H2O. Therefore, the traces of N2 and NOx will be removed before 

recycling as well as the traces of SO2, O2, and H2O (Zhang et al., 2009). 

The estimation of the cost of the PSA system consists of the vessel and the adsorbent bed, eqs 37 

and 38. The vessel is sized as follows (Martín and Grossmann, 2011). The volume of the bed is computed 

using the apparent density of the zeolite. 

Vzeolites = 1.1· ρ 
mzeolites 

·0.454 
  Bed  

0.30483 
 

The bed is to be installed in a vessel. Assuming L/D equal to 3 the diameter becomes: 

 
(32) 

 

D =  V  zeolites  
1/3 

vessel 
  3·π  
  (33) 

2 

2 
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LVessel = 3·DVessel 
 

(34) 
 

The thickness of the vessel is computed using a correlation developed in the work by Martín and 

Grossmann (2011). 

Thickness = 0.023 + 0.003·Dvessel (35) 
 

The cost of the vessel is computed by the weight of metal. Thus, the material of the vessel is 

computed as: 

  D 
2 

 D 
2  π·  vessel  + Thickness −   vessel  ·L  

 2   2  Vessel  
Weight = ρ 


      

Vessel steel ·  
 4  D 

3 
 D 

2   
 + ·π·    vessel  + Thickness  −    vessel  

  
 

 3  2   2    (36) 
 

Finally, the investment cost of the vessel (Almena and Martín, 2016). 
 

Cost = 56.181·(Weight )0.878 
Vessel Vessel (37) 

 

The zeolites can be regenerated only a number of times. It is a complex issue since their adsorption 

capacity decays over time (Hauchhum and Mahanta, 2014). The cost of the operation is assumed to that of 

the bed that is to be bought over the plant lifetime. 

CostZeolite _ Bed = CZ ·mZeolite·NºBeds (38) 
 
 

3.5.3. Carbonation. 
 

Carbonation/calcination is a looping system to regenerate the absorbent. Even though it is a closed 

cycle, losses and efficiency decay results in the need to feed a make-up of solids (Abanades, 2002). 

Besides, secondary reactions such as sulfonation occur. This reaction also represents SO2 removal 

(Manovic and Anthony, 2010). It is possible to use either CaCO3 or CaO as adsorbents. However, CaCO3 

is the one of choice as it is the cheapest. 

The system operates as follows: the flue gas is fed to the carbonator where carbon dioxide is 

removed. The product stream consisting of gases and solids is fed to a heat exchanger, Hx_4, where it is 

used to heat up the recycled adsorbent. Next, in cyclone 1, the solids are recovered from the stream and 
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the gas is sent to further treatment. The solids must be regenerated in the calciner. This stage consists of 

the decomposition of the CaCO3 recovering the CaO and CO2. The solids, CaO, are separated from the 

stream in cyclone 2, while the CO2 can be reused in the boiler. The solids are heated up before being fed to 

the carbonator. 

 
3.5.3.1. Carbonator. 

 
This unit is responsible for the removal of CO2, SO2, HCl, and HF following eq 39 that is used to 

compute the mass balance to this unit. The flue gas and regenerated solids enter the carbonator. 

CaSO + 1 O + S O → CaSO 
 

3  2  2 2 4 

CaO + CO2 → CaCO3 
 

2HCl + CaO → CaCl2 + H2O 

 
 

(39) 
 

2HF + CaO → CaF2 + H2O 
 

The sulfonation and carbonation reactions are competitive. Because SO2, HCl, and HF can be 

considered traces in the gas flow compared to the proportion of CO2, it is assumed that these reactions will 

have a 100% conversion. The operating temperature must be higher than 600 °C but lower than 680 °C 

(Abanades, 2002). The range shows a significant effect on the CO2 uptake in the diffusion-controlled stage. 

In the pilot plants, the operation temperature is around 650 °C, and hence this temperature is used in the 

carbonator (Ortiz et al., 2017). The efficiency of the carbon capture of this technology is computed using the 

correlation reported by Abanades (2002), eq 40. 

0 
  F0   

1+ 
F 

 f · F   
η =  R ·   R   + b (40) 

carbonator  F   F   F   
  0   +  

  CO2     0   +1− f  
 FR   FR    FR   

 

The parameters b and f are constants with values of 0.782 and 0.174, respectively. The FR/FCO2 

ratio is limited by the experimental conditions. This ratio is limited between the values of 2 and 5. Another 

constraint is that the F0/FR ratio, which represents the ratio between the fresh and regenerated sorbent, 

should be within the range of 0 and 0.05. 
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The stream exiting the carbonator is fed to the cyclone (cyclone_1). In the cyclone, the solids are 

recovered and fed to the calciner for their regeneration. 

 
3.5.3.2. Calcination. 

 
The calciner is used to regenerate the CaO from CaCO3. High temperatures are needed for the 

decomposition of the CaCO3 (Abanades, 2002; Ortiz et al., 2017; Romeo et al., 2008). In this work, a 

temperature of 950 °C is used. Thereby, the regeneration yield obtained is assumed to be 100% (Ortiz et 

al., 2017). This unit can be considered as a furnace because the operation consists of combustion with 

carbon and oxygen. The ratio between both is paramount for the operation and typically takes a value of 

2.49 (Ortiz et al., 2017). The set of reactions that take place in this unit are shown in eq 41, which are used 

to compute the mass balance to the unit. 

CaCO3 → CaO + CO2 

CaSO + 1 O + S O → CaSO + CO 
 

3  2  2 2 4 2 

 

Cl2 + H2 → 2HCl 

F2 + H2 → 2HF 

(41) 

S + 1 O → SO 
 

2  2 2 

 

Taking into account that the sorbent collects impurities and losses activity, a purge Sink_3 is 

considered, F0 in eq 40, to remove a small fraction of the sorbent. Sorbent make-up is fed to the unit, Src_08, 

equal to the amount deactivated by the impurities, F0. The cost correlations to compute the investment and 

operation costs of this technology are given by eqs 42 and 43 (Abanades et al., 2007). 

CapitalCost = 675·(PotCO )·(FCO )In 

 
OperationCost = 0.023·(PotCO )·(FCO )In 

(42) 
 

(43) 
 

The clean stream is recycled back to the boiler, with a purity above 99.9%, to dilute the mixture 

instead of using the nitrogen in the air. 
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3.6. Problem Formulation. 

Two mathematical problems are formulated: one for the design of the flowsheet, the second stage 

in the process design problem, and the extended blended problem, that is a tool for industry to select the 

coal blend to purchase for the sustainable operation of their facility. The process design problem consists 

of an NLP describing the flowsheet shown in Figure 4.1 including the models of the boiler, the denitrifier, the 

carbon capture, and SO2 removal techniques described in the previous section. The objective function is 

given by eq 44. 

CostTotal = 1  ∑Cost  + ∑ Cost 
 

Operationi (44) 
 i  i 

 

where the term costi refers to the investment cost to each unit, that is annualized, and costoperationi 

corresponds to the operation cost. 

Because the oxy-combustion of coal can be carried out with different carbon dioxide and oxygen 

concentrations and the main effect of varying oxygen concentration is the flue gas composition (Mussatti et 

al., 2002), the effect of the oxygen concentration on the selection of flue gas treatment is also analyzed. In 

this case study, data from the literature is used for the temperature profiles inside the boiler for oxygen 

concentrations of 25, 27, and 29% (Al-Abbas et al., 2012). In all three cases, the superstructure consists of 

4,815 equations and 5,422 variables. It is written in GAMS and is solved using the multistart procedure with 

CONOPT 3.0 as the preferred solver. 

The extended blending problem requires an alternative objective function to add the cost of the 

coal. The problem also includes the models for the boiler, the denitrifier, the carbon capture, and SO2 

removal techniques. The objective function becomes: 

CostTotal = 1 ∑Cost  + ∑Cost 
 
 Operationi 

+ ∑Costk 
 

(45) 
 i  i k 

 

where the term costk is the cost of imported coal, national coal, and crude coal tar. In this step, the 

optimal blending of coal is selected to be of minimum cost based on flue gas treatment and coal costs. The 

blending model consists of 4,818 equations and 5,425 variables. It is written in GAMS and is solved using 

the multistart procedure with CONOPT 3.0 as the preferred solver. 
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4. Results 
 

Three types of coal, national, imported, and crude coal tar, are considered for the study with a 

composition as shown in Table 4.3. In all cases, a feed of 23 kg/s of coal or coal mixture is used to generate 

around 350−400 MWe. Similar to previous works (Guerras and Martín, 2019), an efficiency of the thermal 

cycle of 50% is used. 

Table 4.3 Coal composition and price 
 National Imported Crude coal tar 
H2O 0.1357 0.0988 0.1038 
C 0.688493 0.705099 0.779552 
H2 0.022585 0.030706 0.03033 
O2 0.000165 0.000579 0.021109 
S 0.018631 0.004351 0.041942 
N2 0.013844 0.018164 0.017093 
Cl 0.00014 0.00012 0.00004 
F 0.000072 0.000076 0.000017 
Ash 0.12037 0.142105 0.006117 
Price ($/t) 77.68 97.91 22.36 
HHV (kJ/kg) 26411.535 28106.46 35467.875 

 
4.1. Process Design. 

The first study corresponds to the design of the process that treats the flue gas. The flowsheet is 

extracted from the superstructure in Figure 4.1 by solving the NLP problem formulated in a previous section. 

To evaluate the robustness of the solution, three cases of the study with various oxygen concentrations in 

the boiler are considered. In these studies, a coal blend of 26% national, 26% imported, and the rest crude 

coal tar is used, generating around 717 MW, based on a typical composition used in a power plant. 

Three oxygen concentrations in the boiler, 25, 27, and 29%, are evaluated. The model is optimized 

for each one of all of them. In all cases, the solution found shows the same flowsheet. The gas treatment 

chain consists of the electrostatic precipitator, to remove the particles, LSD, to remove sulfur, and the PSA 

system based on zeolites 13X to clean the carbon dioxide stream. This solution is important due to the fact 

that the selection of technologies is robust with the oxygen feed to the boiler providing certain general 

processing chain. Analyzing the solution, the electrostatic precipitator is employed in all cases because the 

flue gas always contains ash and unburned coal that must be removed before further processing. The 
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presence of these species in the gas flow affect other units in particular the bed of the PSA system, poisoning 

it. In addition, one on the characteristics of oxy-combustion is the low levels of NOx production. Due to this 

feature, it is not necessary to use any denitrification technique because the traces of NOx will be removed 

by adsorption in the zeolites. The superstructure allows bypasses. Thus, the LSD process is selected over 

the LFSO as the main technology to remove sulfur while the zeolites only deal with the traces of SO2 

remaining. In this way, the use of LFSO, a technique with a larger removal efficiency but also more 

expensive, is not selected. This result is similar to the one shown in previous work for conventional coal- 

based facilities (Guerras and Martín, 2019). However, note that most facilities use LFSO techniques for their 

flexibility in dealing with a wider range of sulfur contents (EPA, 2003). The recovery and purification of CO2 

is carried out using zeolites over MEA or the calcinator/combustion system. The PSA system is simpler and 

requires less energy. Moreover, it presents a high carbon capture yield as well as it serves as a trap for 

traces of NOx and SO2. In all three cases, the solution suggests a bypass at the sulfur removal section that 

takes a value of around 10%, which means that around 90% is fed in the LSD process to remove sulfur. 

Table 4.4 summarizes the results of the cost per unit of power It is possible to see that the cost decreases 

with the concentration of oxygen because lower CO2 must be recycled. Note that the air separation unit cost 

is not included in the analysis. In addition, the LSD cost drops abruptly from 25 to 27% oxygen concentration 

and remains almost constant for 29%. Note that NLP is solved obtaining a local solution and no global 

solution is claimed. It can also be seen a decrease in the cost of CO2 capture as the amount of CO2 in the 

stream is lower due to the oxygen concentration. 

Table 4.4. Costs per power generated of the units selected from the different alternatives 
 OF25 OF27 OF29 
PE cost ($/kW) 10.86 10.34 9.89 
LSD cost ($/kW) 361.09 291.02 292.36 
Zeolites adsorption cost ($/kW) 25.19 23.93 22.86 
CaO cost ($/ kW·year) 14.41 11.62 11.68 
Investment cost ($/kW) 397.14 325.30 325.11 
Operation cost ($/ kW·year) 38.86 34.87 33.89 
Total annual cost ($/kW) 171.23 143.30 142.26 

 
4.2. Blending Problem: Coal Selection. 

In the previous section, the optimal technologies for flue gas treatment were determined. It is 

important to notice that industry does not use partial bypasses to the flue gas treatment units because it is 
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easier to feed the entire flow to the unit. Thus, the flowsheet is fixed as the one shown in Figure 4.3 to select 

the coal blend to be purchased. The bypass is avoided by fixing the flowrate of that stream to 0. Similar to 

the previous section, the study is carried out for three different initial concentrations of oxygen to determine 

the optimal coal blend. The same three types of coal, national coal, imported coal, and crude coal tar, are 

used. However, in this case, the amount of each type of coal is not fixed, only the total feed of coal mixture 

that is 23 kg/s. 

 
Figure 4.3. Process flow diagram of the blending problem. 

 
The optimization of the extended blending problem solves an NLP problem to define the amount of 

each coal type to be purchased, see previous section. The trade-offs that the three coals present are related 

to their price and sulfur content. On the one hand, crude coal tar is cheaper, has the highest energy content, 

but contains the largest amount of sulfur. On the other hand, the imported coal is the most expensive. 

However, the sulfur content in the lowest expecting lower processing cost and an intermediate energy 

content. Finally, the national coal shows an intermediate price and sulfur content while the energy content 

is the lowest. In principle, the trade-offs have a nontrivial solution as to which coal blend to use. However, 

by solving the extended blending problem, no mixture of coal is selected in spite of the trade-offs. The 

selection of crude coal tar is due to the fact that it is far cheaper than the other coals. Furthermore, if the 
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coal prices per unit of power generated are evaluated, see Table 4.5, it can be seen that the crude coal tar 

generates higher power than the others. Thus, if the blending problem is analyzed based on the coal cost 

and the coal heating values, the same result will be obtained. 

However, in Spain, the use of national coal is encouraged for social reasons to support the 

economy of certain regions. The coal-based power plants are allocated in regions where mining exploitations 

are also in operation extracting national coal representing a social issue, the self-consumption of national 

coal. Therefore, because no coal blend is suggested, Table 4.5 compares the processing costs of the three 

coal types for the three oxygen concentrations for further insights. The results obtained show that the coal 

of choice is crude tar, followed by national and imported, regardless of the oxygen composition of the 

combustion gas. The price of the imported coal is a deterrent to be selected, in spite of the fact that the 

treatment cost using the LSD is 3 to 5 times lower than the processing of the crude coal tar. The largest 

investment cost corresponds to the removal of sulfur. Furthermore, the lower ash content in the crude coal 

tar reduces its processing costs around 20% compared to the other coals. In addition, in spite of the larger 

production of CO2 as a consequence of the higher carbon content, the larger power production out of the 

crude coal tar results in lower carbon capture cost per unit of power. Note that the investment in the flue gas 

processing is far lower for the imported coal, one-half of that of the crude coal tar and one-third of the national 

coal. However, the cost of coal per year outweighs the savings in annualized investment, resulting in 

selecting the crude coal tar over the other two. Note that the national coal is the second best overall, but it 

requires the largest investment due to the sulfur content and the low yield to power. While the results point 

to the crude coal tar, from the company perspective, the risk in funding the flue gas treatment is large for 

the national and the crude coal tar. 

Evaluating the effect of the concentration of oxygen in the processing costs, on average, the higher 

the oxygen concentration the lower the costs, but the decrease is not as high as selecting one coal type or 

another. On the one hand, the cost of the PE and the zeolites depends on the oxygen to CO2 ratio, 

decreasing the cost with the oxygen fraction in the gas. On the other hand, the LSD costs depend on types 

of coal, and its sulfur content, but it does not depend on the oxygen concentration in the flue gas. Again, it 

should be noted that the air separation unit is not included in the total processing cost. 
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Table 4.5. Coal for gas processing for the various coal types. 
 PE 

Cost 
($/kW) 

LSD 
Cost 
($/kW) 

Zeolites 
Cost 
($/kW) 

CaO Cost 
($/ kW·year) 

Coal 
Cost ($/ 
kW·year) 

Investm 
ent Cost 
($/kW) 

Operation 
Cost ($/ 
kW·year) 

TAC 
($/kW· 
year) 

OF
25

 

National 12.10 334.19 27.94 13.39 135.33 374.23 41.78 301.86 
Imported 11.70 72.03 26.83 4.46 251.32 110.56 31.70 319.87 
Crude 
Coal Tar 

10.01 210.47 23.38 8.39 45.48 243.86 32.36 159.13 

OF
27

 

National 11.52 334.19 27.44 13.39 135.33 372.26 40.31 299.72 
Imported 11.14 72.03 25.49 4.46 251.32 108.67 30.29 317.83 
Crude 
Coal Tar 

9.52 210.47 22.22 8.39 45.48 242.20 31.11 157.33 

OF
29

 

National 11.03 338.03 25.36 13.54 135.33 374.42 39.20 299.33 
Imported 10.67 72.03 24.36 4.46 251.32 107.05 29.08 316.08 
Crude 
Coal Tar 

7.84 181.44 18.29 7.23 39.21 207.57 25.91 134.30 

 
5. Conclusions 

 
In this work, a flexible framework is developed for the evaluation of the optimal flue gas processing 

from oxycombustion power plant facilities. A systematic approach is used to optimally select the methods 

following a two-stage procedure including heuristic and mathematical optimization steps. After the 

preselection of promising technologies, a superstructure is developed, where the boiler, the electrostatic 

precipitator, dry and wet SO2 removal, NOx catalytic removal, and CO2 purification using 

carbonation/calcination cycle, zeolites, and amines are modeled using first principles, experimental and 

industrial data, and rules of thumb. Three different ratios of carbon dioxide and oxygen are studied. Once 

the processing technologies are selected, an extended blending problem is formulated for the selection of 

the coal blend to be purchased based on the coal composition and price. 

At the design stage, for a typical coal mix in a power plant in Spain, dry SO2 removal, no NOx 

removal method, and zeolite beds for CO2 purification are selected. The treatment cost increases when the 

oxygen concentration decreases but the selection of technologies holds good. It should be noted that the 

air separation unit is not included in the cost. Finally, this framework is used to evaluate the best coal blend 

formulating an extended blending problem that includes detailed yield models for the operation of all the 

treatment units. The tradeoffs between sulfur content, price, and yield to power result in the fact that no coal 

blend is selected due to the low cost of the crude coal tar, in spite of larger flue gas processing costs. 
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6. List of acronyms and abbreviations 
 

b: constant parameter 

CUnburned: unburned coal (kg/s) 

Ca/S: calcium to sulphur molar ratio Q 

Costi: Cost of item i ($/unit) 

CO2eff: Removal efficiency of CO2 in amines 
DVessel: Diameter of the vessel (m) 
F: Total flow (kmol/s) 
f: constant parameter, 0.174 
fcCO2: Mass flow of CO2 (kg/s) 
F0 : Solid flow to fresh sorbent (mol/s) 

FR : Solid flow to regenerative sorbent (mol/s) 

FCO : Carbon dioxide feed into the system (mol/s). 

fci: Flow of component i (kg/s) 

Hy: volume of gas (Nm3/year) 

K: Equilibrium constant (barn) 

LVessel: Height of the vessel (m) 
L/G: liquid to gas ratio (L/Nm3). 

mi: tons per year of contaminant (t/yr) 

mzeolites: Amount of zeolites (kg) 

MEAconc: MEA concentration 

MWi: Molecular weight of component i (kg/kmol) 
 

MR: Molar ratio 
NºNeds: Number of beds 
PCO2: carbon dioxide partial pressure (atm) 

PotCO2: Power generated by carbon used (kwh/kg) 

q. Zeolite adsorption capacity (mol/kg) 
 

qunit,amine: Experimental value of the thermal energy consumed in amine processing unit. See table 
2. 

Q(unit): Thermal energy involved in unit (kW) 
T: temperature (K) 

2 
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Thickness. Thickness of the vessel (m) 
Vzeolites: volume of zeolite (m3) 

Weightvessel: Weight of the vessel (kg) 
yO2: Percent of oxygen 

∆Hreac: Heat of reaction (kJ/kg) 
τ: Residence time (s) 

ηunit: removal efficiency per unit 
 

ρsteel: Density of steel (kg/m3) 
ρbed: Density of zeolite bed (kg/m3) 
%S: sulfur concentrations feed boiler (%) 
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Abstract 
 

Renewable based power plants must be installed where the main resource is available. The 

weather affects the design and the water footprint of these plants. Two types of power cycles, a regenerative 

Rankine cycle, representing biomass and solar thermal plants, and the combined cycle, corresponding to 

biogas or gasification based processes, are studied. The facilities are modeled unit by unit in detail to 

compute the cycle yield, the condenser duty, the water consumption and the natural draft wet cooling tower 

geometry for its sustainable design. Hot regions, appropriate for solar facilities, and humid regions require 

larger and more expensive towers. Areas with high solar availability also show larger consumption of water 

presenting a tradeoff for a future renewable based power system. In addition, design guidelines and 

surrogate models to estimate water consumption, cooling tower size and its cost as a function of the climate 

have also been developed. The surrogates are useful for the analysis on the water footprint of a renewable 

based power system that substitutes the fossil based one. 
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1. Introduction 
 

The Water-Energy (WE) nexus has become an important criterion for the analysis of the 

sustainable growth of society (Tsolas et al., 2018). This nexus is of paramount importance in the power 

industry due to the strong link between water consumption and electricity production (Gjorgiev and 

Sansavini, 2018; Nouri et al., 2019). Most power plants use wet cooling towers as the technology of choice 

because of their efficiency (Dehaghani and Ahmadikia, 2017; Luceño and Martín, 2018), but their operation 

relies on the availability of water. These units cool down the water used in condensing the exhaust steam 

from the turbine at the expense of evaporating a fraction of it. Cooling towers play a key role in the cleaner 

production of power to avoid thermal load released to rivers (Gjorgiev and Sansavini, 2018;Harte and 

Krätzig, 2002), but the make-up water represents the consumption of water in the production of electricity. 

On average, Rankine based power plants consume around 2 L/kWh in their operation on average (Delgado 

and Herzog, 2012; Harte and Krätzig, 2002; Macknick et al., 2011; Torcellini et al., 2003; Zhai and Rubin, 

2010), while combined cycles are more efficient, presenting consumptions of around 1 L/kWh (Maulbetsch 

and DiFilippo, 2006). The current trend towards a more sustainable energy system results in the penetration 

of resources such as biomass, solar and wind into the energy mix (Ali and Kumar, 2017). The main issue 

related to the use of renewable resources is that the location of the facilities that transform them into 

electricity is highly dependent on the availability of the resources. In most cases the weather conditions are 

not the most appropriate for the operation of cooling technologies and, in particular, cooling towers. In a 

future where water scarcity is also a major concern (Wan et al., 2016), the analysis of the water footprint of 

the emerging power system is an important index for its sustainability (Peer and Sanders, 2018). 

Different dry cooling systems are being studied recently aiming at dealing with the water 

consumption on power plants, and in particular in concentrated solar power plants (CSP). Among these 

designs it is important to highlight the A-frames, air cooler condensers with a bundle of pipes in the form of 

an A (Kröger, 2004). While these systems are interesting for solar applications, they use up to 10% of the 

power from the facility to condense the exhaust (Luceño and Martín, 2018). Alternatively, natural draft dry 

cooling towers (NDDCT) can also be used. They are similar to wet cooling towers but within the structure a 

heat exchanger is built (Tanimizu and Hooman, 2013). Its operation relies on convective heat transfer 



Chapter 5 A study of the water-energy nexus in power plants 

C5. 2 Lidia Sánchez Guerras 

 

 

 
 

(Busch et al., 2002). Although, NDDCT operation does not consume water, it is highly dependent on the 

weather conditions (Li et al., 2017) and particularly on the crossflow wind (du Preez and Kröger, 1993). It 

has been proved that for hot days pre wet cooling is recommended (Zhang et al., 2017). Thus, the high 

efficiency of wet cooling towers, the fact that the power industry is used to operate them (Dehaghani and 

Ahmadikia, 2017) and the recent findings that show that even under scarce water availability wet cooling 

towers are competitive and offer a sustainable performance versus dry cooling (Luceño and Martín, 2018) 

encourages improving the sustainability and efficiency of these units towards their implementation within 

renewable based power facilities. 

The design of natural draft wet cooling towers (NDWCT) is an area that combines the structural 

design of the unit and the unit operation of water cooling. As a result, two lines or work have been pursued, 

either structural analysis or the performance of the tower. On the one hand, studies have focused on the 

structural design of the tower (Gould and Kratzig, 1999) presenting new designs (Busch et al., 2002), the 

evolution of cooling tower sizing over time (Lang and Strauß, 2011) as well as the estimation of the cost of 

the unit from the mechanical and structural points of view (Buys and Kröger, 1989; Kloppers and Kröger, 

2004). On the other hand, the evaluation of the gas-liquid contact responsible for water cooling has been 

studied experimentally (Lemouari et al., 2009) and theoretically (Kloppers and Kröger, 2005) evaluating the 

performance (EPA, 1970), optimizing it (Williamson et al., 2008), presenting design rules (Kreith and 

Goswami, 2005) as well as current efforts to evaluate their operation within concentrated solar power (CSP) 

plants (Xu et al., 2011), performing sensitivity analysis on the operation (Qi et al., 2007) as well as economic 

(Ifaei et al., 2016b, p. 1) and environmental analysis (Ifaei et al., 2016a, p. 2) of the tower, to optimize their 

performance when used for CSP plants (Sun et al., 2019). Simulation (Queiroz et al., 2012) and 

mathematical optimization (Martín and Martín, 2013) approaches have been used to improve the 

performance of the tower analyzing the transport phenomena involved in the operation, including the 

systematic comparison of various fillings (Gao et al., 2016; Serna-González et al., 2010). However, to the 

best of our knowledge, design of NDWCT considering structural and gas-liquid contact simultaneously has 

not been addressed. In addition, to achieve the goal of sustainable power production the use of renewable 

resources to produce electricity is not enough. The sustainable design of the cooling technologies is also to 

be addressed. A sustainable design must take into account the simultaneous analysis of the structure, 
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responsible for use of material, and the unit cost, and the gas-liquid contact, linked to the performance and 

the consumption of water. However, typically the estimation of the cost of cooling towers is based on the 

heat load rejected alone (Matches, 2020; Sinnott and Towler, 2016), while the size of the tower is a function 

of the weather (Martín and Martín, 2017). For instance, the tower size for the same cooling load is almost 

twice in the northwestern of Spain compared to the south east (Sun et al., 2019). Therefore, the cost 

estimation methods available in the literature (Matches, 2020; Sinnott and Towler, 2016) do not capture the 

effect of the location of the unit that is paramount for the design of the future power system towards reducing 

its environmental impact, including the water footprint. In addition, the analysis of water consumption has 

received less attention. Over the years research has focused on evaluating the operation of the cooling 

towers at different seasons (Jagadeesh and Reddy, 2013) and climatic zones (Ludovisi and Garza, 2015), 

including the effect of climate change on the future design of the towers (Ayoub et al., 2018), monitoring 

their efficiency over time (Krahé et al., 2016) and defining a methodology to evaluate that performance 

(Smrekar et al., 2011), presenting profiles of data on the water withdrawal and consumption (Peck and 

Smith, 2017), reporting average values for the consumption (Byers et al., 2014) and evaluating the 

crosswind effect on the temperature profile experimentally (Gao et al., 2014) and on their operation (Li et 

al., 2019). The systematic evaluation of the operation of cooling towers resulted in rules of thumb (Khamis 

Mansour and Hassab, 2014), surrogate models (ASHRAE, 1983) and the development of simplified models 

to estimate the evaporative loses (Qureshi and Zubair, 2006; Vengateson, 2017; Zhang et al., 2018). Only 

lately, due to the concerns on future water availability have led to computing the consumption of water 

related to the operation of the cooling tower (Martín and Martín, 2017; Nouri et al., 2019), comparing its 

performance with air cooling as a water saving alternative (IEA, 2010). However, the effect of the location 

of the unit on the water footprint due to the weather conditions has not been evaluated nor an easy method 

to compute is available. 

In this work an integrated mathematical formulation is developed to provide design guidelines for 

the design of sustainable natural draft wet cooling towers and to estimate their water footprint as a function 

of the power plant location. The study provides process data on the water footprint when substituting the 

power produced by current facilities by renewable-based resources so as to be able to select the cooling 

system based on performance and cost comparing dry and wet cooling alternatives. These results are 
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needed to evaluate the future energy system where a range of resources will contribute to meet the power 

demand and whose availabilities are highly location dependent. To achieve that, the entire power facility is 

considered in the analysis. Two thermodynamic cycles are evaluated to cover all possible sources of energy 

in thermal plants, the Rankine and combined cycles. The facilities are modeled in detail from a process 

perspective to compute the power production, the cooling needs, the water consumption and the tower 

structure. Due to the effect of weather conditions on the design and water consumption of the tower, real 

data of an entire country are used. Spain is considered as a case study because it is in a vulnerable situation 

regarding water availability, presenting regions with moderate availability together with others where 

desertification is becoming an issue (IEA , 2010). The model is used for a variety of climate regions such as 

arid ones in the South West, continental, Mediterranean, Cantabrican and Atlantic climates and validated 

against industrial data. This study also allows developing surrogate models for the quick prediction of the 

water consumption and the estimation of the cooling tower sizing and cost as a function of the location. The 

rest of the paper is organized as follows. In Section 2 the methodology for the sustainable design of cooling 

towers and the location effect on their water footprint is presented and the development of surrogates for 

conceptual design. Section 3 shows the details of the modelling of the entire facility, from the power island 

to the cooling section, including mass and energy balances, thermodynamics, rules of thumb and geometric 

constraints. In Section 4 the main results are discussed. Finally, Section 5 draws some conclusions. 

 
2. Methodology 

 
NDWCTs are widely used as cooling technology for thermal plants due to their efficiency (Luceño 

and Martín, 2018). However, their design must address the structure and water use simultaneously to 

improve the environmental footprint of the future energy systems, whose location is linked to the availability 

of the resources. This work aims at designing sustainable cooling towers and also, once installed, evaluating 

their water footprint across weather conditions. The analysis presented in this work, as described in Section 

2.1 of the methodology, evaluates the water footprint and the cooling tower design associated to the two 

main thermal cycles implemented in power plants, regenerative Rankine and combined cycle. The analysis 

of each of the cycles is based on a detailed first principle model of the entire power plant. This model will be 

developed and validated versus industrial data to represent the cooling tower, including structural and gas- 
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liquid contact features, as well as the thermodynamic cycles. The model itself will be described in Section 
 

3. Aiming at the optimal sustainable design of the unit and consumption of water, a mathematical 

optimization framework is formulated. An objective function that considers sustainable parameters of the 

cooling tower is developed, as presented in Section 2.2, including the models described in Section 3 as 

constraints. The design of the cooling tower is a different problem compared to the evaluation of the water 

consumption. The first problem aims at the sustainable design of the cooling tower as a function of the 

location, and it is discussed in Section 2.3. The second one, presented in Section 2.4, addresses the effect 

of the weather conditions on the water consumption. Finally, for easy use of the results of this work, Section 

2.5 presents the approach used to develop surrogate models to easily estimate the tower size, its cost and 

water consumption as a function of the facility location. 

Two main results are expected from this work, the geometric design of the tower and the water 

consumption when a particular facility is located at a region. To present the variability in the water 

consumption and tower design under different weather conditions, the model is evaluated in different climate 

regions across Spain. The regions are selected so that all the climates are represented in the study. Figure 

5.1 shows the map of the climatic regions of Spain. To be representative of cold and warm regions, 10 

different provinces within the main climatic areas are considered, from arid in the southeast, to oceanic in 

the northwest including Mediterranean hot, to Mediterranean mild in the cost, from the continental, to the 

steppe, covering the places where current fossil based plants are located. Furthermore, the location of 

current nuclear, coal and natural gas facilities, as provided by the Spanish national electric network, is 

considered for the selection of the locations evaluated (Electrical Network of Spain, 2018). The selected 

locations are represented by stars in Figure 5.1. 
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Figure 5.1. Climatic regions and locations evaluated. Adapted with permission from (IGN, 2019). 
 
 

2.1. Models structure of the thermodynamic cycles 

This study considers two different cycles to represent most of the thermal power facilities no matter 

the energy source. The regenerative Rankine Cycle, from now on P1, consists of the mass, energy balances 

and thermodynamic properties described in Sections 3.1 and 3.3, see supplementary material for the full set 

of equations. This cycle represents the operation of a conventional coal, any fossil fuel as well as 

concentrated solar (CSP’s) and biomass power plants. This model is written in GAMS® with around 220 

equations and similar number of variables. For the combined cycle, P2, the model includes the gas treatment 

and the gas turbine while the Rankine cycle is modified so that the energy source is the hot flue gas from 

the gas turbine, as presented in Sections 3.2 and 3.3. A combined cycle can be used with natural gas, shale 

gas, syngas or biogas. Furthermore, it can easily be extended to biomass or coal by integrating a gasifier 

into the process. The model is larger, around 778 eqs. and 971 var., and it is also written in GAMS®. 

 
2.2. Objective function 

For the sustainable design of cooling towers, a number of criteria must be considered including 

costs and environmental impact. The Renewable Process Synthesis Index Metric (REPSIM) (Martín, 2016) 
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is used to develop an objective function so as to simultaneously account for the emissions saved when 

substituting current coal based facilities, the emissions due to water consumption, both translated into cost 

using the carbon tax and the investment cost of the materials such as the shell of the cooling tower and the 

heat exchanger of the cooling system. Thus, the objective function becomes Eq. (1). 

Cos t = C (−W ·CO ·τ + Water ·CO τ ) + 
1 (C ·Volume + C Volume + C ) 

 

(1) 
TAX total 2Power C 2Water 3 Shell Shell Wood Filling HX 

 

The emissions due to the cooling tower shell and its packing can also be computed. However, since 

the emissions due to the material are also related to the volume of concrete, as well as its cost, it is decided 

not to consider both to avoid double counting of the volume of the material in the objective function. The 

emissions and costs due to the different items are taken from the literature as well as the carbon tax, see 

Table 5.1. 

Table 5.1. Parameters of the emissions and cost objective function(Katimber, n.d.; Kloppers and Kröger, 2004; Olivier et al., 1999) 
 CO2 Emissions Cost  
Power 0.632 kg/kWh 50 €/t Carbon Tax 
Water Consumption 0.3 kg/m3 50 €/t Carbon tax 
Concrete Shell 0.41 kg/ L 200 €/m3 

(Khamis Mansour and Hassab, 
2014; Zhang et al., 2017) 

Tower filling 1.33 kg/L 25€/m3 
(ASHRAE, 1983; Zhang et al., 
2017) 

 
 
 

2.3. Cooling tower design problem. 

The design of a unit consists of defining the features so that it is flexible to operate over time. 

Therefore, the sustainable design of the cooling tower is performed optimizing P1 and P2 using Eq. (1) as 

objective function following a worst case scenario approach over the time horizon of a year. The worst case 

corresponds to the month with the most complex conditions for the tower to operate, typically the one with 

the lowest temperatures and largest humidity, resulting in the need for a larger tower size. The tower height 

and the materials cost are evaluated as a function of the plant production capacity, the pressure, 

temperature and humidity. The problems are solved using a multi-start optimization procedure with 

CONOPT as the preferred solver. The model is validated versus industrial data. To evaluate the effect of 

the production capacity on the tower size and cost, different power plant sizes for the 10 locations are 

considered. For the regenerative Rankine cycle 6 plant capacities are used from 40 to 450 MW. For the 

combined cycle, a more efficient cycle, 5 plant sizes from 100 to 450 MW are used. 
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2.4. Water consumption evaluation 

The water consumption of the optimal cooling tower installed under different weather conditions is 

evaluated by solving P1 and P2 using Eq. (1) as objective function. The problems are solved using a multi- 

start optimization procedure with CONOPT as preferred solver. In this case, for both cycles, the power 

production capacity is fixed to 350 MW, the typical size of a thermal group in coal based power plants in 

Spain (Vidal and Martín, 2015). The model is also validated versus industrial facilities data. Next, the actual 

weather data of the 10 locations over the entire year on a monthly basis generate a data set of 120 points, 

each considered as an independent design condition. Each thermodynamic cycle is evaluated over the data 

set to evaluate the effect of pressure, temperature and humidity on the consumption of water. Note that 

alternatively, we could have used a Monte Carlo approach to generate the set of combinations of the 

independent variables. However, by using real data, the results are expected to be more representative and 

allow presenting the water consumption across Spain to see the effect of the location of the facility on the 

use of water. 

 
2.5. Surrogate model development 

The use of the detailed models given by P1 or P2 may not be easy for early stage analysis and 

conceptual design. The data obtained from the optimization of the cases described along the previous two 

paragraphs are used to develop surrogate models for quick estimation of the tower geometry, its cost and 

the water consumption as a function of the weather conditions and the power plant capacity. The fitting is 

carried out suggesting a non-linear multivariable model that is adjusted to the results of the detailed model 

minimizing the error of estimation using a reduced gradient method in GAMS®. These correlations can be 

implemented within the current tools (Matches, 2020; Sinnott and Towler, 2016) to estimate the performance 

and the cost of the NDWCT. 

 
3. Process model 

 
This section is divided into the evaluation of the power islands of two different thermodynamic 

cycles, regenerative Rankine, and combined cycle, and the detailed design for the cooling tower. P1 defined 
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in the Section 2 consists of the models described in Sections 3.1 and 3.3 while P2 includes the processes 

depicted in Sections 3.2 and 3.3. 

 
3.1. Rankine cycle analysis 

The Rankine cycle is modeled unit by unit as presented in Figure 5.2. Mass and energy balances 

and detailed thermodynamics are used, see supplementary material for the modelling details. Here, only the 

major assumptions are presented. The source of energy can be a fuel, where a boiler is used, or a solar 

field. For a regenerative Rankine cycle two stages are considered, production of superheated steam and 

steam reheating. In case a fuel is used, both steps take place within the boiler. However, in the case of CSP 

plants, a series of heat exchanges are used to heat up, evaporate and overheat the steam and another heat 

exchanger is used for the regenerative section of the cycle. The overheated steam is fed to the turbine. This 

unit is modeled as consisting of high, medium and low pressure sections. The pressure range of operation 

for each section of the turbine is taken from the literature. In the literature the high pressure turbine typically 

operates from 40 to 126 bar (Ghobeity et al., 2011; Xu et al., 2011). Thus, a range from 90 bar to 125 bar 

for the steam being fed to the turbine is considered. The high pressure superheated steam is expanded into 

a medium pressure. A range from 11 to 35 bar is allowed based on data from the literature (Morin et al., 

n.d.; Xu et al., 2011). A fraction of the stream is used as an extraction to reheat up the condensed steam 

and the rest is expanded in the low pressure turbine. This last pressure ranges from 0.05 bar to 0.31 bar 

(Palenzuela et al., 2011; Walas, 1990). It is also an optimization variable within the range of 0.05 to 0.35 

bar. This stream can contain a small amount of vapor, up to 8%. Each turbine, low, medium and high 

pressure, is modeled similarly considering a non-ideal isentropic expansion. The expansion of the steam in 

the different turbines is assumed to have an isentropic efficiency of 0.9 (León and Martín, 2016). The 

enthalpies and entropies are computed using surrogate models as a function of the pressure and 

temperature developed in previous works (León and Martín, 2016; Martín and Martín, 2017). The total 

energy obtained in the system to be optimized is the sum of the ones generated at the three bodies of the 

turbine. 
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Figure 5.2. Flowsheet of the facility based on a regenerative Rankine cycle. 
 
 

3.2. Combined cycle analysis 

From a gas fuel, the process consists of a treatment stage to remove sulphur hydride and other 

traces of undesirable species including ammonia, particles or CO2. Next a gas turbine is used. The model 

for the gas turbine consists of four sections. The compression stages of air and fuel, a combustion chamber 

and a final gas expansion. Multistage compression with intercooling are used to model both assuming 

polytropic compressors, Eqs. (2)–(3). The polytropic coefficient, z, is taken to be 1.4 based on an offline 

simulation using CHEMCAD®. The efficiency of the compressor (ηc) is assumed to be 85% (Moran and 

Shapiro, 2003). A maximum gas pressure of 40 bar is considered. 


  

z −1   Pout /compressor 
z  1 

Tout /compresor = Tin/compressor + Tin/compressor  P  −1 η
 (2) 

  in/compressor   c 

  
 

 z −1  R·z·(Tin / compressor ) 1  Pout / compressor  z  
W(Compressor ) = (F )· ((MW)·( z −1)) η  P  −1 (3) 

c  in / compressor   
  
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The combustion chamber is modeled as an adiabatic furnace based on the stoichiometry of the 

combustion of the species with an excess of air. The excess is used to control the final temperature before 

expansion so that it is below 1600 °C, the typical upper bound for gas turbines. Complete combustion of all 

the species is assumed. The model is flexible so that not only natural gas but also biogas or syngas can be 

used, in case syngas is produced via biomass gasification. 

Q( Furnace) = ∑∆H f (h)  − ∑∆H f (h)  − ∑∆H f (h)  (4) 
T ( Furnace,GasTurb) 

h ( Furnace,GasTur ) h 
T (Compres 2, Furnace) 

(Compres 2, Furnace) h 
T (Compres3, Furnace) 

(Compres3, Furnace) 

 
 

The hot gas is expanded in a turbine to obtain power. This last section of the gas turbine is modeled 

as a polytropic expansion, with z equal to 1.3, computed offline with CHEMCAD®, and with an efficiency of 

85% (Moran and Shapiro, 2003). The exhaust gas is used within a regenerative Rankine cycle that is 

modeled similarly to the one described in Section 3.2, but for the heat source that corresponds to the hot 

flue gas that generates the steam in HX8, HX19 and HX4 and overheats the expanded steam from the high 

pressure turbine in HX5. The rest is the same as for the previous case. Figure 5.3 shows the flowsheet used 

to model the combine cycle plant. 
 

 
Figure 5.3. Scheme of the flowsheet for a combined cycle. 

 
 

3.3. Cooling tower design 

The operation of the cooling tower depends on the gas-liquid contact provided by the packing. An 

analysis of the mass and energy transfer in this region is performed to evaluate its design. Further details 

of the model can be found in the supplementary material and in previous work (Martín and Martín, 2017). 

The height of the packing is computed as given by Eq. (5), that is developed based on an energy balance 

to the packing. 
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h2  dh  (5) 
PHeight = 

k A S ∫ h -h 
y h1  i 

 
 

Mickley’s method is used to solve the performance of the tower as described in previous work 

(Martín and Martín, 2017). The operating line is determined by an energy balance between the air and the 

water flows, resulting in Eq. (6). 

H2 -H1 = fWa = L (6) 
tL,2 -tL,1 fair V 

 

The water flow, fWa, that is used to condense the exhaust steam from the turbine, is calculated from 

the energy balance to HX5, see supplementary material. The cooling water is heated up at most 8–10°C 

across the heat exchanger, based on rules of thumb (Cheremisinoff and Cheremisinoff, 1981; Coulson and 

Richardson, 1999; Geankoplis, 2003). 

8 ≤ (tL,in − tL,out ) ≤ 10 (7) 
 

where tL,in is the temperature of the water to be cooled and tL,out the final temperature of the water. 

The operation of the cooling tower requires a minimum flow of air, typically from 1.3 to 1.5 times the minimum 

given by the profile of the humid air enthalpy (Palenzuela et al., 2011), calculated based on the inlet and 

outlet conditions of the air and water. 

The water flow is cooled because a fraction is evaporated. Rules of thumb are used (Perry and 

Green, 1997) to establish the lower bound of the water losses of the system, FE, that determines the water 

make-up to the system and the humidity of the air exiting the cooling: 

FE ≥ 1.8·0.00085·fWa (tL,in − tL,out ) (8) 
 

The temperature of the air leaving the tower is calculated as the final temperature of the profile 

along the cooling tower. The Lewis relationship, Eq. (9), based on an energy balance (Geankoplis, 2003), 

relates the operation line with the equilibrium line determining the temperature of the air. 

Hi -H =- hL (9) 
Ti -tL ky 
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Even though the ideal operation suggests that the slope (-hL/ky) is -inf, it typically ranges between 
 

-3 and -10. The profile of the air temperature is computed as the ratio of the change on enthalpy and 

temperature as it exchanges moisture with the liquid flow Eq. (10). 

(Hi -H) = dH 
(Ti -Tg ) dTg 

(10) 

 
 

The mass transfer coefficient, ky, is computed using the correlation given by Coulson and 

Richardson (1999) assuming that the contact area provided by the fillings is constant and equal to 250 

m2/m3, where Gflux and Lflux are the cross sectional flows and S the specific contact area. 

k =  2.95 ·(G )0.72·(L )0.26 (11) 
y   S   flux flux 

  
 

The specific flows across the contact region are computed per the gas and liquid flows and the 

actual area 

 

A =  π ·D 2 
 

(12) 
  
  

 
Gflux  = 

 
L = 

base 
 
 
 
fair ; 
A 

 
fWa 

 

 
 
 

(13) 
 
 

(14) 
flux A 

 

To compute the column diameter, a bound related to the height of the packing is added, 
 

DBase ≥ 5·PHeight ; (15) 
 

The design of the structure of the cooling tower aims to provide enough driving force to allow the 
 

air flow across the tower. The driving force, ΔPGenerated, is given by buoyancy, Eq. (16). 
 

∆PGenerated = THeight ·g·(ρg ,in -ρg ,out ); 
 

(16) 
 

where Theight is the total height of the tower, g is gravity and ρg the air density. Assuming ideal gases, 

the air density across the tower is computed as follows: 

ρ =   1  + Y  RTg (17) g  M M   p 
 air water  
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  

b 

 
The driving force generated by the parabolic structure must be enough to counterbalance the 

pressure drop generated across the support of the tower, the contraction as the air enters the structure, the 

packing, the pressure drop generated by the water spray generated to cooldown the water and that of the 

mist eliminator (Buys and Kröger, 1989; Kloppers and Kröger, 2004), see Eq. (18). 

∆PLoss = (NMist + NSupport + NContraction + NSpray + NPacking ) ρair 
 air 

 

where :  
 D 

2
 

NContraction = 0.167    base   (18) 
 hc   

0.02·Dbase ≤ hc ≤ 0.12·Dbase 

 f 
1.32 

N = 0.16·h · 
 Wa,in  

 Spray c 

 fair ,in  
 L 

 


1.1 
 G 

 


−0.64 
N = P ·2.36  flux ·

 
 

flux 
 

 

Packing Height 
 3.391   3.391  

 

The driving force should be, at least, 10% larger that the pressure drop across the tower. 
 

1.1·∆P ≤ ∆P (19) 
Loss Generated 

 

The geometry of the cooling tower is that of a hyperboloid (Dehaghani and Ahmadikia, 2017), see 

Figure 5.4. Thus, the dimensions involved in the pressure drop must comply with that geometry where each 

section of the hyperboloid, ZH and Zu, is computed using eq (20) where di is the diameter at Zi, dt is the 

largest diameter. 

d 2 Z 2 

  i  −   i  = 1 ∀i ∈{u, H} (20) 
2 2 
t 

 

The total height of the tower, THeight, is given by adding the three sections in Figure 5.4, where hc 

is the height of the opening for the air fed to the CT. 

THeight = ZH + Zu + hc (21) 

d 
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Figure 5.4. Scheme of the structure of the cooling tower. 
 

Further constraints based on rules of thumb are imposed to avoid unstable designs (Kloppers and 

Kröger, 2004). Almási (1981) suggested typical ratios for the dimensions of the shell as shown in Eq. (21). 

0.55·Dbase ≤ 2·rt ≤ 0.65·Dbase 

0.61·Dbase ≤ 2·rH ≤ 0.73·Dbase 

1.25·Dbase ≤ CTHeight ≤ 1.5·Dbase 

1.1·Dbase ≤ Zu + Zh ≤ 1.3·Dbase 

0.92·Dbase ≤ Zu ≤ 1.02·Dbase 

(22) 

 

Diameter ratio to prevent cold inflow around 0.58 is recommended (Serna-González et al., 2010). 
 

The volume of the concrete in the tower shell can be approximated by 
 

V = π (2·r + 2·r )·t ·T 
 

(23) 
Shell 2 u H s  Height 

 

where ts is the thickness of the cooling tower shell and it is computed based on data from actual 

columns where tratio is 0.0023. 

ts = tratio DBase (24) 
 

The capital cost of the tower shell is approximated by Eq. (25). 
 

Cs = VShell·Cconc (25) 
 

where Cconc is the cost of concrete per unit volume, which includes the cost of construction. 

The cost of the fill is given by 
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 C = V ·C =  π ·D  2·P ·C 
 

(26) 
fill fi fi   base Height fi 

  
 

where Cfi is the cost per cubic meter of fill. See the Table 5.1. A detailed implementation of the CT 

model can be found in (Sun et al., 2019). 

 
3.4. Water consumption 

The water lost by the operation of a cooling tower is related to the recycle ratio, known as cycles of 

concentration (COC). Industrial practice uses COC’s from 3 to 7 (Fatigati, 2006). A value of 6 is assumed 

for the calculations. The water lost is due to the blow down losses, FB, the evaporation losses, FE and the 

drift. FD. Drift is expected to be negligible in newly designed towers. FB losses is computed as a function of 

the FE as follows 

FB = FE / (C.O.C −1) (27) 
 

Thus, the lost waster is computed by Eq. (28) 
 

FM = FE + FB 

 
 

(28) 
 
 
 

4. Results 
 

The results section is divided into three major subsections. First, major operating characteristics of 

the power cycles are presented, Section 4.1 that will help present the different water consumption and 

cooling tower size for the two thermodynamic cycles. Next, in Section 4.2 the design problem is addressed, 

by presenting the geometric features of the cooling towers required across different climates are presented 

and validated versus real plant data. In addition, the effect of the weather conditions on the tower height, 

the characteristic variable of the cooling tower, and on the cost is evaluated and validated. Finally, surrogate 

models are developed for quick estimation of both. The final section of the results focuses on the water- 

energy nexus, Section 4.3. The effect of the weather conditions on the consumption of water is analyzed 

and once validated, surrogate models are developed as a function of temperature, humidity and pressure. 
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4.1. Operation of the renewable based thermodynamic cycles 

In Section 2, the thermodynamic cycles, regenerative Rankine and combined cycle, that are used 

for power production in thermal plants from not only renewable resources but also fossil resources are 

described. Their performance determines the cooling needs. The major results of the operation of both 

cycles are reported in this section in the form of cooling requirements. Table 5.2 shows the cooling load 

required per kW of power produced and, in the case of the combined cycle, the contribution of each of the 

two turbines towards the power plant operation, steam turbine production corresponds to 45% of the total 

power obtained in the combined cycle. It is important to note that the energy integrated within the combined 

cycle reduces the cooling needs almost by half. This fact will not only determine the tower size but also the 

consumption of water related to that particular cycle and raw material as it will be presented in the following 

sections. In addition, it is fairly straight forward to use the models presented in Section 2 to compute the 

power-to-feed ratio. Table 5.3 shows the operation of the Rankine and the combined cycle from different 

renewable resources. The power produced per kg of raw material using the Rankine cycle is computed 

based on the LHV of the biomass/biowaste. Alternatively, biomass can be used within an Integrated 

Gasification Combined cycle (IGCC) scheme via the production of biosyngas from biomass. Using the model 

developed by Vidal and Martín (2015), the syngas composition and flowrate per kg of biomass used can be 

calculated. Biosyngas composition can be fed to the model described in Section 2 for the combined cycle 

to compute the yield to power, see Table 5.3. Note that the use of biosyngas is more efficient than using 

directly the biomass, due to the water decomposition within the process to generate hydrogen. Instead of 

syngas or natural gas, biogas without upgrading can also be used as raw material for the combined cycle. 

The composition of the biogas before upgrading is computed from (León and Martín, 2016). By optimizing 

the model presented in this paper, it is possible to compute the power obtained per kg of waste, see Table 

5.3. These ratios represent the operation of power facilities based on renewable resources that together 

with the water consumption provide the basis for the capabilities of using waste and biomass in the transition 

of the power industry. For further information of CSP plants we refer to previous work (Martín and Martín, 

2013, 2017). 
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Table 5.2. Thermodynamic cycle cooling needs 
Definition  
Cooling rate to power (Rankine Cycle 

/ Solar CSP) 
1.18 
1.37 * 

Cooling rate to power (Combined Cycle) 0.56 
Cooling rate to power 

Including gas turbine cooling 
(Combined Cycle) 

 
0.67 

Steam turbine contribution (Combined Cycle) 0.45 
*(Kloppers and Kröger, 2005) 

 
Table 5.3. Renewable based power plant yields 

Raw material Rankine Combined cycle 
Biomass 6757  kJ/kg  of  wet 

biomass 

Syngas comp. (CO2=0.013; CO=0.898; H2=0.089) 
7663 kJ/kg wet biomass 

Biogas NA Biogas comp. (Wa=0.12; CO2=0.47; CH4=0.385; 
N2=0.02; O2=0.006; NH3=0.000) 
3023 kJ/kg food waste 

 
 
 

4.2. Sustainable design of cooling towers 
 

4.2.1. Geometric design across climates 
 

Cooling tower sizing and costing in typically based on cooling load (Matches, 2020). However, the 

weather conditions play an important role on the operation and also on the water-energy nexus (Martín and 

Martín, 2013). For tower sizing, as described in Section 2.3, the worst-case scenario is used at the 10 

different places. Evaluating summer and winter, it turned up that January was the most challenging month 

in terms of the operation of the cooling tower due to the cold weather and high humidity of the air. The tower 

size across Spain is computed. Analyzing the results, several conclusions can be drawn. It was found that 

the major tower dimensions can be related to the tower height that can be used as characteristic variable of 

the tower size. Using it as a reference, a number of ratios between geometric variables are computed 

representing the main tower features. Table 5.4 shows the results. These ratios held in all designs. It is 

possible to see that the tower height is suggested to be 25% larger than the base diameter. Another 

interesting feature is the ratio between the base and the top diameters. Typically, the top diameter is 60% 

that of the base. In addition to the geometric ratios, the effect of the climate on the tower size is represented 

in Figure 5.5. As it was expected, the tower size increases with the production capacity, since larger cooling 

needs are to be removed, see also Table 5.2. However, it is more interesting to see the effect of the site, 
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given by the temperature, humidity and pressure, on the tower height. In general, larger towers are required 

towards the South-East. The lower the relative humidity and the higher the temperature, the larger the tower 

size. Evaluating the tower cost as a function of the site, the trends and conclusions are similar to those 

presented for the tower height because the tower size can be represented by its height as shown in Table 

4.4. Note that CSP facilities are being built to the South and South-East because of the high solar incidence. 
 

The location of CSP plants shows a tradeoff between power produced and the cost in cooling facilities 

(Ludovisi and Garza, 2015; Martín and Martín, 2013). 

Table 5.4. Major rules for cooling tower design (40-450 MW) 
Definition  
Tower height to Base diameter 1.25 
Tower height to entrance height 10.41 
Base diameter to Opening diameter 1.64 
Zh to tower height 0.13 
Zu to tower height 0.77 

 
 

 
Figure 5.5. Tower size (Height (m)) across the climatic regions por different production capacities (MW). Blue: Rankine; 

Red: Combined cycle. 
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The geometric ratios presented in Table 5.2 are compared with two industrial towers whose 

geometry is reported in detail in the literature (Gould and Kratzig, 1999). The height to diameter and the top 

to bottom diameter ratios are 1.38 and 1.72 for the Gundremmingen tower in Germany and 1.48 and 1.53 

for the 200m tall project. Both ratios are close to the ones reported in Table 5.2 of 1.25 and 1.64, validating 

the model results. However, a more sustainable design shows values in between the values of the two 

industrial towers. With regards to the heights of the difference sections of the tower, the optimization reports 

values of 0.13 and 0.77 respectively. For the Gundremmingen tower the values are 0.22 and 0.70, while for 

200 m tall one, ratios of 0.3 and 0.64 are reported. The bottom section is always larger than the top one, but 

a more sustainable design suggests a taller lower section. 

 
4.2.2. Simplified models for tower sizing and costing 

 
The results show that the tower size depends on the weather as it was presented in Figure 5.5. To 

provide with information at an early stage and for conceptual level design, surrogate models are developed 

to estimate tower size and cost as a function of the production capacity of the facility and the weather 

conditions. Since the tower can be characterized by its height, see Table 5.4, the tower sizing can be carried 

out by developing a surrogate model of the tower height as a function of the power plant capacity, the 

pressure, the temperature and the humidity. The rest of the dimensions are computed from the ratios 

presented in Table 5.4. This surrogate model can be implemented in any design tool, i.e. (Matches, 2020; 

Sinnott and Towler, 2016) for conceptual tower design and costing. Note that the Rankine and the combined 

cycles have several differences and show different tower sizes. Therefore, two sets of surrogate models 

have been developed, one set per cycle, to characterize the tower height and its cost. In the case of the 

regenerative Rankine cycle, Eq. (29) shows the correlation developed, while for the combined cycle, the 

correlation is presented in Eq. (30), where the temperature (T) is in Celsius (3.2–11.38 °C), the relative 

humidity (H = 0.64–0.82) is given as a fraction, the pressure (p = 0.89–1) is in atm and Power ranges from 

40 to 450 MW. 
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THeight (m) = (−4.896·10−5·T 2 − 5.027·10−2·H2 +1.698·10−3·p2 − 7.840·10−3·T·H + 2.3175·10−3·T·p 

+0.467823·H·p + 4.6155·10−3·T − 0.3066·H − 0.3842·p + 0.2837)·Power 2 + (1.5485·10−2·T 2 + 
+21.8527·H 2 − 32.4850·p2 +3.5460·T·H +0.1973·T·p − 210.8925·H·p − 3.1559·T + 

+139.613·H + 223.761·p −148.1987)·Power + (-1.9657T 2 −1336.49058·H 2 − 2991.472·p2 + 
−178.296·T·H + 215.8447·T·p +10534.978·H·p − 34.1144·T -6522.0254·H − 4220.9457·p + 
+4712.888) 

(29) 
 

To validate the detailed model presented in Section 2 and Eq. (29), the two cooling towers of the 

La Robla power plant and the three ones corresponding to Andorra power plant are used. The two towers 

of the La Robla power plant serve two different groups of 284 MW and 370 MW each. The plant is located 

in the North-West of Spain, close to the city of León. The technical leaflet shows 100 m per tower (“Central 

Térmica La robla,” 2019). Note that the height reported is the same but one of the groups has almost 25% 

larger production capacity. This correlation assigns 117 m and 128 m for the design condition of January. 

For the Andorra power plant, located in Teruel, the literature reports 107 m high and 81 m base diameter 

per group of 350 MW (“Central térmica de Andorra,” 2019). Eq. (29) overestimates again the height, 130 m, 

but the industrial tower matches the ratio between tower height and diameter given in Table 5.2. The 

overestimation may be due to the fact that in Eq. (19) the draft must be 10% larger than the pressure drop 

together with the fact that the packing of the towers is not reported and it can be different than the one used 

in the model. 

THeight (m) = (4.231·10−5·T 2 + 0.223·H 2 − 0.6739·p2 + 9.371·10−3·T·H + 4.962·10−3·T·p − 0.25301·H·p+ 

−1.2649·10−2·T − 0.1701·H +1.4425·p − 0.5751)·Power2 + (−1.1214·10−2·T 2 −131.094·H 2 + 581.498·p2 + 
−6.6526·T·H − 6.7797·T·p + 220.124·H·p+11.7415·T + 41.4477·H −1221.983·p + 520.181)·Power+ 
(1.4349·T 2 +10677.289·H 2 − 53566.636·p2 + 647.774876·T·H + 761.9941·T·p − 24850.89112755·H·p + 
−1223.0867·T + 2420.4049·H +114991.986·p − 50867.282) 

 

(30) 
 

Eq. (30) is used to estimate the height of the tower of the Elcogas power plant. It is a combined 

cycle facility with a production capacity of 350 MW that had a natural draft cooling tower of 86 m of diameter 

and 122 m high (Europapress, 2018). For the design conditions of January at Puerto Llano, Ciudad Real 

(Spain), Eq. (30) predicts a tower size of 142 m. As in the case of the Rankine cycle, the correlation 

overestimates the size to make sure there is enough draft. Similarly, correlations for the cost estimation of 
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the cooling towers for the two different cycles are developed so that they can be used in conceptual design 

and/or implemented in current tools, i.e. (Geankoplis, 2003; Matches, 2020; Sinnott and Towler, 2016; 

Wallas, 1990). The tower cost is estimated using Eq. (25) as presented in Section 2. For the regenerative 

Rankine the surrogate model is shown in Eq. (31), where the variable “Power” is given in kW and the rest 

of the variables are computed within the same ranges presented for Eqs. (29) and (30). Figure 5.6 shows 

the fitting of the optimization results. The fitting is good, the correlation between the estimated and the 

computed values, R2, is 0.9, but there are a few points with an error beyond 20%. Note that the cost 

estimated corresponds to the unit alone as given by Dehaghani and Ahmadikia (2017). 

CostTower (€) = (655.3·T 2 −177564·H 2 + 5926519·p2 − 5753·T·H −104650·T·p − 288982·H·p 

+95792·T + 635954·H−10319667·p + 4307004)·Power+ (10544·T2 + 20745600·H 2 
−73074990·p2 + 2457264·T·H −130129·T·p −132420969·H·p −1981510·T + 74203328·H 
+243931768·p −137298587) 

(31) 
 
 
 

Figure. 5.6. Fitting of the effect of weather on cooling tower costs. Rankine cycle. 
 
 

A similar analysis is carried out for combined cycle based power facilities. To capture the plant 

production capacity, Eq. (32) is developed, and Figure 5.7 shows the fitting. In this case the fitting is better, 
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with almost all values within 20%. The correlation between the estimated and the computed values, R2, is 

0.92. 

CostTower (€) = (0.5175·T 2 + 2067·H 2 − 7474·p2 +114.5·T·H + 56.05·T·p − 4327·H·p −150.1·T + 

62.05·H +17136·p − 7602.8)·Power 2 + (−344.6·T 2 −1009868·H 2 + 2865079·p2 − 51263·T·H 
−1084·T·p +1930691·H·p + 46334·T +112221·H − 6932563·p + 3075848)·Power + (30585·T 2 + 

77946022·H 2 − 249464395·p2 + 4797070·T·H + 397748·T·p −196626463·H·p − 4596664·T 
+29509822·H + 624161048·p − 290537291) 

(32) 
 

Figure. 5.7. Fitting of the effect of weather on cooling tower costs. Combined cycle. 
 
 

The cost of the construction of the unit includes the civil engineering, excavation, tunnels, electrics, 

etc. The value computed from Eqs. (31)–(32) only corresponds to the material as given by (Buys and Kröger, 

1989). However, to compute the investment cost of the cooling tower, a ratio from the literature is used. It is 

reported that the direct cost of the project is around 10 times that of the tower itself (McDowell, 2018; US 

Nuclear regulatory commission, 1976). Using this correction, for the average value of each capacity within 

the range 40–450 MW the cost is compared with the updated values from the ones estimated from Matche 

(2020) and from the EPA (EPA, 2000). In the supplementary material it is possible to see that while Matche 

(2020) underestimates the costs, the correlation from the EPA consistently reports higher values. The 
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average values for each capacity computed by the correlations are consistently in between. Note that neither 

of the estimations from the literature can cope with the effect of the weather conditions nor it is possible to 

know the exact weather conditions for which the towers estimated with the literature correlations are 

designed. 

 
4.3. Water consumption in renewable based plants. 

 
4.3.1. Water consumption across weather conditions 

 
Apart from the structural design of the tower and its costing, water consumption is a major issue in 

the power industry (Gjorgiev and Sansavini, 2018; Lee et al., 2018; Nouri et al., 2019; Scanlon et al., 2013; 

Stillwell et al., 2011; Tsolas et al., 2018). Computing the consumption of water allows evaluating the water- 

energy nexus in the power industry as a function of the location of the facility as a first stage to evaluate the 

water footprint of any power system. The model described in Section 3 is used to determine the consumption 

of water for the two cycles, the regenerative Rankine and the combined cycle, for a set of weather conditions 

including air temperature, humidity and pressure. To validate the models water consumption data from 18 

towers from thermal power plants from the literature, 12 coal based groups and 6 using natural gas, located 

in US (Xia et al., 2017), South Africa (Delgado and Herzog, 2012) Spain (Sesma-Martín, 2019) and China 

(Jiang and Ramaswami, 2015; Xia et al., 2017) are compared with the ones predicted the model, see Table 

S1 in the supplementary material for the actual values. Using the average weather for each of the locations 

and Eqs. (33)–(34), the water consumption is estimated and compared with the ones reported. Note that the 

cycles of concentration (COC) must be corrected in some cases since the model in this work used 6. It is 

important to highlight that in some cases the COC value is not reported and the same value as in the model 

is assumed. Figure 5.8 shows good agreement between the predicted and the reported ones in the case of 

combined cycle, while in the case of the Rankine cycle the values are underestimated unless drift is 

considered, blue symbols in the Figure. Note that while combined cycle facilities are newer, most coal based 

ones are older. More efficient cooling towers are expected for newer facilities. In addition, in the model 

description it was assumed that the drift was expected to be negligible. Using a parameter estimation 

approach, the average drift of all the towers is 0.006 of the water flow fed to the column, see orange cycles 

in Figure 5.8, with a R2 of 0.85. It is a value lower than the one suggested by the rules of thumb (Perry and 
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Green, 1997), around 0.01, but still not negligible. Note that even thought it is not a good value, the results 

are within 15% error using generic settings for the cooling towers. Alternatively, the model can be used to 

simulate a particular tower by using a parameter estimation approach as long as detailed data of its operation 

is provided including packing features and profiles of its operation. 
 

 
Figure 5.8. Comparison between average water consumption and estimated one for different locations. Square: 

Combined cycle; Circle: Rankine. Blue: No drift; Orange: Drift. 

Using the 10 locations and considering the weather of each month as an independent design 

condition, both cycles are studied for a fixed power production capacity of 350 MW. Drift is considered 

negligible. Figure 5.9 presents the water consumption across different weather conditions in Spain. The 

integrated design of the combined cycle results in a reduction of water consumption almost by half with 

respect to the regenerative Rankine one, see Table 5.2. In terms of the effect of the weather conditions, the 

consumption of water increases to the South-East due to the humidity and temperature of the places. The 

higher the temperature, the larger the consumption of water. But humidity also plays a role. As a result, the 

water footprint of a power system where biomass thermal plants and CSP facilities have a high share is 

determined by the availability of the biomass, the solar incidence and the water to be consumed while 

operating the facility. Avoiding the Mediterranean coast will reduce water consumption, because of the high 
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humidity coupled with high temperatures. Also at the North, characterized by high humidity, water 

consumption increases. Note, however, that water consumption must be relative to its availability, as 

exposed in the literature (Martín, 2016). 

 
 

Figure 5.9. Water consumption (L/kWh) across the climatic regions for 350 MW over the design conditions. Blue: Rankine; Red: 

Combined cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.)  
The results showed in Figure 5.9 for the Rankine cycle range from 1 to 2 L/kWh, within the ones 

 

reported in the literature. In particular, while typical values from 1.8 L/kWh (Stillwell et al., 2011) to 2.6 L/kWh 

(Macknick et al., 2011) are reported in the literature for coal thermal plants, values of 2.7 L/kWh and 3.2 

L/kWh (Stillwell et al., 2011) are shown for nuclear and CSP plants respectively confirming the variability of 

the model results and the fact that CSP facilities are located in regions where they require larger 

consumption of water as well as the lower efficiency of the thermodynamic cycle. Furthermore, it can be 

seen that when a particular region is analyzed, see the state of Texas, the water consumption varies from 

location to location from 0.54 to 5.87 L/kWh (Stillwell et al., 2011) with an average value of 2.1 L/kWh 
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(Stillwell et al., 2011). With regards to the combined cycle, the consumption of water is around 0.8 L/kWh, 

see Figure 5.9. In the literature values of 1 L/kWh are found for combined cycles (Maulbetsch and DiFilippo, 

2006; Stillwell et al., 2011). In particular, for natural gas combined cycles values in the range of 0.7 L/kWh 

(Stillwell et al., 2011) to 1.4 L/kWh (Macknick et al., 2011) are reported, for an average value of 1 L/kWh, 

while for integrated gasification combined cycle values of 1.3±0.4 L/kWh are shown in the literature (Stillwell 

et al., 2011). For the state of Texas the average water consumption from combined cycle plants is 0.9 L/kWh 

(Scanlon et al., 2013). In the literature the results for US consumption of water in the thermal production of 

electricity is 1.25 L/kWh on average, with a range from 0.7 for combined cycles to 2.0 for steam turbine 

when using cooling towers (Lee et al., 2018). Thus, the results obtained in this work are within the ranges 

reported validating the model. Note that in the case of the combined cycle, only the stream from the steam 

turbine is condensed and both, the gas and the steam turbines, are responsible for the production of power. 

 
4.3.2. Surrogate models for water consumption 

 
The interactions between the variables prevent from a simple representation of the effect of the 

variables on the consumption of water. Using the set of results, surrogate models to estimate the water 

consumption as a function of the weather conditions of the site for both cycles are developed. As in the case 

of tower sizing, the aim is to provide easy to use models that can be useful in conceptual design, i.e. (Sinnott 

and Towler, 2016). For the regenerative Rankine cycle, the surrogate model to compute the water 

consumption is given by Eq. (33), where the range of application is for the temperature, 3.2-32.4 °C, for the 

pressure, 0.89–1 atm, and for the humidity, 0.41-0.83. The good fitting can be seen in Figure 5.10, with a 

correlation between the values estimated by the surrogate model and the computed ones by the detail one, 

R2, is 0.94. 

Waterconsumption (L / kW h) = −2.297·10−4·T 2 + 0.798·H 2 + 7.090·p2
 

+2.200·10−2·T·H + 2.993·10−2·T·p − 0.515·H·p + 

−1.533·10−2 T −1.417·H −12.574·p + 7.6256 
(33) 
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Figure 5.10. Water consumption fitting. Rankine cycle. 

 
Similarly, for the combined cycle, the correlation given by Eq. (34) is developed. The fitting is also 

good, as it can be seen in Figure 5.11, with a correlation between the values estimated by the surrogate 

model and the computed ones by the detail one, R2, of 0.92. 

Waterconsumption (L/ kW h) = −4.75·10−4 T 2 +1.255·H 2 + 8.083·p2
 

+3.453·10−3·T·H + 5.833·10−2·T·p +1.292·H·p + 

−3.447·10−2 T − 3.255·H −16.555 p + 9.690 
(34) 

 
 
 

 
Figure 5.11. Water consumption fitting. Combined cycle. 
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5. Conclusions 
 

In this work a mathematical optimization framework is developed to conceptually compute the 

geometry of wet cooling towers and the water consumption rates for the sustainable design of the new power 

system where different energy sources and thermodynamic cycles are used. As a case study Spain has 

been used, a country very sensitive to water stress issues. 

The optimal sustainable design of the tower results in the development of design guidelines in 

terms of geometric ratios that reduce material use and tower cost, maintaining tower performance and 

reducing water consumption. The geometry is validated versus actual towers; however, a higher lower 

section of the paraboloid is suggested from the analysis. Moreover, water consumption has been validated 

versus industrial data. Using the validated model, the operation of cooling towers across different climate 

areas is analyzed. It was shown that for the same production capacity, larger towers are to be installed to 

the South-East, where high temperatures and sometimes also moderate to high humidity are found. As a 

result of the weather conditions higher water footprint is reported also to the South-East. A large scale 

analysis comparing different cooling technologies would be needed to decide on the selection of the location 

of new facilities and their cooling system. 

The analysis also allowed developing surrogate models to compute the water consumed, the tower 

size and its cost as a function of the humidity, the temperature and the atmospheric pressure for different 

power plant sizes. These correlations are useful to estimate the water stress of the energy transition from 

current fossil and nuclear based power to renewable one as well as to evaluate the water footprint of the 

next power production system where solar energy will play a key role. 

 
6. List of acronyms and abbreviations 

 
AHX : Area of the heat exchanger (m2) 
A(Wa): Antoine constant 
B(Wa): Antoine constant 
Cp: Heat capacity (kcal/kg ºC) 
C(Wa): Antoine constant 
fair : Flow of air (kg/s) 
fc(components): Flow of components (kg/s) 
fWa: Flow of water (kg/s) 
g: Gravity (m/s2) 
hliquid: Liquid enthalpy (kcal/kg) 
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hsteam: Steam enthalpy (kcal/kg) 
H: Humid air enthalpy (kcal/kg) 
ky : Resistance to mass transfer (kg /m2s) 
Lflux: Flow of water per unit area (kg/m2s) 
Mi: Molar weight of species I (kg/kmol) 
p: Pressure (bar) 
Pv, sa: Vapor pressure (mmHg) 
Q(unit): Energy at unit (kW) 
R: Gas constant (atm·L/mol·K) 
S: Specific contact area (m-1) 
s: Entropy enthalpy (kcal/kg ºC) 
t : Air temperature (ºC) 
T: Water temperature across the cooling tower (ºC) 
T(unit): Stream temperature (ºC) 
W(unit): Energy unit (kW) 

 

Subindex 
i: Interphase conditions 
in: Inlet 
L: Liquid bulk 
g: gas bulk 
out: Outlet. 
sat: Saturation condition 
Wa: Component Water 

 
Symbols 
ρ: Air density (kg/m3) 
η: isentropic efficiency 

 
Units: 
CT: Cooling tower 
HX: Heat exchanger 
Turb: Turbine 
Spl: Splitter 
Furnace 
Boiler 
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S1.-Modelling details Rankine Cycle 
 

First, mass and energy balances are formulated to the set of heat exchangers that transfer the 

energy from the fuel or the Sun into the water to produce the steam that is fed to the power cycle. This can 

happen in a boiler or from the heat transfer fluid used to produce steam in the case of CSP plants. In the 

case of using a boiler the energy provided by the fuel (biomass, syngas, etc) provides the energy to 

generated superheated steam at heat exchangers HX1-HX3, while the reheater corresponds to HX4, eq. 

(1). 

In case of CSP plants, HX1-HX3 generate superheated steam while HX4 corresponds to the 

regenerative section of the cycle. 

ηFuel ·E fuel =Q(Boiler) = Q(HX1) + Q(HX2) + Q(HX3) + Q(HX4) (1) 
 
 

 
 

Figure1.-Flowsheet of the facility based on a regenerative Rankine cycle 
 

HX1 is used to represent the heat up of the saturated steam at the operating pressure of the high 

pressure turbine. The entalphy and entrophy of the different water streams in the different aggregation states 

(compressed liquid, saturated liquid, saturated vapor and superheated steam) were correlated as a function 

of the pressure and temperature (Martín and Martín, 2013). The correlations can be found in the appendix 

of León and Martín (2016). Thus, a fraction from the energy provided either from the solar energy, the 

burning of fuels, corresponds to the energy transferred to generate superheated steam in HX1 as eq. (2): 
 

Q(HX1) = fc(Wa ,HX2,HX1)·(hsteam,(HX1,Turbine1) − hsteam,(HX2,HX1) ) 
 

(2) 
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To ensure saturation conditions, the temperature at the inlet of heat exchanger 1, HX1, is that given 

by Antoine equation: 

 
 A(Wa )−  

 B(Wa)   (C(Wa )+T(HX2 ,HX1) ) 
 (3) 

Pturb1·760 = e  

 

Water evaporation takes place at HX2, that is modelled using eqs. (4)-(5) 
 

Q(HX2) =  fc(Wa ,HX3,HX2)·(hsteam,(HX2,HX1) -hliq,(HX3,HX2) ) (4) 
 

fc(Wa ,HX3,HX2) = fc(Wa ,HX2,HX1) (5) 
 

Finally, the energy from the source is also used to heat up the compressed liquid stream already 
 

at Pturb1 from HX6. HX3 is modelled using mass and energy balances given by eqs (6)-(8) 
 

Q(HX3) = fc(Wa,HX6,HX3)·( hliq,(HX3,HX2) -hliq,(HX6,HX3) ) 
 

(6) 
 

fc(Wa ,HX6,HX3) = fc(Wa ,HX3,HX2) (7) 
 

fc(Wa ,HX1,Turbine1) = fc(Wa ,HX2,HX1) = fc(Wa ,HX3,HX2) (8) 
 

The superheated steam is sent from HX1 to the high pressure turbine. In the literature the high 

pressure turbine typically operates from 40 to 126 bar (Ghobeity et al., 2011; Xu et al., 2011). Thus, a range 

from 90 bar to 125 bar for the steam being fed to the turbine is considered. The high pressure superheated 

steam is expanded into a medium pressure. A range from 11 to 35 bar is allowed based on data from the 

literature (Morin et al., n.d.; Xu et al., 2011). The turbine is modelled as a system of high, medium and low 

pressure turbines that are modelled similarly. The expansion of the steam in the different turbines is 

assumed to have an isentropic efficiency of 0.9 (Wallas, 1990). Therefore, the stream exiting the first body 

can be calculated using eqs. (9)-(10) 

η = 
hsteam,(Turbine1,HX4) − hsteam,(HX1,Turbine1) 

hsteam,(isoentropy ) -hsteam,(HX1,Turbine1) 

(9) 

 

Where 
 

hsteam,(isoentropy ) = 

 
 
 
 

* 
(Turbine1,HX4) (Turbine1,HX4) 

 
 

(10) 
 

T* represents the isoentropic temperature after the expansion. And the entropy of the expansion is 

computed as follows: 

) 



A study of the water-energy nexus in power plants Suplementary material 

Lidia Sánchez Guerras SP. 5 

 

 

) = f (p ,T * 

 

ssteam,(HX1,Turbine1) = f (p(HX1,Turbine1) ,T(HX1,Turbine1) 

 
(Turbine2,HX4) (Turbine1,HX4) ) (11) 

 

To enforce that the output of the turbine is superheated steam eqs. (12)-(13) are used. 
 

  B(Wa)   
 A(Wa )−(C(Wa )+T )  (12) 

pturb2·760 = e turb1min  

 

T(Turbine1,HX4) >Tturb1min ; (13) 
 
 

The energy that is obtained at the high pressure turbine is given by eq. (14): 
 

W(Turbine1) = fc(Wa ,HX1,Turbine1)·(hsteam,(HX1,Turbine1) − hsteam(Turbine1,HX4) ) 
 

(14) 
 

A regenerative Rankine cycle is used (Martín and Martín, 2013). The stream as superheated vapor 

is heated up again in HX4. Next, the superheated steam is fed to the medium pressure turbine. HX4 is 

modeled using eq. (15). 
 

Q(HX4) =  fc(Wa,Turbine1,HX4)·(hsteam,( HX 4,Turbine2) -hsteam,(Turbine1,HX 4) ) 
 

(15) 
 

In the medium pressure turbine, the steam is expanded into a lower pressure. Part of the stream is 

sent to HX6, an extraction. The stream splitter after the second body of the turbine is modelled by eq. (16): 

fc(Wa ,HX4,Turbine2) = fc(Wa ,Turbine2,HX6) + fc(Wa ,Turbine2,Turbine3) (16) 
 

The flow sent to HX6 is used to reheat the liquid obtained after condensing the exhaust of the low 

pressure turbine. The rest of the flow is used in the low pressure turbine where it is expanded to the exhaust 

pressure. This stream can contain a small amount of vapor, up to 8%. This last pressure ranges from 0.05 

bar to 0.31 bar (Morin et al., n.d.; Palenzuela et al., 2011). It is an optimization variable within the range of 

0.05 to 0.35 bar. 
 

Q(HX5) = fc(Wa,Turbine3,HX5)·(hliq,( HX 5,HX 6) -hsteam(Turbine3,HX 5) ) 
 

(17) 
 

The energy from HX5, eq. (17) is removed from the system using a cooling tower, see section 2.3. 

The stream exiting HX6 must be liquid so that it is compressed using a pump up to Pturb1. To enforce eq. 

(18) is added: 
 

T(HX6,HX3) ≤ Tturb2min (18) 
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Where Tturb2min is the saturated temperature at the pressure of the exhaust if the second body of the 

turbine calculated using Antonine correlation. The total energy obtained in the system to be optimized is the 

sum of the ones generated at the three bodies of the turbine named as Turbine1-3: 

Wtotal = W(Turbine1) + W(Turbine2) + W(Turbine3) (19) 
 
 
 
 

S2.-Cost correlations validation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. Comparison between cost correlations to estimate tower cost 
 
 
 
 

S3.-Water consumption validation 
 

The temperatures, humidifies are computed as the averages in the region from national weather services 

such as AEMET (Spain), http://www.weathersa.co.za/ (South Africa), 

https://www.accuweather.com/en/cn/china-weather etc and the pressure is given as a function of the altitude 

of the place 

 
 

P=e(-29.91*9.8*Altitude/(8314*(Temperature+273.15))) (20) 
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Table S1. Data from CT’s for validation 
Rankine Cycle 

Place Reference T 
(ºC) 

H (%) P 
(bar) 

Altitud 
e (m) 

Data 
(L/kWh 
) 

Adj. Data 
(L/kWh) 
COC 

 

        No 
Drift 

Drift 

Pittsburgh (Xia et al., 
2017) 

11 0.57 0.95 416 2.0 20.625 1.50 
6 

2.28 
5 

Louyang (Xia et al., 
2017) 

13 0.48 0.98 144 1.8 1.875 1.65 
8 

2.43 
7 

Arnot (Delgado and 
Herzog, 2012) 

14.5 0.5 0.81 1692 2.074 2.364 1.61 
3 

2.39 
2 

Duvha (Delgado and 
Herzog, 2012) 

16 0.5 0.81 1700 2.005 2.286 1.63 
3 

2.41 
1 

Hendrina (Delgado and 
Herzog, 2012) 

26 0.45 0.82 1655 2.327 2.653 1.75 
7 

2.53 
6 

Matla (Delgado and 
Herzog, 2012) 

16 0.5 0.81 1700 1.994 2.273 1.63 
3 

2.41 
1 

Lethabo (Delgado and 
Herzog, 2012) 

16 0.5 0.81 1700 1.819 2.074 1.63 
3 

2.41 
1 

Tutuka (Delgado and 
Herzog, 2012) 

15.2 0.5 0.81 1690 1.915 2.183 1.62 
2 

2.40 
1 

China (Jiang and 
Ramaswami, 

2015) 

13.4 0.58 0.83 1545  2.625 1.53 
2 

2.31 
1 

US (Pitt 
weather) 

(Jiang and 
Ramaswami, 

2015) 

11 0.57 0.95 416  2.990 1.50 
6 

2.28 
5 

Aliaga (Sesma-Martín, 
2019) 

12.2 0.65 0.89 915 2.60 2.60 1.44 
7 

2.22 
5 

Combined Cycle 
Place Reference T 

(ºC) 
H (%) P 

(bar) 
Altitud 
e (m) 

Data 
(L/kWh 
) 

Adj. Data 
(L/kWh) 
COC 

 

        No 
Drift 

 

Andorra (Sesma-Martín, 
2019) 

10.3 0.65 0.88 1023 0.68 0.68 1.11 

Castejon 1 (Sesma-Martín, 
2019) 

12.9 0.67 0.97 278 0.69 0.69 0.97 

Castejon 2 (Sesma-Martín, 
2019) 

12.9 0.67 0.97 278 0.69 0.69 0.97 

Castejon 3 (Sesma-Martín, 
2019) 

12.9 0.67 0.97 278 0.69 0.69 1 

Arrubal (Sesma-Martín, 
2019) 

13.9 0.67 0.96 356 0.70 0.70 0.57 

Escatron 
Peaker 

(Sesma-Martín, 
2019) 

21.0 0.61 0.98 143 0.80 0.80 0.78 

Escatron 
T2 

(Sesma-Martín, 
2019) 

21.0 0.61 0.98 143 0.80 0.80 0.78 
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Abstract 
 

A multistage multilayer systematic procedure has been developed for the selection of the optimal product 

portfolio from waste biomass as feedstock for systems involving water−energy−food nexus. It consists of a 

hybrid heuristic, metric-based, and optimization methodology that evaluates the economic and 

environmental performance of added-value products from a particular raw material. The first stage 

preselects the promising products. Next, a superstructure optimization problem is formulated to valorize or 

transform waste into the optimal set of products. The methodology has been applied within the waste to 

power and chemicals initiative to evaluate the best use of the biomass residue from the olive oil industry 

toward food, chemicals, and energy. The heuristic stage is based on the literature review to analyze the 

feasible products and techniques. Next, simple metrics have been developed and used to preselect products 

that are promising. Finally, a superstructure optimization approach is used to design the facility that 

processes leaves, wood chips, and olives into final products. The best technique to recover phenols from 

“alperujo”, a wet solid waste/byproduct of the process, consists of the use of membranes, while the 

adsorption technique is used for the recovery of phenols from olive leaves and branches. The investment 

required to process waste adds up to €110.2 million for a 100 kt/yr for the olive production facility, while the 

profit depends on the level of integration. If the facility is attached to an olive oil production, the generated 

profit ranges between 14.5 MM €/yr (when the waste is purchased at prices of €249 per ton of alperujo and 

€6 per ton of olive leaves and branches) and 34.3 MM €/yr when the waste material is obtained for free. 
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1. Introduction 
 

The term water-energy-food (WEF) nexus was coined back in 2011 in the World Economic Forum 

to strengthen the links among different resources and to provide basic and universal rights to food, water, 

and energy security (Biggs et al., 2015). Since then, the WEF nexus has gained increasing attention globally 

from different perspectives (e.g., engineering, social sciences, policy) due to their critical importance toward 

sustainable development. A key challenge in addressing the WEF nexus is the need to consider the strong 

interactions among the various components. For example, zones of drought have food and energy security 

problems because of the high consumption of water supply involved in their production.(Zhang et al., 2018). 

The energy, food and water demand has increased in the world because of the rise in the population. The 

energy, food, and water demand has increased in the world because of the increase in the population. 

Therefore, there is a growing need for improving the efficient use of resources within the WEF nexus. One 

important point to promote and strengthen the WEF nexus is to employ the circular economy approach. One 

example is the case of the agricultural sector, in particular, the food industry, that generates a large amount 

of waste that can generate greenhouse gases or pollute water due to the decomposition of the residues. If 

such wastes were used as raw materials (RM) to produce added-value products or to generate energy, they 

become a valuable resource. Thus, the circular economy concept is a strategy that improves the economics 

and the environmental impact (Borghi et al., 2020) as it can be seen in previous cases in the orange (Criado 

and Martín, 2020) and coffee (Taifouris et al., 2021) industries and the production of biofuels (López-Díaz 

et al., 2018). 

In the case of processing olives to produce olive oil, several wastes are produced including 

branches, leaves, and a wet solid lignocellulosic material called “alperujo”. Recently, 19-20 million tons of 

olives per year have been harvested around the world. Spain is the largest producer with estimated shares 

ranging between 25 and 40% of the world’s production and 41 and 72% of the total amount of olives 

produced in Europe. Greece and Italy follow Spain as major world producers representing 8-16% and 11- 

18%, respectively (“FAOSTAT,” 2019). In Europe, 50−70% of the olive production is used to obtaining olive 

oil, while the rest is used to develop different types of table olives. In Spain, 90−94% of the amount of olive 

harvesting is employed to produce olive oil (“EUROSTAT,” 2019). 
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Since ancient times, olive oil and diverse types of leaves and branches have been used to produce 

various types of foods, medicines, perfumes, and fuels. Recently, attention has been devoted to the valuable 

components contained in olive milling wastes including phenols, organic matter (nitrogen, phosphorus, 

potassium), and sugars, among other species. Several works have evaluated the recovery of phenols and 

compared alternative processing techniques for the different types of residues such as alperujo, leaves, and 

branches. These processes can be classified mainly into two groups, namely, conventional and modern 

techniques. The advantages of modern techniques include a lower time of extraction, easier scale-up to 

industrial scale, and less use of solvents among others (Romero-García et al., 2016). Most of the previous 

studies have evaluated the recovery of value-added products from an experimental point of view to 

determine the yield and operating conditions. In the case of membrane module, different combinations of 

membranes are used to recover distinct classes of phenols. Examples of such systems include 

microfiltration, nanofiltration, and osmotic distillation membrane to recover phenols in general (Bazzarelli et 

al., 2016) or the combination of microfiltration, ultrafiltration, and nanofiltration membranes for the recovery 

of oleuropein from olive leaves and branches (Khemakhem et al., 2017). Adsorption technique was 

employed using different types of resins and operation conditions. For instance, Yoon et al. (1997) studied 

the adsorption of flavonoids employing the XAD-7 resin, while Aehle et al. (2004) used XAD-7HP and XAD- 

16HP resins. Bayçin et al. (2007) used a silk fibroin to recover the antioxidants, analyzing different 

parameters like temperatures, pH, and solid/liquid ratios. The work of Li et al. (2011), evaluated eight types 

of resins to purify phenols and flavonoids from olive leaves. There are other studies that compare 

conventional and modern technologies in the recovery of phenols such as Lama-Muñoz et al. (2020). that 

compared the Soxhlet method to the pressurized liquid extractor (PLE) or optimized the phenolic compound 

extraction through the pressurized liquid extractor changing the operating conditions (Paze et al., 2019). 

Works by Serrano et al. presented several economic evaluation studies about different pretreatments and 

recuperation of phenols after biomethanization of the wastes.(Serrano et al., 2017a, 2017b, 2017c). Lama- 

Muñoz et al. (2019) optimized the operating conditions of pressurized liquid extraction, developing 

correlations to determine extraction yields, total phenol content, total flavonoid content, as well as oleuropein 

content as a function of moisture content, temperature, and ethanol concentration. Therefore, systematic 

methods for product selection and process design are still missing in the literature. 
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A systematic methodology is proposed for the selection of a set of promising products out of waste 

biomass to identify and select a subset and the techniques to recover them. It is applied to a particular case 

of study. This work aims at the development of a process for the recovery of a limited set of added-value 

compounds from diverse olive oil wastes, including leaves and branches. The rest of the paper is organized 

as follows. The next section presents the proposed methodology, followed by the general description of the 

formulated superstructure, associated modeling of the units, and the solution procedure for the problem are 

shown. Subsequently, the results are analyzed and finally the conclusions are drawn. 

 
2. Methodology 

 
The methodology consists of two stages. The first one deals with the prescreening of potential 

products. We define different indicators to be able to rank the high added-value products available within 

the biomass. Once a subset of chemicals is selected, a superstructure optimization approach is formulated 

to select the techniques and the optimal portfolio of products. 

 
2.1. Product prescreening 

Four different metrics are developed to quickly identify potential promising products contained or 

extractable from the biomass. The indicators are ranked so that first the economic potential is evaluated. 

Next, the process conditions are evaluated. The larger the energy required to obtain a particular product, 

the higher is the associated operating cost. The third layer of decision-making is given by the operating 

conditions of the process. The more extreme conditions require processing units to withstand them and 

increase the capital investment of the process. Finally, at the same decision level are the safety and health 

issues of the species involved in the processing of the waste for sustainable decisions. 

 
2.1.1. Economic potential indicator 

 
From a benefit point of view, this indicator based on the metric for inspecting sales and reactants 

“MISR” (El-Halwagi, 2017) aims to identify the type of compound that is more promising from the economic 

perspective. This indicator is computed as the ratio between the benefit from a particular product (P) and 

the cost of the raw material (RM) (see eq 1) 
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η profit = 
mP ·CostP 

mRM CostRM 

 

(1) 

 

This indicator ranks chemicals as a function of their economic potential, where a value greater than 

1 indicates economic feasibility of the product, while the greater the indicator is from 1, the more profitable 

the pathway is expected to be. 

 
2.1.2. Energy and environment 

 
The biomass may be converted into products. The smaller molecular size of the final product or 

required intermediates such as syngas require larger energy and number of units for processing. The ratio 

of the molecular size of the product versus that of the raw material is representative of the energy involved 

as well as the equipment required. Therefore, the energy indicator, η, is computed as the ratio between the 

molecular weights (eq 2) 

η =  MWRM 

MWproduct 

(2) 

 

The particular case of biomass presents challenges to compute this indicator. Hemicellulose, 

cellulose, and lignin are mostly polymers. Therefore, to estimate the molecular weight of the initial raw 

material, the degree of polymerization (DP), by number, is used 

MWRM = DP·MWMonomer (3) 
 

Hemicellulose shows degree of polymerization (DP) values of 100−200,23 (Bajpai, 2018), Cellulose 

shows 700 (Wadsworth et al., 1973), and lignin shows a value of 60 (Petridis and Smith, 2016). 

When dealing with lipids, the composition of the lipid as a mixture of them allows computing the 

average molecular weight from the distribution of fatty acids. The unit of measure is Da (= 1 g/mol). In some 

cases, the final product is already available as such within the raw material and only extraction is required. 

In that case, this indicator becomes 1. 

The operating conditions to process the biomass into products can also be classified by high-, 

medium-, and lowtemperature processes such as gasification, pyrolysis, and biochemical pathways. Each 

of them has its own typical equipment and costs. Therefore, the maximum operating temperature and 
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pressure across the process are also metrics to indirectly evaluate the environmental impact and safety 
 

issues of the transformation process. Operating indicators mP and mT are defined as given in eq 4. 

mP = max{Pi} 
mT = max{Ti} (4) 

 

The maximum temperature can also be related to the emissions since various energy sources are 

required to provide high temperatures. Some examples are shown in Table 6.1. 

Table 6.1. Temperature of typical biomass processing routes, and the sources of energy 
Temperature (ºC) Process type Source of energy Emissions 
1000 gasification Combustion kg CO2/kg Biomass 
500 Pyrolysis Combustion / CSP  
250 High temperature Biochem HP steam  

180 Medium temperature. 
biochemical 

MP steam  

120 Medium to low temperature 
biochemical 

LP steam  

<100 Low temperature LP steam/ energy 
integration 

 

 
 

To further distinguish among processes operating at the same temperatures and pressures, for 

instance, among pretreatments in lower-temperature processes, the need for adding an acid, a base, or a 

solvent is an additional feature to characterize the process. Solvents can be flammable, explosive, and/or 

toxic. Martínez-Gomez et al. (2017) presented a study where the safety of a heat transfer fluid was analyzed. 

For quick and preliminary assessment of techniques, the processes that involved chemicals with the highest 

LC50 will be considered last or discarded. A safety analysis can be part of the detailed process design at 

the superstructure optimization stage if needed.optimization stage if needed. 

 
2.2. Superstructure Design. 

Based on the subset of promising products, a superstructure of alternatives is formulated to design 

the production process capable of recovering them. 

 
2.2.1. Heuristic-Based Selection of Techniques. 

 
We consider different raw materials arising from the production of olive oil. On the one hand, during 

 
the harvest, leaves and branches can be collected. On the other hand, once the oil is extracted from the 
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olive, the alperujo or olive pomace is the second waste that becomes a raw material of the process. The 

superstructure will consider both processing lines. 

Several methods to obtain olive oil are employed traditionally including pressing and centrifugation. 

Nowadays, centrifugation methods are employed more at the industrial scale because they can work in 

continuous processes (Shahidi and Kiritsakis, 2017). Lately, two-phase and three-phase centrifugation are 

the more widely used. The two-phase centrifugation process uses less water and generates the least 

residues compared to the threephase centrifugation process. Because of this, in Spain, 90% of the 

production of olive oil is carried out by the two-phase method (SCP/RAC, 2019). This will be the technique 

of choice in this work. 

Alperujo is composed of a mix of biomass and water as well as a solid fraction consisting of bones, 

mesocarp, and skin. Alperujo has a high organic content, and it presents phytotoxic components. This fact 

generates environmental problems and makes it difficult to use (Rodríguez-Gutiérrez et al., 2012). One 

important feature of alperujo is that it is not possible to separate both phases by centrifugation, decantation, 

or another process from the beginning. To perform this separation, it is necessary to apply a preprocessing 

or pretreatment stage (Lama-Muñoz et al., 2019b).The main technique is thermal pretreatment and usually 

consists of steam explosion and hydrothermal treatment (Galanakis, 2017). Thermal pretreatment is 

necessary to solubilize the phenolic compounds in the liquid phase by means of their breakdown from 

complex molecules (Rubio-Senent et al., 2017). Next, it is possible to carry out the phase separation. In the 

case of industrial scale, the hydrothermal treatment is better than steam explosion because of the lower 

operating temperatures and pressures (Lama-Muñoz et al., 2019b). Sedimentation, centrifugation, or 

flocculation can be employed for the separation between the liquid phase and the solid phase. At industrial 

scale, the best process to achieve this separation is centrifugation due to fast splitting, avoiding the use of 

chemicals as in the case of flocculation (Ochando-Pulido et al., 2018). At this point, the liquid phase follows 

one path and the solid phase another. It should be noted that the liquid phase contains most of phenols 

within the alperujo. Due to this fact, the solid phase is not employed as a resource for phenols but it can be 

used to generate other chemicals such (Serrano et al., 2017a) or bioethane (Christoforou and Fokaides, 

2016), power or heat (Christoforou and Fokaides, 2016), and compost (Fernández-Hernández et al., 2014). 

In some cases, the liquid phase can be used for irrigation. However, in this work, the target is to obtain 
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added-value compounds, the phenolic ones, due to their wide array of biological activities (Boskou, 2015). 

Different techniques exist for the recuperation of these phenols. The first technique, also called a 

conventional technique (Soxhlet and maceration), is based on the extraction of phenols using different 

solvents. Depending on the nature of the compound to be obtained, the type of solvent is employed 

(Ochando-Pulido et al., 2018). The main problem with these techniques is the time of extraction to obtain 

high yields of phenols. Advanced extraction techniques allow decreasing the time of extraction and energy 

consumption. These types of techniques can be classified into pressurized liquid extraction, high-pressure 

or high-temperature, subcritical water extraction or superheated water extraction, supercritical fluid 

extraction, molecular distillation or shortpath distillation, ultrasound-assisted extraction, microwave assisted 

extraction, chromatographic methods, or membranes (Boskou, 2015). In this case, use of membrane module 

is a good technique for recovering the phenols due to their low cost and low consumption of energy 

(Ochando-Pulido and Martinez-Ferez, 2017). Furthermore, this technique not only recovers the phenols but 

also produces them with the required degree of purity (Socaci et al., 2019). From the industrial point of view, 

there is another interesting technique to recover phenols, the adsorption technique or the chromatographic 

technique (Fernández-Prior et al., 2020). Based on the species-pathway representation of Pham and El- 

Halwagi (2012). Figure 6.1 shows the possibilities for the recovery of phenols from alperujo based on the 

above discussion. 
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Figure 6.1. Techniques to recover high added-value compounds from olive pomace. 
 

Over the last years, different techniques have been developed to extract phenol compounds from 

olive leaves. Maceration and Soxhlet extraction are very popular ones but the main problem is that they are 

difficult to scale up to the industrial scale. They are used mainly at the laboratory scale (Romero-García et 

al., 2016). Other techniques such as pressurized liquid extraction, dynamic ultrasound-assisted extraction, 

supercritical fluid extraction, or microwave-assisted extraction have been evaluated (Castro and Priego- 

Capote, 2010). Among the modern techniques, the pressurized liquid extraction process is the more 
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promising technique for recovering polyphenols from olive leaves (Roselló-Soto et al., 2015) and it was also 

successful for phenol recovery from various plant matrices and can be used at the industrial scale (Barba 

et al., 2016). After applying this technique, product purification has to be carried out. Two alternatives can 

be used, either membrane modules or adsorption-desorption beds. Figure 6.2 shows processes that can be 

applied to recover added-value products from leaves and branches. 
 

 
Figure 6.2. Techniques to recover high added-value compounds from olive leaves and branches. 

 
 

2.2.2. Superstructure Definition. 
 

As referenced above, after harvesting, cleaning, and production of olive oil, mainly two types of 

wastes are generated, alperujo (the liquid waste stream from oil extraction) and leaves and branches. These 

wastes are treated separately for the recovery of phenols. Figure 6.3 shows the superstructure including the 
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most promising techniques. The harvesting of olive and generation of olive oil are carried out for around 4 

months. In this way, to develop the model of the facility, the olive leaves and branches are processed for 8 

months, while the alperujo is processed for 4 months. During these 4 months, the olive leaves are dried, 

crushed, and stored. These treatments are necessary to avoid the degradation of olive leaves. 

 
Figure 6.3. Superstructure of alternative technologies for the recovery phenols from olive pomace, olive leaves and branches and 

recuperation of energy. 
 
 

In the case of alperujo, the first step is the hydrothermal treatment. After the pretreatment, the liquid 

and the solid phases are separated. The solid phase is used for the generation of energy using a boiler and 

a steam turbine and the liquid phase is used to recover phenols. The recovery of phenols can be carried out 

through two techniques, either membrane modules or adsorption-desorption techniques. 

In the case of leaves and branches, the first step consists of drying, milling, and storage. For the 

recuperation of phenols, the pressurized liquid extractor (PLE) is selected, using ethanol as a green solvent. 

In this process, liquid and solid phases are generated. Similar to the processing of alperujo, the phase solid 

is employed to generate energy, and the liquid phase is employed as a raw material for the recovery of 

phenols. To purify the phenols soluble in the solvent, either membranes or adsorption-desorption techniques 

are used. 
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The solid phase is burnt to generate energy through a regenerative Rankine cycle with reheating 

(Martín and Martín, 2013). 

 
3. Superstructure model formulation 

 
The superstructure described in the previous section, and presented in Figure 6.3, is modeled in 

this section. The modeling of the superstructure is developed unit by unit, considering mass and energy 

balances, thermodynamic properties, and experimental data in the appropriate unit. Surrogate models are 

developed from experimental data. To simplify the explanation of the superstructure, the selection of the 

products based on the indicator should be mentioned; for more information about this analysis, we refer to 

the Portfolio of Products section in this work. Therefore, the phenols recovered from alperujo are 

hydroxytyrosol and tyrosol, while from olive leaves and branches, it is oleuropein. In addition, the explanation 

of the superstructure is divided into three parts for the detailed presentation of the models developed. All of 

the units are modeled based on mass and energy balances using experimental yields from the literature, as 

will be explained in the following sections. 

 
3.1. Recovery of Phenols from Alperujo. 

The composition of alperujo depends on the olive’s variety, the fruit ripeness, among other 

parameters; in such a way, it is widely variable (Galanakis, 2017). Table 6.2 shows the composition of 

alperujo employed in this work. 

Table 6.2. Main compound of alperujo (Adapted (Fernández-Prior et al., 2020; Leite et al., 2016)) (WSC: Water soluble content) 

Component %Wet weight 
Bones 5.062 
Orujillo 17.084 
WSC 0.028 
Phenols 0.066 
Hydroxytyrosol 0.120 
Tyrosol 0.060 
Oil 4.081 
Water 73.500 
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3.1.1. Pretreatment of Alperujo. 
 

The first stage is the pretreatment of the alperujo (see the top line in Figure 6.3). The process used 

for the pretreatment is based on the patent number WO 2012/020159 A1. The process developed in this 

patent consists of one heat exchanger, a reactor, the split of bones, and a centrifugation process (see Figure 

6.3). The first step of the pretreatment is preheating the alperujo in a heat exchanger, using the hot stream 

exiting the reactor. Therefore, with this type of preheating, heat integration is achieved minimizing the 

consumption of steam. The preheated alperujo is sent to the reactor heating with steam. To provide the 

heating, 1.1 L of steam per kg of fed alperujo (Serrano et al., 2017a) is used, assuming medium-pressure 

steam at 230 °C and 2.7 MPa. The reactor is equipped with a stirrer and a heating jacket. In the operation, 

the reactor operates around 170 °C and 0.85 MPa. The pretreatment increases the solubility of the organic 

compounds up to around 26.3% compared to the initial alperujo, and in the case of phenols, it reaches 

60.4% (Serrano et al., 2017a). 

Once it has passed through the reactor, the separation of the solids and liquid phases is easier. 

Two types of techniques are used for such a separation due to the presence of two to remove the bones 

broken in the process of crushing. Thus, two streams are generated, the bones with moisture and the rest 

of compounds. Generally, by the end of the process, the bones have an average of 13% moisture (Junta de 

Andalucía, 2010). 

To perform the separation process, a centrifugation system is employed. The solid-phase content 

is mainly orujillo, defined as the residue remaining after oil extraction from the oil, but around 25% of organic- 

soluble compounds or in the case of phenols 11.5% are lost in the solid phase. Besides, the content of water 

is around 8.7% of the product obtained (Campoy et al., 2014). The liquid phase contains the majority of the 

organic-soluble compounds as well as phenols, so this stream continues the process of recovery of these 

phenols. 

To compute the cost of this pretreatment, the data from Serrano et al. are employed and is under 

patent. In this study, 50,000 metric tons per year are treated, and the investment cost in the case of heat 

recovery reaches €330,000, while the operation and maintenance costs were estimated as 2% of the 

construction cost. Therefore, this investment cost is around 6.6 × 10−3 €/(kg yr) (Serrano et al., 2017a). 

Therefore, the cost (eq 5) is calculated as follows 



A study of the water-energy nexus in power plants Chapter 6 

Lidia Sánchez Guerras C6. 13 

 

 

PT
 
 

) 

) 

 

(Cost 
 

invest PT = 6.6·10−9·m 
 

(5) 
(CostOM ) = 0.02·(Costinvest ) 

 
 

3.1.2. Techniques for Phenol Recovery. 
 

In this work, two techniques to recover the phenols are considered, resin adsorption columns and 

membrane modules (see Figure 6.3); only one is to be used. 

 
3.1.2.1. Resin Adsorption Columns. 

 
One of the most popular alternatives to recover phenols is based on the patent WO 2013/007850 

A1. This patent presents several adsorption and desorption steps through different columns of anionic and 

cationic resins. The liquid phase obtained in the previous separation is fed to the columns (see the top line 

in Figure 6.3). This process is carried out by floating or force of gravity. The phenols are retained in the bed 

of the columns, and to desorb them, different steps are followed. The first step consists of the discharge of 

the column with water, obtaining 3,4-dihydroxyphenylglycol and hydroxytyrosol. The second step is based 

on the discharge of the column with water at acidic pH, obtaining hydroxytyrosol with 30−70% of purity. In 

the end, the column is emptied, refilled with ethyl acetate, and closed. The temperature is increased with a 

heating jacket and then it is emptied; acetate hydroxytyrosol is obtained. According to Serrano et al. (2017a), 

using this process, the yields of hydroxytyrosol, tyrosol, 3,4-dihydroxyphenylglycol, and vanillic acid are 

about 77.8, 93.0, 75.9, and 92.5%, respectively. It should be noted that in this case, hydroxytyrosol and 

tyrosol are recovered separately. 

As in the previous case, this process is under patent, and to compute the cost, the data of Serrano 

et al. are employed (Serrano et al., 2017a). In this way, the investment cost is around 0.42 €/kg and the 

operation and maintenance cost is 0.5 €/(kg yr) (Serrano et al., 2017a), as shown in eq 6 

(Cost  invest  RA = 0.42·10−6·m  (6) 
(CostOM = 0.5·10−6 m 

treat 

trea
 

trea
 

) R
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3.1.2.2. Membrane Techniques. 
 

Another alternative employed to recover phenols consists of the use of membrane modules (see 

the multistage membrane system on the right of Figure 6.3). This process is based on the purification of the 

olive pomace. The small area requirement and low-energy consumption of the operation make it popular in 

water treatment and it is feasible for olive pomace treatment (Mudimu et al., 2012). In this work, this 

technique is based on three types of membranes, two ultrafiltration membranes and one nanofiltration 

membrane. 

The first step of the process is to increase the pressure until a transmembrane pressure of 0.5 bar 

is achieved. The yield considered for the pump is around 80%. Once it has passed through the membrane, 

the permeate is sent to the next membrane using another pump. In the second step, using a second pump, 

the transmembrane pressure (ΔP) must reach 9 bar. The final step consists of recovering the phenols using 

the nanofiltration membrane. The permeate obtained from the second membrane is sent to the nanofiltration 

membrane using a third pump, achieving a transmembrane pressure of 12 bar. The parameters employed 

to develop the mass balance like yields, permeate flux, transmembrane pressure, and water permeability 

are given in Table 6.3. 

Table 6.3. Properties of membranes (Cassano et al., 2013) 
 Jp 

(l/m2·h) 
Kwater 

(l/m2·bar) 
ηPhenols 

(%) 
ηSCO 

(%) 

UF 1 12 218.07 21 33.7 
UF 2 150 22.47 17.6 72.1 

NF 13.75 5.95 100 96.4 
 
 

The temperature of operation employed in the process is the ambient temperature. It should be 

kept in mind that the membrane module does not recover phenols separately but a mix of phenols where 

the principal phenols are hydroxytyrosol and tyrosol. 

In the case of membrane technique, three types of membranes are employed, two ultrafiltration 

membranes and one nanofiltration membrane. In the case of ultrafiltration membranes, the investment cost 

accounts for 5.37 €/m3 per year, while the operating costs are 0.54 €/m3 per year. The process to compute 

the nanofiltration membrane is the same as in the previous case; therefore, investment costs are 3.79 €/m3 

and operating costs are 0.49 €/(m3 yr) (Stoller et al., 2015). 
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3.2. Recovery of Phenols from Leaves and Branches. 

During harvesting of olives, around 5% by weight of olive leaves, with respect to olives, are 

recollected (Galanakis, 2017). At this point, different treatments are described for the recovery of phenols 

from the olive leaves and branches. As mentioned above, the main phenol content in the olive leaves is 

oleuropein. 

The typical composition of the olive leaves that is employed in the model is shown in Table 6.4. 

The addedvalue products are extracted from the carbohydrate and crude fiber. The second line of processes 

in Figure 6.3 shows the processing of leaves and branches. 

Table 6.4. Composition of olive leaves (Erbay and Icier, 2009) 

Component Amount (g/100 g olive leaves) 

Protein 5.45 
Oil 6.54 
Carbohydrate 27.57 
Crude fiber 7 
Ash 3.61 
Water 49.83 

 
 

3.2.1. Drying of Olive Leaves. 
 

After cleaning the olives and removing the olive leaves and branches, these are dried with hot air. 

This technique has a crucial role in the process because if the operating conditions are not optimal or 

appropriate, a huge loss of the total phenol content occurs. To model the process and minimize the losses 

of total phenols, the optimal operating conditions determined in Erbay et al.51 are employed. In this way, to 

obtain the moisture content below 6%, the dryer must operate at 53.43°C.51 In the model, it is assumed 

that the olive leaf temperature is constant across the dryer and the air temperature can decrease by 3 °C. 

Thus, it is possible to compute the airflow necessary to dry the olive leaves. The energy balance developed 

in the process of drying is presented below 

) treat 

treat 

treat 

U
 

) N
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G ⋅ HG  + L ⋅ HL = G ⋅ HG + L ⋅ HL 
 

(8) 
IN IN OUT OUT 

 

where: 
 

HG = Cpda (TG − Tref ) + λ ⋅Y 
i i 

Cpad = 1.005 +1.84 ⋅Y (9) 
HL = Cpds (TL − Tref ) + X ⋅ Cpwater (TL − Tref ) 

i i i 

 

To compute the heat capacity of the leaves, their composition and corresponding heat capacities 

are used (Singh, 2006). 

Cp = ∑Cp ·xw (10) 
ds i  i 

i 

Cp = 2.0082 +1.2089·10−3·T −1.3129·10−6·T 2 

Cp = 1.9842 +1.4733·10−3·T − 4.8008·10−6·T 2 

Cp = 1.5488 +1.9625·10−3·T − 5.9399·10−6·T 2 

Cp = 1.8459 +1.8306·10−3·T − 4.6509·10−6·T 2 

Cp = 1.0926 +1.8896·10−3·T − 3.6817·10−6·T −2 

 
(11) 

 
 

According to the information collected, for this operating capacity, the investment cost of the dryer 

is around $15 000, while the operation and maintenance cost is a function of removed water in the leaves 

and takes a value around 9.82·10-5 M€/(kg H2O/h) (Alibaba, 2019a). 

(Cost invest ) = 15, 000·δ / 106  
(12) 

(CostOM 
 

drier 
−5 

waterremoved 
 

After completing the drying process of the leaves, they are fed to the milling process and then the 

powder is stored. The cost of the crushing machine varies between $60 000 and $145 500. Due to the lack 

of information about this specific process, to be on the safer side, a higher cost is used. With regard to 

operation and maintenance cost, the cost of the energy consumed according to the specifications is 

assumed, taking a value of around 6.3 kW per ton of olive leaves milling per hour (t/h) (Made-in-China, 

2019). 

(Cost invest ) = 145, 500·δ / 106  (13) 
(CostOM 

 
mill 

= 4.35·10−6 ⋅ m 

dryer 

mill 

olives 

) 

) 
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3.2.2. Pressurized Liquid Extraction (PLE) for Phenol Recovery. 
 

Lama-Muñoz et al. (2019a) developed correlations to compute the extraction yield of the soluble 

solid content from the liquid phase as well as the oleuropein content as a function of temperature, moisture, 

and ethanol concentration. The correlations shown in eq 14 are used to compute the extraction yield and 

the content of oleuropein in the olive leaves 

η = 380.99 +146.75·T * +12.98·MC* − 3.52·E* +11.33·T *·E* −17.38·MC*·E* + 25.85·(T * )2
 

mOC = 40.75 + 7.59·T * − 5.79·MC* − 5.22·T *·MC* − 6.14·(T * )2 
+10.13·(MC* )2

 

 

(14) 
 

The parameters T*, MC*, and E* take values between -1 and 1. To apply these values and 

boundaries in the model, a variable change is presented for the moisture content, temperature, and the ratio 

between ethanol and water. The boundaries applied in these correlations correspond to 60-80% of ethanol 

at 70-190 °C and 4.70-22.60% moisture contents, as given in eq 15. 

MC* = 0.10·MC (4.70 − 22.60%) −1.5 

T * = 0.0167·T (70 −190º C ) − 2.167 

E* = 0.10·E (60 − 80%) − 7 

(15) 

 

In this technique, the ratio between the solvent and the olive leaves should be around 7 and is 

lower than the other techniques (Lama-Muñoz et al., 2019b). The losses of solvent in the process are 

considered to be around 2% of the solvent fed. 

Based on the work of Osorio-Tobón et al. (2014)., a surrogate model is developed to calculate the 

investment cost of the pressurized liquid extractor as given by eq 16. 

(Cost ) = 0.2833⋅ (V )2 
+ 0.4392·V + 0.0285 (16) 

invest PLE leaves leaves 
 

To obtain a maximum range of extraction, the time and number of cycles in the process are 5 min 

and 1 cycle, respectively (Lama-Muñoz et al., 2019a). To obtain a continuous process, two extractors are 

used. While one extractor is operating, the other one is cleaned and refilled with powdered leaves. Taking 

into account these considerations, the extractor capacity is computed through eq 17 

Vleaves = 
(mleaves )·textraction·ncycle 

ρ 
 

(17) 
leaves 
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2019). 

 
The density of the powdered olive leaves is considered to be around 1510 kg/m3 (Canabarro et al., 

 
 

The operation and maintenance cost are computed as a function of ethanol losses in the process, 
 

considering the cost of the ethanol to be around 0.42 €/kg (Galán et al., 2019). 
 
 

3.2.3. Purification of Oleuropein Content. 
 

Two methods have been used to purify the oleuropein, membrane modules (Khemakhem et al., 

2017) and adsorption resins (Şahin and Bilgin, 2017), and only one is used. 

 
3.2.3.1. Membrane Modules. 

 
The technique of membrane modules employed in the model consists of two membranes (to the 

right in the bottom of Figure 6.3): an ultrafiltration membrane and a nanofiltration membrane. The treatment 

of membranes to purify oleuropein is similar to that of alperujo. 

The first step is to increase the pressure with a pump until the transmembrane pressure (ΔP) 

generated reaches 1 bar. Having reached that pressure, the solution is sent to the ultrafiltration membrane, 

whose characteristics are shown in Table 6.5. The permeate obtained from the ultrafiltration membrane is 

sent through another pump to the nanofiltration membrane. In this pump, the transmembrane pressure must 

reach 9 bar. The product obtained consists of other phenols, flavonoids, and carbohydrates. The process to 

compute the investment cost and the operation and maintenance cost are the same as in the previous case. 

Table 6.5. Properties of membranes (Khemakhem et al., 2017) 
 Jp 

(l/m2·h) ηoleuropein (%) 
ηsoluble 

(%) 
Ultrafiltration Membrane 27.5 32.81 37 
Nanofiltration membrane 50 100 95 

 
 
 

3.2.3.2. Selective Adsorption of Oleuropein. 
 

The extract obtained in the pressurized liquid extraction process is filtered through a filter under 

pressure to recover ethanol (see the units to the bottom left corner of Figure 6.3). Thus, ethanol is collected 

and recycled to the previous step. The ethanol losses are considered to be around 1%. The extract without 

ethanol is diluted with water, generating a ratio of (grams of extract per liter of water) around 100. After the 
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adsorption process is completed, the resins are washed with distilled water and subjected to the desorption 

process. To carry out the desorption process, 40% ethanol in water mix (Şahin and Bilgin, 2017) is added 

to the resins, promoting the desorption of oleuropein. To remove the water, the obtained extract is percolated 

through a 0.45 μm filter (Li et al., 2011; Şahin and Bilgin, 2017).The resin employed is Amberlite XAD-7HP, 

recommended by Şahin and Bilgin (2017) for the recovery of oleuropein from olive leaves. Table 6.6 shows 

the main characteristics of the resin employed in the process. 

Table 6.6. Properties of Amberlite XAD 7 HP resin 
 References 
Qe (mg /g resin) 97.9 (Şahin and Bilgin, 2017) 
ρ (g/ml) 1.05 (Lookchem, 2019) 
Price (€/kg) 5.00 (Lookchem, 2019) 

 
 

The yield of oleuropein recovery in the process of adsorption is 91%, while the process of 

desorption is 97%. The adsorption process runs for 180 min, whose adsorption capacity corresponds to 

97.90 mg of oleuropein per g of resin (Şahin and Bilgin, 2017) and 17.50 mg per g of resin for the rest of 

phenols. The adsorption capacity is used to determine the amount of resin that is necessary for the operation 

of the process (eq 18) 

mresin = mOA 

Qe 

 
(18) 

 

To compute the cost of the process, the filter under pressure and the pressurized liquid extractor 

are considered. The filter under pressure is assumed to be a vessel, and the cost is estimated as follows 

(Matches, 2020). 

(Cost ) = (0.9635·(m ) +103785)·δ / 106 (19) 
 

The weight of vessel is determined using the following equations (20) (Martín and Grossmann, 
 

2011): 
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ut = 0.07· 

 
Dv = 

 

Lv = 3·Dv 

e = 0.023 + 0.003·Dv 

(20) 

   D 
2 

 D 
2  4  D 

3 
 D 

3  m = ρ ·π    v  + e −   v  ·L + π    v  + e −   v   
steel steel  2   2    v 3  2   2   

�           
 

The cost of the adsorption−desorption process is estimated using the price of the XAD resin and 

vertical vessels. The mass of resin employed in the process is determined as a function of the adsorption 

capacity of the adsorbent and the amount of sorbent. The size of the vessel should be such that it has to be 

able to contain the bed of resins. An overdesign factor of 10% is used for safety reasons and in the case of 

bed expansion (eq 21) (Almena and Martín, 2016). 

Vvessel = 1.1·Vresin 
 

Dvessel = (21) 

Lvessel = 3·Dvessel 
 

The cost of resin XAD is considered to be 2000 €/t (Lookchem, 2019), and to estimate the cost of 
 

the vessel, a correlation obtained from Matches (2020) (eq 22) is used: 

(Cost ) = 2·((0.1699·m + 37.847) + 5·m )·δ / 106  
(22) 

invest ads steel resin 
 

The change of resin along the campaign is considered as operation and maintenance costs. One 
 

change per campaign is assumed to be on the safer side. 
 
 

3.3. Energy Recovery. 

Two of the products obtained in the recovery of phenols are solid compounds made of cellulose or 

lignin. To improve the sustainability of the process, where the pretreatments are energy-intense, the solids 

obtained are employed to produce energy and generate the steam used in the pretreatment step. 

The first aim is to generate the steam needed in the pretreatment stage and heat the air in the 

dryer; the rest of the wastes is used in the production of electricity. To compute the energy required to 

generate the steam, the type of pressure is defined. A medium-pressure steam (2.7 MPa and 503.15 K) 

ρl − ρv 
ρv 

4·V 
π·(0.15·ut ) 

3 
Vvessel 

3·π 
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(Pérez-Uresti et al., 2019) is produced. Therefore, based on these parameters and the amount of steam 

needed, which was fixed by the characteristics of the pretreatment, the energy required is calculated using 

eq 23 

QSN = msteam·(Cpwater ;l ·(Tboil ,water − Tin,water ) + λwater + Cpwater ;g ·(Tout ,steam − Tboil ,water )) 
 

(23) 
 

Taking into account that the energy efficiency toward power in a Rankine cycle is around 40% (ηSN), 

the energy needed in this process is computed as eq 24 

QSN ,real = QSN 
η (24) 

SN 
 

As previously mentioned, the sources employed to generate thermal and electrical energies are 

bones and orujillo whose calorific values are 4400 and 4100 kcal/kg, respectively (Junta de Andalucía, 

2015). The efficiency of the boiler to produce thermal energy is assumed to be 80%. The analysis of the 

energy produced from these wastes is carried out separately since alperujo is used for 4 months and olive 

leaves are used for the rest of the year. To compute the power generated, two boilers and two turbines are 

modeled with the characteristics of the wastes. 

The process considered to produce electricity is a regenerative Rankine cycle with reheating. This 

cycle is modeled unit by unit like in the previous work, considering mass and energy balance and the detailed 

thermodynamics (Martín and Martín, 2013). 

The cost of this section of the facility is computed through the following surrogate models (Caputo 

et al., 2005). 

Cost 

Cost 

turbine = 633000·(WNE 

boiler = 1340000·(WNE 

)0.398 

)0.694 

 
(25) 

 
3.4. Solution Procedure. 

 
3.4.1. Selection of Techniques: Superstructure Optimization. 

 
The aim of the process is the recovery of the added-value products together with the use of residues 

to produce power from the wastes of the olive oil production. Thus, the objective function is a simplified 

annual profit, considering a life cycle of 20 years, as presented in eq 26, where the annualized cost of the 
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units involved allowed for the fixed costs of selecting a unit to be considered, while the operating costs 

consider the use of utilities involved in the processing of the waste. 

Profit =  ∑ (m ·Cost ) − 1 ∑(Cost ) − ∑(Cost )  (26 
anual product product 3 invest j OM  j 

products j j 

 
Within the superstructure, the purity of the products depends on the selected technique. As a result, 

different prices are assigned to the products of each of the alternative path, as shown in Table 6.7. 

Table 6.7. Price of different phenols obtained. 
 Obtained from Price (€/kg) Reference 
Hydroxytyrosol Adsorption 300 (Alibaba, 2019b) 
Tyrosol Adsorption 100 (Alibaba, 2019c) 
Hydroxytyrosol/Tyrosol Membrane 85 (Alibaba, 2019d) 
Oleuropein Adsorption 850 (Alibaba, 2019e) 
Oleuropein Membrane 45 (Alibaba, 2019f) 

 
 

Two operating periods are considered: the recovery phenols from alperujo operate for 4 months, 

while the recovery phenols from olive leaves and branches work along the rest of the year. The optimization 

is subjected to the models of all of the unis described in the Superstructure Model Formulation section 

representing an NLP problem that consists of around 1818 equations and 2508 variables. The model is 

formulated in GAMS and solved using a multistart optimization approach with CONOPT as the preferred 

solver. No global optimum is claimed. 

 
3.5. Cost Estimation. 

After the optimization of the superstructure, the operation and maintenance costs are computed 

based on Sinnot and Towler’s factorial method (Sinnott and Towler, 2016). The investment cost of the facility 

is based on the unit’s costs, estimated using the equations presented along the text. The total investment is 

estimated using Lang factors for a facility that processes fluids and solids. 

With regard to the production costs, the variable cost includes the cost of raw materials and utilities, 

while the fixed cost includes the cost of maintenance, operating labor, laboratory cost, supervision, plant 

overheads, capital charges, insurance, local taxes, and royalties. The methodology employed to develop 

this cost is described by Sinnott and Towler (2016). 
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4. Results and discussion 
 

As a case study for the analysis, 99 227.4 tons of olives gathered per campaign are considered. In 

the oil production, 800 kg of alperujo is generated per ton of olives, and leaves and branches generated 

represent around 5% of the mass of the total amount harvested. Results obtained after the selection of 

products and the optimization process are shown in the next subsections. 

 
4.1. Portfolio of Products. 

The first part of the results consists of the application of the indicators developed to select the 

product(s) to be obtained. In the case of study, only two indicators can be applied, on the one hand, the 

economic potential indicator and, on the other hand, the energy indicator regarding the rupture of the raw 

material in smaller parts. For the indicator concerning solvents, in the majority of the processes, ethanol is 

employed, which is considered as a green solvent (Capello et al., 2007). For developing the methodology, 

a particular composition of olive pomace and leaves and branches is taken, allowing the characterization 

and selection of these wastes. 

 
4.2. Alperujo. 

The composition of phenols from alperujo is shown in kilograms per cubic meter (Table 6.8). To 

compute the fraction of each one in the alperujo, the density of the olive pomace density is assumed to be 

1.63 g/cm3 (Romero-Quiles, 2001). To estimate the energy indicator, it is necessary to determine the original 

source of the phenols. Two alternative sources are identified. We consider the natural source, the phenols 

already available within the waste. Alternatively, they can be produced from the breaking down of longer 

molecules. In this part of the study, only two phenols can be obtained from the different sources: 

hydroxytyrosol and tyrosol. Oleuropein, verbascoside, and hydroxytyrosol 4-β-D-glucoside can be broken 

down to form hydroxytyrosol. In the case of tyrosol, it can be obtained from oleuropein and natural sources. 

Without experimental data, it is not possible to determine the proportion of rupture of each molecule. To 

compute the energy indicator, we assume that each source can generate the same amount. In other words, 

to calculate the indicator for the hydroxytyrosol, we consider 25% of each source, and in the case of tyrosol, 
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we consider 50%. To consider the same source for the price of the products in all cases, the price at lab- 

scale from Sigma-Aldrich’s web page is used (see Table 6.8). 

Table 6.8. Results of indicators applied in the main phenols of alperujo. 
  

Amount 
of 

phenols 
(kg/m3) 

Amounts 
of 

phenols 
in 

alperujo 
(%) 

 
 

Cost 
(€/mg) 

 
Molecular 

weight 
(g/mol) 

 
 

ηprofit 

 
 
ηenergy 

 
 

Standardization 
of ηprofit 

3,4- 
Dihydroxyphenylglycol 

0.157 0.00963 10.26a 170.16 1.39·103 1 0.12 

Hydroxytyrosol 0.540 0.03313 25.41b 154.16 1.18·104 2.652 1.00 
Tyrosol 0.122 0.00748 13.1c 138.16 1.62·103 2.456 0.14 
Vanillin 0.076 0.00466 2.45d 152.15 1.60·102 1 0.01 
p-Coumaric acid 0.032 0.00196 6.90e 164.16 1.90·102 1 0.02 

a (Merck, 2019a) ; b (Merck, 2019b); c (Merck, 2019c); d (Merck, 2019d); e (Merck, 2019e) 
 
 
 

Table 6.8 shows the results of the indicators that can be applied in this case of the study. To rank 

the products, the economic potential indicator shows that the best phenols to recover are hydroxytyrosol, 

tyrosol, 3,4-dihydroxyphenylglycol, p-coumaric acid, and vanillin. In this way, the best option for recovery is 

hydroxytyrosol. 

Regarding the energy indicator, since there is a possibility to obtain hydroxytyrosol and the tyrosol 
 

from other phenols, their indicator shows higher values with respect to other phenols. 
 

In the view of the above results, hydroxytyrosol is the best option for recuperation but the literature 
 

suggests considering both hydroxytyrosol and tyrosol. 
 
 

4.3. Leaves and Branches. 

In the case of olive leaves and branches, the calculation procedure is the same as in the previous 

case (see Table 6.9 for the properties of the raw material). The main difference is that the composition of 

olive leaves is given on a dry basis. The amount of water is around 49.7% based on the literature and that 

is the value assumed for the residue (Lama-Muñoz et al., 2020). 
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Table 6.9. Results of indicators applied in the main phenols of olive leaves and branches. 
 Amounts 

% (dry 
basis) 

Amounts 
% 

Cost 
($/mg) 

Mw 
(g/mol) 

ηprofit ηenergy Standardization 
of ηprofit 

Oleuropein 11.5 5.78 18.5 540.5179 1.36·108 1 1.00 
Luteolin-7- 
glucoside 

0.319 0.16 40.47 448.3880 8.28·106 1 0.06 

Apigenin-7- 
glucoside 

0.134 0.07 31.4 432.3881 2.70·106 1 0.02 

Verbascoside 0.086 0.04 31.45 624.5982 1.73·106 1 0.01 

Quercetin 0.026 0.01 0.0051 302.2483 8.49 1 0.00 
 
 

In this case, it does not make sense to compute the energy indicator because all phenols are found 

in the waste. As a result, the compound selected for the extraction in olive leaves is oleuropein. In this case, 

only one compound is selected because it is the major compound in leaves and generates the larger 

economic potential indicator by comparison. 

 
4.4 Process Design: Selection of Techniques to Recover Phenols. 

The result of the optimization of the superstructure is presented in Figure 6.4. The use of membrane 

module is selected to recover phenols from alperujo, while for processing olive leaves and branches, the 

adsorption technique is one of the choices. 

From the economic point of view, the recovery of phenols from alperujo should be done using the 

membrane module. The main reason behind this is the high cost of the resin employed to separate and 

recover hydroxytyrosol and tyrosol separately. It should be noted that in this case of using the membrane 

separation, the product generated is a mix of phenols composed mainly of hydroxytyrosol and tyrosol, but it 

is cheaper compared to the use of adsorption and the production of both separately does not compensate 

for the additional cost. The mix of phenols obtained through this process is around 62% of hydroxytyrosol, 

26.7% of tyrosol, and the rest of soluble compounds like other phenols or carbohydrate-soluble. Nowadays, 

this type of mix of phenols has wide use in different sectors such as pharmaceuticals, food products, and 

cosmetics, among others. 

In the case of olive leaves and branches, it is more profitable to use adsorption for the recovery of 

phenols. Since the phenol recovered is different from that of alperujo, the type of resin employed in the 



Chapter 6 A study of the water-energy nexus in power plants 

C6. 26 Lidia Sánchez Guerras 

 

 

 
 

process must also be different, resulting in a cheaper cost. The adsorption technique allows the production 

of oleuropein with 85.5% purity. The quantity of phenols per month is shown in Figure 6.5. Note that the 

production of olives lasts 4 months, which results in the production of alperujo from processing the waste, 

while the rest of the year, the leaves and branches are processed to obtain the oleuropein. 

 
Figure 6.4. Optimal flowsheet for the processing of olive’s waste. Solution of the superstructure optimization. 

 
 

Figure 6.5. Summary of the products obtained over a year of operation from alperujo and the leaves and branches. 
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4.5. Economic Evaluation. 

Using the correlations developed for each one of the units as a function of their size, the cost of 

each unit is computed. The investment in units adds up to 18.22 M€. Table 6.10 shows the detail of the 

processing lines for alperujo and the leaves and branches. The total investment cost of the plant is around 

110.23 M€. 
 

Table 6.10. Investment cost of units of alperujo and olive leaves and branches. 
 

Treatments Investment 
cost (M€) 

 
AL

PE
RU

JO
 

Pretreatment 0.524 
Membrane 
Technology 

0.597 

 UF 1 0.306 
UF 2 0.276 
NF 1 0.014 

Power Technology 9.919 
 Turbine 1.75 

Boiler 7.93 

LE
AV

ES
 A

ND
 

BR
AN

CH
ES

 Dryer 0.01275 
Mill 0.1455 
Filter Under pressure 0.089 
PLE 0.039 
Resin Adsorption 6.319 

 
 

As shown in Table 6.10, the share of the alperujo pretreatment used for the separation of the liquid 

and solid phases represents 46.74%, while the rest of the investment cost corresponds to the membrane 

module technology. In the case of olive leaves and branches, only around 3% correspond to the investment 

in the pretreatment. The investment costs for the turbine and the boiler are around 1.75 and 7.93 M€, 

respectively. Note that the power plant represents more than half the investment in units. Note that 

because the larger solid production comes from the alperujo, there is a need to design the power island 

based on that production capacity. 

The operation and maintenance costs are described in the Solution Procedure section. Typically, 

this methodology considers the cost of utilities like electricity and steam as variable costs. However, in this 

case, it has not been considered due to the fact that the facility has the capacity to generate them. Two 

alternative solutions are presented, whether the raw materials are received at a zero cost or if they are 
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purchased. In the latter case, prices of €249 per ton of alperujo84 and €6 per ton of olives and branches are 

considered. Figure 6.6a shows the first alternative, and Figure 6.6b shows the second one. The operation 

and maintenance costs without raw materials adds up to 33.75 M€/yr, while in the case where raw materials 

are considered, the costs reach a value of around 53.54 M€/yr. The cost increases by 61% in the case the 

raw materials do not belong to the facility. As shown in Figure 6.6a, the cost of raw materials reaches 37% 

of the operation and maintenance costs followed by capital changes and maintenance costs. In Figure 6.6b, 

costs have the same order, the capital changes being more expensive followed by maintenance and local 

tax costs. 
 

a 
 
 

b 
 

Figure 6.6. Total operation and maintenance costs: (a) considering raw materials and (b) not considering raw materials. 
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Benefits from phenols correspond to around 104.7 M€/yr. Using eq 26, we compute profit, 

considering benefits from phenols, annualized investment cost, and the operation and maintenance cost 

defined in Figure 6.6. In the case of purchasing the raw materials, the profit reaches 14.5 M€/yr, while in the 

other case, the profit achieved is around 34.3 M €/yr. The return on investment in the case of raw materials 

accounted is around 16.02%, while in the case of raw materials not accounted, it is approximately 48.61%. 

 
4.6. Energy Evaluation. 

Solid wastes are used to generate electric energy and thermal energy. Thermal and electrical 

energy requirements annually by the part of the facility to recover phenols from alperujo is around 140 kW 

on a monthly basis, of which 92.6% corresponding to thermal energy. While in the part of recovery, 

oleuropein from olive leaves and branches achieves 60 kW monthly, 95% corresponding to thermal energy. 

To better understand the operation of the facility, the monthly thermal and electrical energy requirements of 

alperujo and olive leaves and branches are shown in Figure 6.7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7. Monthly energy requirements. (a) Thermal energy required by alperujo, (b) electric energy required by alperujo, (c) 

thermal energy required by olive leaves and branches, and (d) electric energy required by olive leaves and branches. 
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Once the thermal energy requirement is fulfilled, the rest of the solid wastes are transformed into 

electric energy by the power plant. Results show that from the alperujo residues, 12.95 MW can be 

produced, while from the leaves and branches, the power can only be 312 kW. In view of these results, the 

power plant may only operate for 4 months because, the rest of the months, the power island of the facility 

should operate at such a low load that it will cause a problem for the units. 

The electric energy consumed by the units corresponds to 10.2 kW during the alperujo treatment 

(4 months) and 3 kW during the leaf and branch processing (8 months), a total of 46,711 kWh (see Figure 

6.8). Since the power plant capacity installed in the facility is around 12.95 MW and 312 kW for each of the 

operating periods, it is not necessary to buy this type of utility. In this way, the facility, or the part of recovery 

phenols of the facility, is capable of supplying on its own. 

In case the recovery of phenols becomes part of the olive oil generation facility, the energy 

consumption of the main section producing the olive oil should also be analyzed. Considering the production 

capacity of this facility and data from the literature, the annual energy consumed by the olive oil production 

is around 3920 MWh.85 Therefore, the power plant using the residue from the alperujo, with a total energy 

production of 37 296 MWh, would be able to supply energy at this part of the facility. 
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Figure 6.8. Annual electric energy consumption by techniques. 
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5. Conclusions 
 

In this work, a systematic methodology has been developed for the screening and designing of 

multiproduct facilities associated with the WEF nexus. It combines hybrid heuristicbased, metric-based, and 

superstructure optimization approaches to identify the promising high added-value products so as to put 

together a superstructure for the design of an integrated facility that makes the most of waste and valuable 

products toward a sustainable biorefinery. Novel indicators have been developed to identify value-added 

products. The methodology has been applied to the waste from olive trees, olive leaves and branches, and 

alperujo from olive oil production. Value-added products of these wastes include phenols that can be used 

in the pharmacy, cosmetic, or food industries. 

The results show that the optimal portfolio of products corresponds to the recovery of phenols, 

hydroxytyrosol, and tyrosol from alperujo and oleuropein from olive leaves and branches based on the 

economic indicator, which is the largest. After the selection of the products to be obtained, a superstructure 

is formulated and optimized. As a result of the optimization, pretreatment and membrane module technique 

should be used from alperujo to recover a mix of phenols, while in the case of olive leaves and branches, a 

dryer followed by a mill, a pressurized liquid extractor, a filter under pressure, and resin adsorption are used. 

The final economic evaluation is carried out, wherein the profit comes to 14.5 M€ annually in case this 

process is integrated into an olive oil production facility and 34.3 M€ annually if the raw materials have to be 

purchased. Regarding energy, solid waste is used to generate the utilities employed in the recovery process. 

A power plant is integrated into the facility where the power is around 12.95 MW, which is sufficient for the 

recovery process. 

 
6. List of acronyms and abbreviations. 

 
Costboiler: Cost of boiler (€) 
(Costinvest)ads: Inversion cost of adsorption (M€) 
(Costinvest)dryer: Inversion cost of dryer process (M€) 
(Costinvest)FUP: Inversion cost of Filter under pressure (M€) 
(Costinvest)mill: Inversion cost of mill (M€) 
(Costinvest)PLE: Inversion cost of pressurized liquid extractor (M€) 
(Costinvest)PT: Inversion cost of pre-treatment (M€) 
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(Costinvest)RA: Inversion cost of resin adsorption (M€) 
(CostOM)dryer: Operation and maintenance cost of dryer (€) 
(CostOM)Mill: Operation and maintenance cost of mill (M€) 
(CostOM)PT: Operation and maintenance cost of pre-treatment (M€) 
(CostOM)RA: Operation and maintenance cost of resin adsorption (M€) 
Costturbine: Cost of turbine (€) 
Cpash: Heat capacity of ash (kJ/kg·K) 
Cpcarbohydrates: Heat capacity of carbohydrates (kJ/kg·K) 
Cpda: Heat capacity of dry air (kJ/kg·K) 
Cpds: Heat capacity of dry leaves (kJ/kg·K) 
Cpfat: Heat capacity of fat (kJ/kg·K) 
Cpfiber: Heat capacity of fiber (kJ/kg·K) 
Cpprotein: Heat capacity of protein (kJ/kg·K) 
Dv: Diameter (m) 
Dvessel: Diameter (m) 
e: Thickness (m) 
E: Ethanol concentration 
E*: Ethanol concentration (-1;1) 
G: Dry air flow (kg dry air/s) 
HGi: Enthalpy of air under “i” conditions (kJ/kg) 
HLi: Enthalpy of solid under “i” conditions (kJ/kg) 
L: Dry solid flow (kg dry leaves/s) 
Lv: Tank length (m) 
Lvessel: Tank length (m) 
MC: Moisture content (%) 
MC*: Moisture content (-1:1) 
mleaves: mass flow of leaves (kg/s) 
mresin: mass of resin (kg) 
msteel: mass of steel (kg) 
msteam: mass flow of steam (kg/s) 
mtreat: treated mass (kg/year) 
mt: treated mass (m3/year) 
mOC: Oleuropein content (kg oleuropein/kg dry leaves) 
mOA: mass of oleuropein adsorbed (kg soluble/kg dry leaves) 
molives: mass flow of olives (kg/h) 
mwaterremoved: mass flow of water removed (kg/h) 
ncycle: number of cycles. 
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T: temperature (ºC) 
T*: temperature (ºC) 
textraction: extraction time (s) 
ut: terminal velocity (m/s) 
V: steam volume (m3). 
Vleaves: extraction vessel capacity (m3). 
Vresin: Volume of resin (m3) 
Vvessel: Volume of vessel (m3) 
WNE: net electric energy power output (MW) 
X: humidity of leaves (kg water/kg dry leaves) 

xw 
i : mass fraction of i component. 

Y: Specific moisture (kg water/kg dry air) 
δ: conversion euro dolar (0.85$/€) 
ρleaves: Leaves density (kg/m3) 
ρl: Liquid density (kg/m3) 
ρv: Vapor density (kg/m3) 
ρsteel Steel density (kg/m3) 
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One of the main problems in the energy industry is greenhouse gases. For this reason, the first two 

works were carried out (chapters 3 and 4), whose main objective is the reduction of these gases through 

different techniques. Another problem is the consumption of water within the plants, which is why the third 

work (chapter 5) was carried out. Since pulverized coal thermal plants are being closed, it is necessary to 

study other sources of energy, such as waste, to replace this energy generation. Since many wastes have 

value-added products, a study was carried out on this subject (chapter 6). Considering research carried out 

and described throughout this doctoral thesis, the following conclusions can be drawn: 

• The optimal selection of flue gas treatment technologies was carried out for a pulverized coal-fired 

power plant in Spain to determine the optimal operating train to reduce pollutant emissions. For a 

specific mix of coals, the following order of technologies was obtained for catalytic NOx removal, 

an electrostatic precipitator, and SO2 removal by LSD. 

• Based on the above results, the blending problem was evaluated, but since the most commonly 

used technology for SO2 is LFSO, it is included in the problem parameters. After analyzing the 

obtained results, it was obtained that LFSO is a more flexible technology than LSD and allows the 

removal of a larger amount of SO2. The blending coals selected are 25% imported coal and the 

rest crude coal tar. Imported coal is the preferred feedstock due to its composition, but if its cost 

were to increase by 4% or if there were a 12.5% reduction in the cost of LFSO, national coal would 

be selected. 

• The second work that was carried out dealt with the gas treatment of an oxy-combustion plant with 

different proportions of oxygen and carbon dioxide. With this work, the optimized treatment chain 

was determined, generating a superstructure based on heuristic methods and mathematical 

optimization. The result obtained was the dry desulfurizer for sulfur dioxide removal and zeolite 

beds for carbon dioxide cleaning. Regarding the cost of treatment increases as the oxygen 

concentration decreases. 

• A blending problem was also conducted for coal selection based on the composition and price of 

three types of coal. The relationship between sulfur content, price, and energy yield results in no 

coal blend being chosen because of the low cost of raw coal tar, despite the higher increased flue 

gas treatment. 



Chapter 7 A study of the water-energy nexus in power plants 

Lidia Sánchez Guerras C7. 2 

 

 

 
 

• A mathematical optimization framework was developed to calculate the wet cooling tower geometry 

as well as water consumption rates for the sustainable design of the new energy system where 

different energy sources and thermodynamic cycles are employed. The research was based in 

Spain since it is a country very sensitive to water stress problems especially in the south of the 

country. 

• Different correlations were developed for water consumption, cooling tower size, and cost as a 

function of humidity, temperature, and atmospheric pressure. These correlations allow estimating 

the water stress and help the energy transition to determine an appropriate location for new 

renewable energy plants. Bigger towers are needed for southeastern of Spain. 

• A methodology for the systematic design of multi-product facilities has been developed. New 

indicators have been developed to identify value-added products. A case study has been 

developed and applied to olive oil production residues (olive pomace, olive leaves, and branches). 

After the selection of the products to be obtained, a superstructure was built for each residue, based 

on heuristic methods and mathematical optimization. 

• The rates obtained indicate that the phenols to be recovered are as follows hydroxytyrosol, and 

tyrosol from alperujo and oleuropein from olive leaves and branches. The result of the optimization 

of the superstructure is pretreatment and membrane module technique for alperujo treatment, while 

a dryer followed by a mill, a pressurized liquid extractor, a filter under pressure, and resin adsorption 

should be used for olive leaves and branches. The facility has an integrated power plant with a 

capacity of 12.95 MW, enough to be self-sufficient. 
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