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RESUMEN 

Esta investigación se centra en la evaluación termoeconómica para la producción conjunta 

de electricidad, agua, refrigeración, y calor de proceso en plantas de poligeneración solar, 

con el fin de crear una base de conocimiento científico para el desarrollo de tecnologías de 

plantas de potencia de concentración solar (CSP) en zonas con altas condiciones de 

irradiación solar, y el uso racional y óptimo de recursos en esquemas de poligeneración para 

aumentar la eficiencia global de conversión de energía del sistema, y minimizar los costos 

de los productos finales. 

El objetivo principal de esta disertación es modelar, evaluar y optimizar plantas de 

poligeneración solar, configuradas con una planta CSP con un campo de colectores solares 

cilindro parabólico, almacenamiento térmico de energía y un sistema de respaldo, un módulo 

de destilación multi-efectos (MED), un módulo de refrigeración de absorción de simple 

efecto (REF), y un módulo de calor de proceso (PH), donde el motor impulsor es la planta 

CSP, considerando que las plantas de poligeneración se localiza en una zona con altas 

condiciones de irradiación solar y de demanda de energía y agua. 

Las plantas de poligeneración solar se simulan en un régimen transitorio, en una ubicación 

representativa con altas condiciones de irradiación solar, como en el norte de Chile. En el 

desarrollo de esta disertación se utilizaron los programas IPSEpro, Microsoft Excel, 

MATLAB, EES, y el módulo ExIO como complemento de Microsoft Excel. 

Para ampliar el análisis termoeconómico en la evaluación de esquemas de poligeneración 

solar, la metodología incluye el uso de dos métodos termoeconómicos; el primero, basado 

en el método de costo de exergía, se utilizó para evaluar el costo real de cada producto, en 

el análisis de sensibilidad del costo de inversión, costo de combustible y de la demanda, y 

para evaluar los efectos del tamaño del campo solar y el dimensionamiento del 

almacenamiento de energía térmica. Se investigaron tres configuraciones: dos esquemas de 

poligeneración y uno de sistemas independientes. Además, se comparó con el método de 

costo nivelado en términos de asignación de costos y del costo especifico unitario de cada 
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producto. Mientras que el segundo método, basado en el método de exergoeconomía 

simbólica, se utilizó para analizar en profundidad el proceso de formación de costos de 

exergía, comparándolo con sistemas independientes, y para establecer la mejor 

configuración en cogeneración, trigeneración y poligeneración. En el cual, se investigaron 

veintiún configuraciones: ocho de cogeneración, ocho de trigeneración, cuatro esquemas de 

poligeneración, y uno de sistemas independientes.  

Esta disertación fue desarrollada a través de tres artículos científicos.  

Este estudio revela que una planta de poligeneración solar es más eficiente y rentable que 

las plantas independientes para una zona con altas condiciones de irradiación solar y 

proximidad a centros de consumo, como las industrias mineras, que requieren operación 

continua y suministro de energía y agua con una demanda fundamentalmente constante. 

Además, de acuerdo con el mercado del norte de Chile, las configuraciones de 

poligeneración solar son competitivas en cuanto a la producción de electricidad, agua dulce, 

refrigeración y producción de calor. A su vez, las plantas de poligeneración solar podrían 

aumentar el beneficio económico vendiendo créditos de carbono y créditos de cuotas de 

energía renovable basados en el Protocolo de Kyoto y la legislación chilena, 

respectivamente. También revela que el método termoeconómico es un método de 

asignación de costos equitativo y racional que es adecuado para ser aplicado en una planta 

de poligeneración solar. Otro resultado es que este método se recomienda cuando se necesita 

un análisis más preciso para evaluar los costos de los diferentes productos y para evaluar los 

beneficios de una planta de poligeneración, en comparación con las plantas independientes. 

Por otro lado, el método de costo nivelado es un método simple y rápido, y no se requiere 

un profundo conocimiento de termodinámica, siendo recomendable cuando es necesario 

realizar un primer acercamiento de los costos de cada producto. Otro resultado importante 

es que los equipos claves en los cuales el diseño debería ser mejorado en las plantas de multi-

generación solar son: colectores solares, subsistemas productivos (plantas MED, REF, y 

PH), evaporador, y recalentador. También, las configuraciones recomendadas en las plantas 

de multi-generación solar (cogeneración, trigeneración, y poligeneración) son aquellas en 

las cuales la planta MED reemplaza al condensador, y la planta REF, así como el módulo 

PH, se acoplan a las extracciones de turbina.  

Los resultados obtenidos brindan información útil para señalar el potencial que ofrece la 

poligeneración solar y podría constituir una guía para comprender estos métodos. 
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ABSTRACT 

This research is centered on thermoeconomic assessment of the joint production of 

electricity, fresh-water, cooling and process heat for solar polygeneration plants, to create 

scientific knowledge basis for the development of concentrated solar power (CSP) 

technologies in zones with high direct irradiation conditions, and the rational and optimal 

use of polygeneration schemes to increase the overall system energy conversion efficiency 

and minimize the costs of the final products. 

The main objective of this dissertation is to model, evaluate, and optimize solar 

polygeneration plants in thermoeconomic terms, configured by a CSP parabolic trough 

collector field, thermal energy storage and backup system, a multi-effect distillation (MED) 

module, a single-effect absorption refrigeration (REF) module, and a process heat (PH) 

module, whose prime mover is the CSP plant, and considering that the polygeneration plants 

are located in an area with high solar irradiation conditions, and large demands of energy 

and water. 

The solar polygeneration plants are simulated in a transient regime, in a representative 

location with high irradiation conditions, such as in northern Chile. In the development of 

this dissertation IPSEpro, Microsoft Excel, MATLAB, EES (Engineering Equation Solver), 

and the ExIO module as a complement of the Microsoft Excel software were used. 

In order to expand thermoeconomic analysis in the assessment of solar polygeneration 

schemes, the methodology includes the use of two thermoeconomic methods. The first 

method, based on the exergy costing method, was used to assess the actual cost of each 

product; to conduct a sensitivity analysis of investment, fuel cost and demand, and to 

evaluate the effects of solar field size and the sizing of thermal energy storage. Three 

configurations are investigated: two polygeneration schemes and one considering stand-

alone systems. Furthermore, this method was compared with the levelized cost method in 

terms of the costs allocation and the unit specific cost of each product. Whereas the second 
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method, based on the symbolic exergoeconomic method, was used to analyze in depth the 

process of exergy cost formation, compare with stand-alone systems, and establish the best 

configuration in cogeneration, trigeneration and polygeneration schemes, in which twenty-

one configurations are investigated: eight of cogeneration, eight of trigeneration, four 

polygeneration schemes, and one considering stand-alone systems. 

This dissertation was developed through three journal papers.  

This study reveals that a solar polygeneration plant is more efficient and cost-effective than 

stand-alone systems for a zone with high irradiation conditions and proximity to 

consumption centers, such as mining industries, which require continuous operation and 

energy supply with fundamentally constant demand. Furthermore, according to northern 

Chilean market, solar polygeneration configurations are competitive regarding electricity, 

fresh-water, cooling and heat productions. Additionally, solar polygeneration plants might 

increase the economic profit by selling carbon credits and credits of renewable-energy 

quotas based on the Kyoto Protocol and Chilean legislation, respectively. Also reveals that 

the thermoeconomic method is an equitable and rational cost allocation method which is 

suitable for applying in a solar polygeneration plant. Another result is that this method is 

recommended when a more precise analysis it is necessary to assess the proper costs of 

different products, and for assessing the benefits of a polygeneration plant, when compared 

to stand-alone systems. On the other hand, the levelized cost method is a simple and fast 

method, and a deep knowledge of thermodynamics is not required, being recommended 

when it is necessary to perform a first approached of the costs of each product. Another 

important result is that the key equipment, in which the design should be improved in solar 

multi-generation plants, are: solar collector, productive subsystems (MED, REF, and PH 

plants), evaporator, and reheater. Also, the recommended configurations for the integrated 

solar multi-generation plants (cogeneration, trigeneration, and polygeneration) are those, in 

which the MED plant replaces the condenser of the power cycle, and the refrigeration plant, 

as well as the process heat module are coupled to turbine extractions. Those plants were the 

most cost-effective configuration. 

The results delivered provide useful information that could serve to decision-makers to point 

out the actual potential offered by solar polygeneration systems, and could constitute a guide 

to understand these methods. 

Keywords: solar energy, concentrated solar power, polygeneration, thermoeconomic 

analysis, multi-effect distillation, absorption refrigeration. 
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1. INTRODUCTION 

1.1. Context 

The mining industry in zones with high direct normal irradiation conditions, such as northern 

Chile presents a high demand of electricity, fresh-water, process heat, and industrial 

refrigeration. These products are feasible to produce in stand-alone plants that consume 

mainly fossil fuels. However, given the advantages offered by operating in a polygeneration 

scheme, it is interesting to consider the evaluation of a polygeneration plant to produce these 

four products or to operate in a cogeneration or trigeneration scheme. Polygeneration system 

is an integration process, which produces more than one product from one or more natural 

resources (Serra et al., 2009), whose advantages are: allowing to reduce both primary energy 

consumption and CO2 emissions, avoiding the waste heat, reducing the transmission and 

distribution network and other energy losses, as well as decreasing energy dependency at the 

country level, and contributing to the diversification of energy sources (Al Moussawi et al.,  

2016).  On the other hand, since in the north of Chile there is a high availability of solar 

irradiation (Escobar et al., 2014) is that a concentrated solar power (CSP) plant could be a 

cost-effective option to produce electricity because this type of plant allows operating 

directly from solar energy, storing the thermal energy captured, and operating in hybrid form 

using fossil fuel backup, which allows to operate in stable and constant conditions, and thus 

does not affect the performance of plants that are integrated into the polygeneration scheme. 

Therefore, CSP plants have the potential to play an important role in the production of 

electricity from non-conventional renewable energies, which constitute an opportunity for 

sustainable development. Considering that the power block, in the CSP plant, rejects heat to 

the environment, this heat could be recovered by technologies driven by thermal energy. 

Therefore also, a CSP plant is feasible to integrate it with other technologies to produce other 

products, such as process heat, steam, hot water, fresh-water, and cooling (Modi et al., 2017).  

Given the above, in this research is proposed analyzing the integration of a CSP plant that 

operates in polygeneration schemes where the CSP plant analyzed consists of a solar field 

with parabolic trough collectors, a thermal energy storage system, a power block, and a 

backup energy system. The CSP plant is the prime mover into the solar polygeneration plant. 
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Note that the prime mover, that converts thermal or chemical energy into power, is the heart 

of any polygeneration system (Al Moussawi et al., 2016). The technologies driven by 

thermal energy for producing desalted water, cooling, and process heat consist of a multi-

effect distillation plant, a single-effect LiBr-H2O absorption refrigeration plant, and a 

countercurrent heat exchanger module, respectively. These technologies were selected 

because they are commercially available and allow operating within temperature ranges of 

the coupling points in the CSP plant. These points were selected according to the operating 

temperature constraints, imposed by each technology and aiming to cause the minimum 

penalty in terms of power production. The process of integration of those plants is described 

in detail in chapters 2, 3, and 4. 

Due to the complexity of dealing with many energy flows in polygeneration schemes, the 

integration and assessment of such technologies should be evaluated applying a rational 

method. A method for the allocation of resources and products allows solving this problem, 

considering all input and output from the system, investments, operation and maintenance 

costs, as well as the production units of each product. For solving this problem, several 

allocation cost methods have been proposed in the literature, which in general are classified 

in thermodynamic, economic, and thermoeconomic methods (or exergoeconomic). The 

thermodynamic methods are based on the First and/or Second Law of the Thermodynamics 

(Beretta et al., 2014; Gochenour, 2003; Tereshchenko & Nord, 2015; Ye & Li, 2013). The 

economic methods are similar to thermodynamic ones depending on whether lowering 

power or heat costs are in priority (Gochenour, 2003; Nuorkivi, 2010). Finally, the 

thermoeconomic methods are based on the Second Law of the Thermodynamics and 

economic principles (Abusoglu & Kanoglu, 2009; Bejan et al., 1996; Serra et al., 2009). 

However, in the evaluation of solar polygeneration plants, two methods are used: the 

thermoeconomic method and the levelized cost method, although, this research is based 

mainly on the thermoeconomic method that is described in chapters 2, 3, and 4 while the 

levelized cost method is described in chapter 3. 

Based on a literature review, which is explained in chapters 2, 3 and 4, the following 

knowledge gaps have been identified: 

i. Few articles reported in the literature have applied thermoeconomic assessment to solar 

polygeneration systems, considering a concentrated solar power plant as prime mover. In 
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that context, some important aspects have yet to be investigated, such as the different 

relationships between fuels and products, the effect of investment, fuel cost, and demand 

in the products costs; as well as the sizing of the solar field and the TES for these solar 

polygeneration systems considering high irradiation conditions. This solar polygeneration 

plant is very attractive in zones presenting high irradiation conditions, scarcity of water, 

availability of flat terrain, and proximity to consumption centers, such as the mining 

industries in Northern Chile, Northern-Africa and Australia. 

ii. Different studies have focused on assessment of CSP-polygeneration systems by the 

levelized cost method (Short et al., 1995) and other by the thermoeconomic method (Bejan 

et al., 1996); however, the results from each method are unlike and produce significant 

differences. Hence, it is not clear which method is more appropriate for assessing a solar 

polygeneration plant and which is the effect and impact of using one or other method, in 

terms of the complexity of calculations, rules and rationality of cost allocation, and the 

applicability to compare between stand-alone systems and polygeneration plants. 

iii. CSP could be integrated into polygeneration schemes (Modi et al., 2017) and different 

studies have focused mainly on the final cost of each product. However, such those studies 

do not consider the evaluation of the process of exergy cost formation, the decomposition 

of each cost, and the configuration from stand-alone systems, following with cogeneration 

plants, trigeneration and finally polygeneration plants to find out new opportunities for 

savings, in terms of energy resources, in this complex integrated system.  

This dissertation has been divided into three research papers, where each one covers one of 

the gaps indicated above, and it is developed in chapters 2, 3, and 4 respectively. The 

contribution of this dissertation seeks to fill those knowledge gaps. The objectives, 

hypotheses, methodology, content and contributions of the dissertation are presented below.  

1.2. Objectives  

The main objective of this dissertation is to model, evaluate, and optimize solar 

polygeneration plants in thermoeconomic terms, configured by a CSP parabolic trough 

collector field, thermal energy storage and backup system, a multi-effect distillation module, 

a single-effect absorption refrigeration module, and a process heat module to produce power, 

desalted water, cooling, and process heat, whose prime mover is the CSP plant, and 
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considering that the polygeneration plants are located in an area with high solar irradiation 

conditions, and large demands of energy and water to create scientific knowledge basis for 

the development of concentrated solar power (CSP) technologies, and the rational and 

optimal use of polygeneration schemes to increase the overall system energy conversion 

efficiency and minimize the costs of the final products.  

The specific objectives of this dissertation are: 

i) To assess and optimize a solar polygeneration plant using a thermoeconomic method to 

determine the actual cost of each product; to conduct a sensitivity analysis of investment 

cost, fuel cost, and demand; and to evaluate the effects of solar field size and the sizing 

of thermal energy storage.  

ii) To evaluate a solar polygeneration plant using the levelized cost and the thermoeconomic 

methods to analyze the costs allocation process, the unit specific costs of each product, 

as well as the energy and exergy efficiencies, and the main advantages of both methods 

evaluated. 

iii) To analyze in depth the process of exergy cost formation in solar multi-generation plants, 

that include cogeneration, trigeneration, and polygeneration schemes, to compare with 

stand-alone systems, to find out new opportunities for savings, and to establish the best 

configuration in a cogeneration, trigeneration and polygeneration scheme, in terms of 

unit exergy cost of the product, total exergy cost of product, and exergy efficiency. 

1.3. Hypotheses 

i) Concentrated solar power plant can supply thermal energy to produce desalted water, 

cooling, and process heat, under different polygeneration schemes in high direct normal 

irradiation conditions. 

ii) A solar polygeneration plant, in zones with high direct normal solar irradiation 

conditions and large demands of energy and water, can operate more efficiently than 

stand-alone systems in thermodynamic and economic terms. 

iii) The thermoeconomic method is appropriate for evaluating and comparing solar 

polygeneration schemes and stand-alone systems. 

iv) The thermoeconomic method makes a rational allocation of resources, so it is appropriate 

to be used in the assessment of polygeneration systems.  
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v) The exergy cost theory provides a general criterion that enables to assess the efficiency 

of polygeneration systems and rationally explains the process of cost formation of 

products. 

1.4. Methodology 

In general, the methodology considers first the modeling of stand-alone systems and their 

validation, following with the integration of those plants in solar multi-generation schemes, 

that include cogeneration, trigeneration, and polygeneration schemes, which are modeled 

considering solar energy and natural gas as primary resources, and the demand from the 

mining industry, that operates continuously and consequently presents a constant demand. 

The solar multi-generation schemes integrated consist of a concentrated solar power, a multi-

effect distillation plant, a single-effect absorption refrigeration plant, and a process heat 

module. The solar polygeneration plants are simulated considering a meteorological year 

(Escobar et al., 2014), from the simulations, the production of the plants are determined in 

hourly, monthly, and annual base. The specific methodology applied in each research is 

explained in extenso in chapters 2, 3 and 4, respectively. Each chapter responds to a specific 

objective, thus, chapter 2 is associated with the first specific objective, chapter 3 with the 

second, and chapter 4 with the third. 

Secondly, it is defined an aggregation level in each system, and it is applied the 

thermoeconomic and levelized cost methods. In chapter 2, it is applied the thermoeconomic 

method, based on the exergy costing method (Bejan et al., 1996), that was used to assess the 

actual cost of each product, to conduct a sensitivity analysis (investment, fuel cost and 

demand), and to evaluate the effects of solar field size and the sizing of thermal energy 

storage. Three configurations are investigated: two polygeneration schemes and one 

considering stand-alone systems. In chapter 3, it is compared the thermoeconomic method 

(Bejan et al., 1996) and the levelized cost method (Short et al., 1995) in terms of the costs 

allocation and the unit specific cost of each product to analyze the costs allocation process, 

the unit specific costs of each product, as well as the energy and exergy efficiencies, and the 

main advantages of both methods evaluated. Two configurations are analyzed and 

compared: a polygeneration scheme and stand-alone systems. Finally, in chapter 4, it is 

applied the thermoeconomic method, based on the symbolic exergoeconomic method 
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(Torres et al., 2008; Usón et al., 2012; Valero et al., 2013), that was used to analyze in depth 

the process of exergy cost formation to compare with stand-alone systems, and establish the 

best configuration in cogeneration, trigeneration, and polygeneration schemes. Twenty-one 

configurations are investigated: eight of cogeneration, eight of trigeneration, four 

polygeneration schemes, and one considering stand-alone systems. Note that chapters 2, 3, 

and 4 are associated with the journal papers I, II, and III respectively.  Each research paper 

is an independent research that is concatenated with the previous research. 

The present work was executed with the help of commercially available process simulation 

software, such as IPSEpro (modules PSE, MDK, and PSXLink) (SimTech GmbH, 2011), 

Microsoft Excel, MATLAB, EES (Engineering Equation Solver), and the ExIO (Torres & 

Valero, 2012) module as a complement of the Microsoft Excel; the post-processing was 

performed by MATLAB and Microsoft Excel. 

1.5. Contents and research contributions 

1.5.1. Contents 

The present dissertation is organized in five chapters, with this introduction first. 

Chapter 2, 3, and 4 respond to the first, second, and third specific objective of the 

dissertation, respectively. These chapters constitute each one of the research paper (journal 

paper I, II, and III) and contain the state of the art, the literary revision, the methodology, the 

results, and the conclusions of this research within its scope. With the purpose of maintaining 

their purity and comprehension, it has avoided changing them, except if necessary. In this 

way, each chapter is an autonomous unity and can be read without the strict need of reading 

the rest of the chapters. Although this facilitates the reading of the document, it has the 

inevitable drawback of having to provide some redundant contents between the different 

chapters, especially in the introduction and the section of the different methodologies. 

The content of each chapter is indicated below: 

- In chapter 2, a thermoeconomic assessment of the joint production of electricity, fresh-

water, cooling, and heat for a solar polygeneration plant is carried out. The aims are to 

assess the actual cost of each product; to conduct a sensitivity analysis of investment, fuel 

cost, and demand; and to evaluate the effects of solar field size and the sizing of thermal 



10 

  

energy storage, for a polygeneration plant located in an area with high solar irradiation 

conditions, where there is demand for its production. The solar polygeneration plant is 

configured by a concentrated solar power parabolic trough collector field with thermal 

energy storage and backup system, multi-effect distillation module, single-effect 

absorption refrigeration module, and process heat module. The solar polygeneration plant 

is simulated in a transient regime, in a representative location with high irradiation 

conditions, such as in northern Chile. Three configurations are investigated: two 

polygeneration schemes and one considering stand-alone systems. 

- In chapter 3, a comparison between the levelized cost and the thermoeconomic methods 

were applied to assess the performance of a solar polygeneration plant. The aim is to 

analyze the costs allocation process, the unit specific costs of each product, as well as the 

energy and exergy efficiencies. The methodology is applied in a case of study configured 

by a concentrated solar power with thermal energy storage and backup system, combined 

to a multi-effect distillation plant, an absorption refrigeration plant, and a process heat 

module. 

- In chapter 4, a thermoeconomic analysis of solar multi-generation plants, which includes 

cogeneration, trigeneration, and polygeneration schemes, for the joint production of 

electricity, fresh-water, cooling, and process heat is carried out to analyze in depth the 

exergy cost formation process and compare them with stand-alone systems. That 

comparison allows determining the best configuration in a cogeneration, trigeneration, 

and polygeneration scheme, in terms of unit exergy cost of the product, total exergy cost 

of product, and exergy efficiency. The solar multi-generation plant considers a 

concentrated solar power as prime mover, which is integrated to a multi-effect distillation, 

an absorption refrigeration, and a process heat plants. Twenty-one configurations are 

investigated: eight of cogeneration, eight of trigeneration, four polygeneration schemes, 

and one considering stand-alone systems. 

- Finally, chapter 5 presents the main conclusions of this dissertation. 

1.5.2. Results  

The results of this dissertation are explained in chapters 2, 3, and 4, but the main ones are 

explained as follows: 
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- In terms of total exergy cost rate of products, unit exergy cost, and exergy efficiency, the 

solar polygeneration schemes are more economically attractive than stand-alone systems 

with high irradiation conditions and proximity to consumption centers (papers I, II, and 

III). 

- The recommended configuration for a solar polygeneration plant is the one where the 

MED plant has replaced the condenser of the CSP plant, the refrigeration plant is coupled 

in a turbine extraction, and the process heat plant is coupled between feed water 

preheaters. This plant was the most cost-effective configuration (paper I).  

- In conformity with North Chilean market, the solar polygeneration plants are competitive. 

Moreover, solar polygeneration plants might increase the economic profit with the sale of 

carbon credits according to the Kyoto Protocol and the sale of credits, according to the 

renewable energy quota established by Chilean legislation (paper I). 

- The sensitivity analysis of investment cost shows that the investment costs of solar field 

and TES are more influential on the total exergy cost rate and unit exergy cost of the plant. 

Therefore, the key areas where cost reductions need to be achieved are the solar field and 

TES (paper I). 

- The thermoeconomic method is a good method for optimization a solar polygeneration 

plant because it uses exergy as a criterion to allocate costs and allows to perform an 

assessment considering the conversion efficiencies and economic benefits offered by the 

system (paper I). 

- When more than one product is produced, there are common costs associated with the 

products concerned, and it is necessary to determine the share of costs attributable to one 

or another product. So, the cost allocation procedure needs an additional rational analysis 

to prevent allocation from being arbitrary (paper II).  

- The levelized cost method and the thermoeconomic method are used extensively in the 

evaluation of this kind of plants, in which levelized cost method is a simple and fast 

method, and a deep knowledge of thermodynamics is not required. In the absence of a 

detailed knowledge of the plant, the level cost method is a good alternative and presents 

reasonable results. Therefore, this method is recommended when it is necessary to 

perform a first approximation of the costs of each product, but comparing between 

polygeneration plant and the stand-alone systems could lead to inaccurate conclusions. 
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On the other hand, the thermoeconomic method is an equitable distribution of the 

appropriate share of non-exergy-related cost rate (𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥) and exergy cost rate 

in each product. It is based on the Second-Law of Thermodynamics and the Economics, 

in which all costs from resources consumed are charged to their useful products. This 

method is recommended when it is required to perform a more precise analysis of the 

costs of each product, and to assess the benefits of polygeneration schemes, compared to 

the stand-alone systems. The disadvantages of the thermoeconomic method are its 

complexity and additional knowledge about the internal parameters of the plant, which 

could not be available (paper II). 

- The electricity cost calculated through the levelized cost method is higher than that 

estimated by the thermoeconomic method. In contrast, the water, cooling, and process 

heat costs are lower since in the levelized cost method, the allocation of cost does not 

charge all internal cost to MED, REF, and PH plants (paper II).  

- The minimums unit exergy cost and levelized cost happened at the same sizing of SM 

and TES, however, the unit costs have different values. Hence, independently of the 

method employed, in an optimization process for sizing of SM and TES, the same results 

are delivered. Nevertheless, the thermoeconomic method allows measuring in the same 

unit resources and products of very different nature, such as energy and water (paper II). 

- The best configurations for the integrated solar multi-generation plants (cogeneration, 

trigeneration, and polygeneration) are those in which the MED plant replaces the 

condenser of the power cycle and the REF plant, as well as the PH module are coupled to 

turbine extractions. Those plants deliver lower unit exergy costs of electricity, water, 

cooling, and heat (paper III).  

- The main components that contribute to the costs formation of electricity in a solar 

polygeneration plant, in descending order of importance, are: solar collectors, evaporator, 

and reheater. In the case of the other products generated, the main components are 

dissipative device systems (MED and REF), solar collectors, productive subsystems 

(MED, REF, and PH), evaporator, and reheater. These components constitute the key 

equipment where the design should be improved in order to reduce the costs of products 

to which is necessary to first consider them in an in-depth process of analysis and 

optimization (paper III).   
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- The integrated solar multi-generation plants, that include cogeneration, trigeneration, and 

polygeneration schemes, are more cost-effective than stand-alone systems since these 

produce the lower unit exergy cost of electricity, water, cooling and heat under the 

conditions analyzed (paper III). 

1.5.3. Contributions  

The major contributions of this dissertation are the following. Note that the detailed 

contributions are explained in chapters 2, 3, and 4. 

- It provides an exhaustive review of the literature about:  

▪ Solar polygeneration plants that use as prime mover a CSP plant (Paper I). 

▪ Levelized cost and thermoeconomic methods used in a CSP polygeneration plant 

(Paper II). 

▪ Symbolic exergoeconomic methodology that is part of the exergy cost theory 

(Paper III). 

The reviews are a contribution in its own right. 

- It demonstrates that the five hypotheses raised are correct (Papers I, II, and III).  

- It develops a thermoeconomic model for solar polygeneration plants and stand-alone 

systems which is flexible and could be adapted to other configurations (Papers I, II, 

and III). 

- It develops a levelized cost model for solar polygeneration plants and stand-alone systems 

that could be adapted to other cases of polygeneration schemes (Paper II). 

- It develops three case studies, two of them regarding solar polygeneration plants and the 

third one considering stand-alone systems. These case studies illustrate different potential 

configurations to be installed in zones with high direct normal irradiation conditions. The 

results delivered provide useful information that could serve to decision-makers to point 

out the actual potential offered by solar polygeneration systems (paper I). 

- It demonstrates that the thermoeconomic method is a good method for optimization the 

solar polygeneration plants because it uses exergy as a criterion to allocate costs and 

allows to perform an assessment considering the conversion efficiencies and economic 

benefits offered by the system (papers I and II). 
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- It might constitute a guide to understand the levelized cost and the thermoeconomic 

methods, and to evaluate CSP-polygeneration system (paper II). 

- It develops twenty different configurations of multi-generation plants: eight of 

cogeneration, eight of trigeneration, four polygeneration schemes, and one considering 

stand-alone systems (paper III). 

- It determines the best configurations for the solar multi-generation plants (cogeneration, 

trigeneration, and polygeneration), in which the MED plant replaces the condenser of the 

power cycle, and both the REF plant and the PH module are coupled to turbine extractions 

(paper III). 

- It determinates the key equipment through which the design might be improved to reduce 

the products costs in the solar multi-generation plants (cogeneration, trigeneration, and 

polygeneration). They are: solar collector, productive subsystems (MED, REF, and PH 

plants), evaporator, and reheater (paper III). 

1.5.4. Perspectives of future work 

As future studies, there are three interesting lines: 

- To analyze other configurations of solar polygeneration plants using a concentrated solar 

power plant as prime mover, in which other alternative technologies provide desalted 

water and cooling, such as, multi-stage flash, reverse osmosis, and vapor compression 

refrigeration machine. This will allow complementing and expanding the scope of 

analysis regarding the equipment that can be connected to a CSP-polygeneration plant.  

- To perform a thermoeconomic diagnosis of the operation of a CSP-polygeneration plant 

to determine the malfunction and dysfunction, in which, according to Valero and Torres 

(2004), the malfunction or endogenous irreversibility of a process is the variation of its 

irreversibilities due to a degradation of its efficiency, while the dysfunction or exogenous 

irreversibility of a process is the variation of its irreversibility due to the changes in its 

production demand.  

- To analyze the effects on the products specific costs when the CSP plant is operated in a 

polygeneration scheme considering different modes of operation, such as generation only 

from solar field, generation from TES, generation from BS, generation from solar (solar 

field and TES), generation from TES and BS, and so on. The aim is to determine the 
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hourly products specific costs during a year. Additionally, it is interesting to analyze the 

case of operating the power block in part-load conditions and its effect over other plants.  
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2. THERMOECONOMIC ASSESSMENT OF A SOLAR 

POLYGENERATION PLANT FOR ELECTRICITY, WATER, 

COOLING, AND HEATING IN HIGH DIRECT NORMAL 

IRRADIATION CONDITIONS. 

Abstract 

A thermoeconomic assessment of the joint production of electricity, fresh-water, cooling and 

heat for a solar polygeneration plant is carried out. The aims are to assess the actual cost of 

each product, to conduct a sensitivity analysis of investment, fuel cost and demand, and to 

evaluate the effects of solar field size and the sizing of thermal energy storage, for a 

polygeneration plant located in an area with high solar irradiation conditions and where there 

is demand for its production. The solar polygeneration plant is configured by a concentrated 

solar power (CSP) parabolic trough collector field with thermal energy storage and backup 

system, multi-effect distillation (MED) module, single-effect absorption refrigeration 

module, and process heat module. The solar polygeneration plant is simulated in a transient 

regime, in a representative location with high irradiation conditions, such as in northern 

Chile. Three configurations are investigated: two polygeneration schemes and one 

considering stand-alone systems. This study reveals that a solar polygeneration plant is more 

efficient and cost-effective than stand-alone systems for a zone with high irradiation 

conditions and proximity to consumption centers, such as mining industries, which require 

continuous operation and energy supply with fundamentally constant demand. Furthermore, 

according to northern Chilean market, solar polygeneration configurations are competitive 

regarding electricity, fresh-water, cooling and heat productions. Additionally, solar 

polygeneration plants can increase the economic profit by selling carbon credits and credits 

of renewable-energy quotas based on the Kyoto Protocol and Chilean legislation, 

respectively. 

2.1. Introduction 

Energy and fresh water are scarce in many places, especially in locations presenting high 

irradiation conditions, such as desert and arid zones. Thus, the use of solar energy for 
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producing energy and fresh water is an opportunity for economic development, energy 

security and climate change mitigation. Northern Chile, North-Africa and Australia are 

places with high irradiation conditions, availability of flat terrain, and with high consumption 

centers such as mining industries. Northern Chile is a good example for analysis, where its 

scarcity of energy and water, combined with the large mining facilities in the area, have 

pushed the demand for electricity, water, cooling and industrial process heat at competitive 

costs (COCHILCO, 2015a, 2015b). In fact, electricity, water and fuel prices have reached 

historical highs, negatively affecting the competitiveness of companies operating in the 

region. According to the Chilean Energy Ministry (2017), in 2015 the mining industry 

consumed 17 % and 34.4 % of the energy and electricity generated in the country, 

respectively, while other industries account for 23 % and 24.4 % respectively. Chile has a 

geography that provides an extraordinary variety of climatic conditions and availability of 

water resources and solar energy. Chile extends 4 270 kilometers from north to south. The 

north is mostly arid desert, the central zone having a more Mediterranean and the south being 

temperate and wet. Mining is mainly concentrated in the northern regions where minerals 

are more abundant. The arid Atacama Desert in northern Chile contains great mineral wealth, 

principally copper. So, the energy consumption in northern Chile is mostly related to mining 

industries, which require continuous operation and energy supply with fundamentally 

constant demand. The main sources of energy supply for mining are electricity and fuels. 

The demand for electricity in 2015 was 18.7 TWh and 12.8 TWh in northern Chile and the 

cooper mining industry, respectively. At regional level,  the electricity demand of the cooper 

mining industry was 11.0 TWh in the Antofagasta region (COCHILCO, 2015b). Similarly, 

the demand for process heat and cooling in northern Chile is almost exclusively associated 

with mining. According to Chilean Cooper Commission (COCHILCO), the demand for fuels 

in 2015 was 21.2 TWh  in the copper mining industry, of these 16.7 TWh was used in ore 

transportation trucks, and 4.5 TWh in mining processes that requiring process heat such as 

smelting, refineries, leachable mineral treatments, and services (COCHILCO, 2016). Of 

these processes, the leachable mineral treatments, and services require low temperatures, 

and its process heat demand was about 1.15 TWh. At the regional level, the fuel demand for 

copper mining industry was 12.1 TWh in the Antofagasta region, and the demand of the 

leachable mineral treatments, and services was about 0.6 TWh. On the other hand, water 
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consumption in Chile is: 77.8 % of agriculture, 9.1 % of industry, 7.2 % of mining, and 

5.9 % of drinking water. The proportions vary greatly between regions depending upon the 

climatic conditions. The water consumption of the copper mining industry in 2015 was of 

15.8 m3/s, which is forecast to increase to around 21.5 m3/s by 2026 due to the development 

of new projects and reduced ore concentration. At the regional level, the freshwater 

consumption of the copper mining industry in 2015 was of 5.7 m3/s in the Antofagasta region 

(COCHILCO, 2015b). In contrast, Chile presents high availability of solar energy, especially 

in the northern region, which stands out as one of highest solar radiation rates worldwide. In 

this area, the annual average of daily global horizontal irradiation reaches levels higher than 

8 kWh/m2 and the daily average of direct normal irradiation presents values higher than 

10 kWh/m2 (Escobar et al., 2015). Hence, considering the large demand for electricity, fresh 

water and process heat, among other utilities, in northern Chile, and the high solar energy 

availability, I propose to analyze the potential for implementing polygeneration schemes 

driven by solar energy. 

A polygeneration scheme is an integrated process, which has three or more outputs that 

include energy flows, produced from one or more natural resources. Polygeneration systems 

can be classified as either topping, or  bottoming cycle systems (Al Moussawi et al., 2016). 

In a topping cycle, the priority is power production, i.e. the supplied fuel is first used to 

produce power and then thermal energy. It is the most popular and widely used method of 

polygeneration. In contrast, in a bottoming cycle, the priority is heat production, i.e. high 

temperature thermal energy is the primary product produced by the process and the heat 

rejected from the process is recovered to generate power. A polygeneration scheme has 

comparative advantages over individual stand-alone systems, since it allows for reduction in 

both the primary energy consumption and the emissions of greenhouse gasses by displacing 

fossil fuels. A polygeneration scheme allows for the integration of different technologies, 

maximizing the rational use of resources. Due to the complexity of dealing with several 

energy flows, the integration of such technologies could be evaluated through a 

thermoeconomic approach, which combines both economic and thermodynamic relations, 

aiming to reduce the total exergy cost rate of the products. That approach allows performing 

a complete assessment, considering the conversion efficiencies and economic benefits 

offered by the system (Dincer & Rosen, 2012).  
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2.1.1. Polygeneration technologies 

Concentrated solar power (CSP) systems generate solar power by using mirrors to 

concentrate a large area of sunlight onto a small area. Electricity is generated when the 

concentrated light is converted to heat, which typically drives a Rankine cycle (IRENA, 

2012). CSP technologies can be classified into four categories: CSP parabolic trough 

collector, central receiver (solar tower), linear Fresnel and dish-Stirling. Within the CSP 

technologies, CSP parabolic trough collector is considered as the most mature, accounting 

for 85 % of the cumulative installed capacity; and presenting the lowest cost (IRENA, 2015). 

CSP parabolic trough collector allows for a simple integration of thermal energy storage 

(TES) and a backup system allowing to operate in periods of low solar radiation, increasing 

its capacity factor. In this context, CSP systems with TES and backup system can provide 

full-load, steady state electricity generation, even on cloudy days or during the night, 

assuring predictable dispatchability to meet peak demands. The three basic conditions for 

the development of concentrated solar power plants are high levels of direct solar irradiance 

during most of the year, availability of flat terrain, and proximity to consumption centers. 

Regarding water desalination, polygeneration schemes commonly consider thermal driven 

technologies, such as multi-effect distillation (MED) or multi-stage flash (MSF) or pressure-

driven technologies, such as reverse osmosis (RO), which represent the most reliable and 

commercially proven technologies for desalination. Within the thermal technologies, MED 

is considered more attractive than MSF due to its lower energy consumption, low sensitivity 

to corrosion, low presence of scaling, and high development potential (Al-Karaghouli & 

Kazmerski, 2013). Furthermore, the possibility of operating MED plants at temperatures 

lower than 100 °C constitutes an interesting opportunity for coupling this technology to solar 

thermal systems (Al-Karaghouli & Kazmerski, 2013). Regarding the refrigeration process, 

absorption machines and vapor compression technologies are the most common systems 

employed for industrial cooling. Vapor compression systems are highly efficient 

refrigeration cycles that are currently dominating the market. However, it is not feasible to 

drive their operation using thermal energy. On the other hand, absorption refrigeration 

systems use thermal energy to drive a thermochemical cycle, demanding less than 1 % of 

the electricity consumed by a vapor compression machine. Therefore, absorption 
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refrigeration is more attractive than vapor compression refrigeration for a solar 

polygeneration scheme. The commercially available solutions for absorption refrigeration 

are mainly single and double effect cycles, where most of the absorption systems available 

on the market are single-effect systems  (Sarbu & Sebarchievici, 2015).  

The solar polygeneration plant proposed herein consists of a CSP parabolic trough collector 

with TES and backup system since it is the most developed and commercially proven 

technology. In addition, a MED plant, a single-effect absorption refrigeration system, and a 

countercurrent heat exchanger as a process heat plant are considered because they are 

commercially available and allow for the use of thermal energy to drive the processes.  

2.1.2. Integration scheme 

Solar energy based heat and power systems are an attractive solution to satisfy energy 

demands, such as electricity, process heat, hot water, heating, space cooling, refrigeration, 

and water. Within solar energy alternatives, concentrated solar power technologies with 

parabolic trough collector, as a prime mover, allow for many integration alternatives to 

deliver several products. In this context,  Modi et al. (2017) presented a thorough review of 

solar energy based heat and power plants, considering only fully renewable plants with at 

least the production of electricity and heat/hot water for end use. They concluded that it is 

economically and environmentally beneficial to invest in both small and large capacity solar-

biomass hybrid plants for combined heat and power production in Nordic climatic 

conditions. Additionally, they also suggest that the configuration with an organic Rankine 

cycle with solar thermal collectors and a biomass burner is particularly attractive for large 

capacity plants. Recently, a new solar cogeneration plant named Aalborg CSP-Brønderslev 

CSP with Organic Rankine Cycle project (NREL, 2017) has been put into operation in 

Denmark to generate heat and power. A CSP system was integrated with a biomass-organic 

Rankine cycle plant. This solar cogeneration plant is the first large-scale system in the world 

to demonstrate how CSP with an integrated energy system design can operate efficiently. 

However, there are no others solar polygeneration plants or solar cogeneration plants in 

operation that are coupled to a CSP plant. On the other hand, due to the large potential of 

such schemes, the integration of CSP and desalination plants has been analyzed in several 

studies. Moser et al. (2013) carried out a methodology for cost comparison, where different 
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options for producing electricity (CSP, photovoltaic system, and wind power) and 

desalinated water (MED and RO) were analyzed and compared in terms of levelized 

electricity cost (LEC) and levelized water cost (LWC). The results for the LEC and LWC 

were 1.6 % and 26.6 % lower, respectively, in CSP-RO compared to CSP-MED. The same 

authors (2014) developed a techno-economic model for the assessment of desalination plants 

(MED and RO), driven by conventional power plants, based on fossil fuels and renewable 

energies. Their results showed that despite higher investment cost, LWC of CSP-

Desalination was comparable to the cost of conventional desalination, where the variability 

of the results depend on the different operational and financial scenarios considered. 

Moreover, Fylaktos et al. (2014) carried out an economic analysis of an electricity and 

desalinated water cogeneration plant in Cyprus. Their results revealed that the CSP-

Desalination concept is financially feasible for all systems, even though the stand-alone 

electricity plant is economically more attractive. However, their findings also showed that 

LEC and LWC were 0.8 % and 11.9 % higher, respectively, for CSP-RO compared to CSP-

MED. Recently, Palenzuela et al. (2015) carried out a techno-economic analysis of different 

MED system schemes coupled to CSP plants and compared to the CSP-RO configuration. 

Results showed that replacing the condenser by low-temperature MED was mostly 

competitive in the Arabian Gulf, but CSP-RO performs better in the Mediterranean region, 

where evaporative cooling is employed. As described above, the results from different 

authors focused on techno-economic aspects using the first law of thermodynamics and 

economic relations for calculating the levelized costs (LEC and LWC); but not the second 

law of thermodynamics, as an exergy analysis. In this context, exergy is useful in identifying 

the causes, locations, and magnitudes of process inefficiencies. Moreover, several studies 

compared MED and RO technologies where the CSP-RO is considered to be better than 

CSP-MED in economic terms, but CSP-MED is driven by thermal energy and has low 

specific electricity consumption, high reliability, simple water pretreatment and low 

maintenance. Thus, MED could be more attractive than RO for its integration into a 

polygeneration scheme.  

Regarding the refrigeration process, solar absorption systems have been analyzed in several 

studies. In fact, Sarbu and Sebarchievici (2015) reviewed a large number of studies about 

solar cooling, but the integration of power plants, specifically CSP plants, and absorption 



22 

  

plants has been reported only in some studies in the literature (Al Moussawi et al., 2016; 

Modi et al., 2017). Perdichizzi et al. (2015) carried out an assessment of the integration of a 

CSP plant coupled to a double-effect steam driven absorption chiller. The results proved that 

absorption chillers fed by low-grade steam save a significant amount of electricity compared 

to the use of compression chillers. Yet, in order to produce the same gross power in the 

cogeneration plant, the solar field requires a larger aperture area to deliver the heat demanded 

by the Rankine cycle.  

Regarding the thermoeconomic analysis, the literature is extensive in polygeneration 

systems using fossil fuels as a main energy source. However, only a few studies have focused 

on thermoeconomic analyses of CSP plants. Al-Sulaiman et al. (2013a, 2013b) formulated 

the thermoeconomic optimization of three novel trigeneration systems based on Organic 

Rankine Cycle: Solid Oxide Fuel Cell -trigeneration, biomass-trigeneration, and solar-

trigeneration systems. The solar-trigeneration system is made of a parabolic trough collector 

field including a two-tanks TES system coupled to an Organic Rankine Cycle; through a 

heat recovery system composed of a steam generator and a single-effect absorption chiller. 

The results revealed that the solar-trigeneration system offered the best thermoeconomic 

performance among the three configurations considered. Calise et al. (2016) presented a 

novel solar polygeneration system, based on a hybrid system equipped with an Organic 

Rankine Cycle fuelled by a parabolic trough collector solar field and by a geothermal well, 

a multi-effect distillation unit, and an absorption chiller. The results showed that the 

electricity price is quite high, thus making the production scarcely competitive in the current 

energy market conditions; conversely, the price of the fresh water produced is moderately 

competitive and it can be considered attractive in areas affected by the scarcity of water 

sources. Recently, Ortega et al. (2016) performed a thermoeconomic analysis of the joint 

production of electricity and fresh water in a CSP plant, based on parabolic trough collector, 

MED and RO units. Four coupling schemes were investigated: a MED plant replacing the 

condenser of the CSP, a MED plant fed by one extraction of the turbine, RO driven directly 

from the electricity generated by the CSP plant and a RO plant connected to the local grid. 

Results showed that the best coupling option is the RO unit connected to the local grid, which 

obtained the lower LWC. However, between MED configurations, the results showed that 
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the best coupling scenario occurs when the condenser of the CSP plant is replaced with a 

MED system, in which case the LWC decreased by about 2.1 %. 

As described above, the integration and performance between CSP, MED, cooling and 

process heat plants have been analyzed extensively, focusing in cogeneration schemes. Some 

of those studies considered the levelized cost to evaluate the benefits of the integration. 

Nevertheless, in polygeneration schemes it is necessary to determine the relationship 

between the unitary costs of the different outputs (J. Wang & Mao, 2015). Thermoeconomics 

allows to determine the cost of each product using cost allocation rules, allocating the 

resources consumed to the useful product of each component, and distributing its costs 

proportionally to the exergy flow. Hence, exergy is used as a basis for cost allocation of 

products. Few articles reported in the literature have applied thermoeconomic assessment to 

solar polygeneration systems, considering a CSP plant as primary driver. In that context, 

some important aspects have yet to be investigated, such as the different relationships 

between fuels and products, the effect of investment, fuel cost, and demand in the products 

costs; as well as the sizing of the solar field and the TES for these solar polygeneration 

systems considering high irradiation conditions. This solar polygeneration plant is very 

attractive in zones presenting high irradiation conditions, scarcity of water, availability of 

flat terrain, and proximity to consumption centers, such as the mining industries in the 

Northern Chile, Northern-Africa and Australia. Therefore, the objective of the present study 

is to apply a thermoeconomic assessment of CSP polygeneration plants, located in an area 

with high solar irradiation conditions and large demands for utilities, aiming to assess the 

actual cost of each product and conducting a sensitivity analysis regarding the most relevant 

parameters. The impact of integrating these different technologies is investigated based on 

the following parameters: total exergy cost rate of products and unit exergy costs. The results 

delivered provide useful information that could serve decision-makers to point out the actual 

potential offered by solar polygeneration systems. 

2.2. Methodology 

The methodology considers the modeling of a solar polygeneration plant and the application 

of thermoeconomic evaluations. In brief, it is based in the following procedure: First, each 

stand-alone system is modeled and, afterward, each stand-alone model is validated against 
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data reported in the literature. Then, according to technical restrictions, each technology is 

integrated composing a polygeneration plant. Three configurations are investigated: two 

polygeneration schemes and one configuration considering only stand-alone systems. The 

polygeneration plant is simulated considering an hourly resolution meteorological year 

(Escobar et al., 2014), which represents the long-term behavior of the weather, in terms of a 

database of 8 760 hourly values. From the simulation, the plant’s production is determined 

in hourly, monthly, and annual base, allowing to assess the contribution in each product from 

the sun, TES, and backup fossil fuel system. The solar thermal loop is composed of the solar 

field, the thermal energy storage, and the backup system. The modeling approach is based 

on a dynamic representation of the solar thermal loop and a steady state model of the power 

cycle, the desalination plant, the refrigeration plant, and the process heat unit. Those last 

operate in steady state conditions due to the energy provided by the solar thermal loop. 

Figure 2-1 provides a flowchart of the overall simulation. 

   

Figure 2- 1: Flowchart of the overall simulation. 
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The software IPSEpro (SimTech GmbH, 2011) was used for the simulations of each stand-

alone plant and the solar polygeneration plants, both without TES/backup-system. IPSEpro 

software is composed of different modules; the main modules used in this research are 

IPSEpro-MDK, IPSEpro-PSE, and IPSEpro-PSXLink. IPSEpro-MDK (Model 

Development Kit) is a programming environment that offers all the capabilities required to 

define and build new component models (see Appendix A) and to translate them into a form 

that can be used by IPSEpro-PSE. IPSEpro-PSE (Process Simulation Environment) can 

establish mass and energy balances, simulating different kinds of processes, through iterative 

methods. These equation systems derived from the balances are solved using the Newton–

Raphson method (SimTech GmbH, 2011). IPSEpro-PSXLink is an extension module that 

allows integrating IPSEpro-PSE projects with Microsoft Excel worksheets, which data 

exchange can be done in both directions: use data from Excel calculations as input for 

IPSEpro-PSE projects and use results of IPSEpro-PSE simulations in Excel spreadsheets for 

further post-processing with other software, such as in our case with MATLAB software. 

IPSEpro-PSE only develops steady state simulations, therefore, to analyze the dynamic 

behavior of the system, it is linked to a Microsoft Excel spreadsheet by IPSEpro-PSXLink 

where the input data, such as direct normal irradiance (Escobar et al., 2014), the collector 

optical efficiency of solar field (NREL, 2013; Wagner & Gilman, 2011), and the demand for 

products, are modified within each time-step. The results are the solar field thermal 

input/output, and the production of each product from the sun. After that, the simulation of 

the TES and backup system behavior was conducted using MATLAB software. The results 

are the production of each product from the TES and from the backup system; lastly, the 

total production of each product is the sum of production from the sun, TES, and backup 

system. This approach allows to simulate the polygeneration plant over a one-year period 

using an hourly time step.  

Finally, the thermoeconomic model is solved on an annual base, for which an aggregation 

level is firstly selected, allowing the delimitation of boundaries (control volume) for the 

analysis; secondly, the physical and productive structures are determined, where fuel and 

product streams are established. Subsequently, different models are defined: 

thermodynamic, economic and thermoeconomic models (Bejan et al., 1996). The simulation 

of the thermoeconomic assessment was conducted using MATLAB software. The main 
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parameters to analyze are total exergy cost rate of products and unit exergy costs. The total 

exergy cost rate of products is the amount of cost per unit time required to obtain the 

products, considering exergetic and non-exergetic parameters, by aggregating the exergy 

cost rate of fuel, the capital investment cost rates and the operating and maintenance cost 

rates. The unit exergy cost is the amount of cost per unit exergy required to generate each 

product. 

The simulations considered the meteorological data from Crucero (Escobar et al., 2014), in 

Antofagasta region, northern Chile (22.14 °S, 69.3 °W). Crucero is located at 1 146 meters 

above sea level in extremely arid conditions. Moreover, it presents high irradiation levels: 

3 389 kWh/(m2 a) of direct normal irradiation and 2 571 kWh/(m2 a) of global horizontal 

irradiation (Escobar et al., 2015). The analysis has been conducted for southern 

hemispherical conditions. Due to its high solar resource and its proximity to a transmission 

substation and different mining facilities, it is considered as one of the best sites for 

deploying solar energy technologies in Chile.  

2.2.1. Design and modeling of a polygeneration plant 

The first scheme analyzed herein is depicted in Figure 2-2 and denominated as Poly 1, 

considering a CSP configuration that is analogous to the features of the Andasol-1 power 

plant, located in Granada (Spain) (NREL, 2013; Wagner & Gilman, 2011). Based on these 

characteristics, the solar field is considered to be composed by parabolic trough collectors 

aligned on a north-south orientation, absorber tubes and organic compounds as heat transfer 

fluid. The collectors track the sun from east to west during the day. The design point date 

and time was defined as the 21st December solar noon for Crucero in Chile, where the 

thermal output of north-south oriented collectors is maximum at that date and time. The solar 

multiple is defined as a measure of the solar field aperture area as a function of the power 

block's nameplate capacity, the solar multiple assumed is equivalent to Andasol-1 at design 

point, which yields up to 510 120 m2 of solar field aperture area as a stand-alone CSP plant. 

The power block consists of a regenerative Rankine cycle with reheat and six extractions, as 

suggested in Blanco-Marigorta et al. (2011). The condenser water of the CSP plant is cooled 

using a wet cooling technology. The TES is assumed as a two-tank indirect system using 

molten salts (60 % NaNO3, 40 % KNO3 by weight) as storage media. The full load hours of 
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TES are the number of hours of thermal energy delivered at the power block's design thermal 

input level. This value is used for sizing the TES. The backup system supplies thermal energy 

directly to the heat transfer fluid used in the solar field, and the heat transfer fluid supplies 

thermal energy to the power block. The backup system permits to maintain the plant’s power 

generation at design conditions when there is a lack of solar radiation and/or thermal energy 

from TES. The capacity factor is assumed as 96 % (Palenzuela et al., 2015) considering that 

in Chile there is no restriction on the consumption of fossil fuel in CSP plants. The fossil 

fuel used was natural gas. The main modification observed in Poly-1 regarding the 

configuration of Andasol-1 is the replacement of the condenser by a MED plant (between 

states 10 and 11). In addition, a refrigeration plant (REF) is coupled to the sixth turbine 

extraction (between states 9 and 43), and a process heat plant (PH) is coupled between feed 

water preheaters FWP3 and FWP4. Considering that the power output and solar multiple are 

fixed, the aperture area of the polygeneration system is increased by 20.9 %, with respect to 

a stand-alone CSP plant. 

 

Figure 2- 2: Polygeneration plant configuration. Poly 1. CSP + MED + REF + PH. 
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In contrast, the configuration depicted in Figure 2-3, denominated Poly 2, considers that the 

MED plant is coupled to the sixth turbine extraction (between states 9 and 11), the 

refrigeration plant is coupled to the fifth turbine extraction (between states 8 and 43) and the 

process heat plant is coupled between feed water preheaters FWP3 and FWP4. For this 

configuration, the solar field aperture area is estimated as a 17.3 % larger than a stand-alone 

CSP plant, which allows to ensure the power output level and to deliver the additional 

products.  

 

Figure 2- 3: Polygeneration plant configuration. Poly 2. CSP + MED + REF + PH. 

The coupling point of each technology is selected according to the operating temperature 

constraints, imposed by each system and aiming to cause the minimum penalty in terms of 

power production. For instance, the MED plant must operate within a temperature range of 

64 to 74 °C (Al-Karaghouli & Kazmerski, 2013), while the desorber of the refrigeration plant 

should operate between 80 and 110 °C (Sarbu & Sebarchievici, 2015). Because of that, in 

the Poly 1 scheme the turbine back pressure is modified from 0.06 to 0.37 bar. In this 

configuration is not possible to regulate the amount of fresh water produced, since the MED 
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plant is driven by the heat rejected from the power cycle and consequently any problem in 

the MED plant will affect the electricity production. Hence, the production of fresh water is 

determined by the mass flow rate of the exhaust steam from at the outlet of the low-pressure 

turbine. However, the production from the refrigeration plant and the process heat plant can 

be regulated according to demand. On the other hand, in the Poly-2 scheme the LP turbine 

back pressure is the same as a stand-alone CSP plant. In this scheme, the MED, refrigeration 

and process heat plants are considered to be coupled to turbine extractions and feed-water, 

respectively, therefore, their outputs can be regulated according to the demand. Furthermore, 

in this configuration any problem on the operation of the MED plant does not affect the CSP 

plant because the condensation of exhaust steam does not depend on the operation of the 

MED plant. However, the maximum fresh water production is limited to 385.9 kg/s, which 

corresponds to the case where all the turbine outlet steam is used as inlet steam in the MED 

plant. It should be mentioned that the output of water, cooling and process heat is dependent 

on the operating parameters of the rest of the plant. When it is reduced, for example, the 

production of process heat, the power cycle needs less input energy to generate at the 

nominal point (or other), and depending on the mode of operation, the control system could 

either reduce the energy input to power cycle by partial defocusing solar collectors, or reduce 

the thermal energy output from TES and/or backup system. Partial defocusing assumes that 

the tracking control system can adjust the collector angle in response to the capacity of the 

power cycle and thermal storage system. 

In this study, the polygeneration plants were configured as a topping cycle, the priority is 

the production of electricity, and the other products are produced as a function of the thermal 

energy available in the power cycle. In Poly 1, the production of water is adjusted to the 

production of electricity. Poly 1 could run producing only electricity and water, but could 

not run producing the other products without producing electricity. On the other hand, Poly 2 

could run producing only electricity, and in the same way, could not run producing the other 

products without producing electricity. Electricity and water are the priority in the mining 

industry. 

Stand-alone configurations are also analyzed, aiming to validate the simulation models 

individually before integration, which also allow for comparing the performance of 

polygeneration plants with the same technologies, addressing the benefits of the integration. 
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The simulation model of the CSP plant considers that the solar field outlet temperature is 

constant (Montes et al., 2009), and startup and shutdown procedures are not considered. 

Thus, the model of the power cycle of the stand-alone CSP plant was validated at the design 

point against the data of Andasol-1 reported by Blanco-Marigorta et al. (2011). The results 

show that the differences between the IPSEpro model and the reference are about 0.03 % 

regarding the nominal steam mass flow rate and 0.28 % regarding the gross power. 

Moreover, the stand-alone CSP plant was simulated with equivalent data of Andasol-1 

configuration and was validated by comparing the results between the IPSEpro/Matlab 

model and those obtained from SAM software (NREL, 2013). The results indicate 

differences of 3.6 % in terms of annual net electricity (the monthly differences are shown in 

Appendix B), and 1.5 % regarding the thermal efficiency. 

The desalination plant is modeled considering 12 effects, parallel-cross feed MED plant and 

11 feed preheaters, as suggested by Zak et al. (2012). In that context, the following 

assumptions are made in the thermodynamic modeling: vapors are salt free; the temperature 

difference between the condensation and evaporation are equal to the driving force for heat 

transfer in each effect; negligible heat losses to the surroundings; and the MED plant 

operates as a base load water station. The simulation model of the MED plant was validated 

considering the data reported by Zak et al. (2012) and from El-Dessouky et al. (2002). The 

results show no differences regarding total distillate water production, 5.46 % error in terms 

of specific heat transfer area, and 7.81 % regarding the Gained Output Ratio, which is 

defined as the mass of distillate produced for every mass unit of steam supplied to the 

desalination unit. Considering all the established assumptions and the large uncertainties 

involved in this analysis, relative errors lower than 9 % are considered as having good 

accuracy, as stated in Palenzuela et al. (2014). 

The refrigeration plant is defined as a single-effect LiBr-H2O absorption chiller, and modeled 

as suggested by Herold et al. (1996). Regarding the thermodynamic modeling, the following 

assumptions are considered: LiBr solutions in the generator and the absorber are in 

equilibrium, the refrigerant outlets at the condenser and the evaporator are in a saturated 

state. Moreover, to avoid crystallization of the solution, the temperature of the solution 

entering the throttling valve should be at least 8 ºC above crystallization temperature. The 

thermodynamic model of the refrigeration plant is validated against the data reported by 
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Herold et al. (1996). The results show differences lower than 2.6 % in terms of the cooling 

capacity and Coefficient of Performance (COP). 

Finally, regarding the process heat plant, a countercurrent heat exchanger is configured to 

deliver the thermal load. Table 2-1 summarizes the main parameters of the CSP, MED, 

Refrigeration and Process Heat plants, according to the specifications above mentioned.  

Table 2- 1: Main parameters of polygeneration plants at design point. 

Property Value in Poly 1 and Poly 2 Unit Reference 

Thermal energy storage (TES) 

Type / Storage fluid 2-tank / Molten salt - (NREL, 2013) 

Tank temperature 

(cold/hot) 

292 / 386  
°C 

(Houda et al., 

2009) 

Annual storage efficiency 95 
% 

(Houda et al., 

2009) 

Full load hours of TES  12  h - 

Solar field  

Parabolic trough collector 

model 

EuroTrough collector (Skal-ET) 
- 

(NREL, 2013) 

Absorber tube Schott PTR-70 - (NREL, 2013) 

Heat transfer fluid Synthetic oil (DowTherm A) - (NREL, 2013) 

Collector optical 

efficiency 
72.073 % 

(NREL, 2013; 

Wagner & 

Gilman, 2011) 

Irradiance at design day 1 010  W/m2 
(Escobar et al., 

2014) 

Solar Field inlet 

temperature (inlet/outlet) 
293 / 393 °C 

(NREL, 2013) 

Aperture area 
Poly 1: 616 650 / Poly 2: 

598 510 
m2 

- 
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Solar Multiple 2.56 

- 

(NREL, 2013; 

Wagner & 

Gilman, 2011) 

Power block  

Gross power production 55.0 MW (NREL, 2013) 

HP turbine inlet pressure Poly 1: 100.00 / Poly 2: 100.00  bar  (NREL, 2013) 

1st/ 2nd/ 3rd/ 4th/ 5th/ 6th 

extraction pressure  

Poly 1: 

30.6/12.77/6.18/5.99/2.63/1.17 

Poly 2: 

33.48/13.99/6.18/3.04/1.17/0.37 

bar  

(Blanco-

Marigorta et 

al., 2011) 

LP turbine back pressure  Poly 1: 0.37 / Poly 2: 0.06 bar 

(Blanco-

Marigorta et 

al., 2011) 

Isentropic efficiency (HP 

turbine /LP turbine) 
85.2 / 85.0 % 

(Blanco-

Marigorta et 

al., 2011) 

Generator and motor 

efficiency 
98.0  % 

(Blanco-

Marigorta et 

al., 2011) 

Pumps isentropic 

efficiency 
70.0  % 

(Blanco-

Marigorta et 

al., 2011) 

MED 

Feed seawater intake 

temperature 
25  °C 

(Zak et al., 

2012) 

Feed seawater intake 

salinity 
0.042  kg/kg 

(Zak et al., 

2012) 

Feed seawater after down 

condenser temperature 
35  °C 

(Zak et al., 

2012) 

Maximum salinity in each 

effect 
0.072  kg/kg 

(Zak et al., 

2012) 

Top brine temperature  65 °C 
(Zak et al., 

2012) 
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Gained Output Ratio  9.07 kg/kg - 

Fresh water production Poly 1: 37 168 / Poly 2: 26 330  m3/day - 

Concentration factor 1.7  - - 

Specific heat 

consumption 
245.2 kJ/kg 

- 

Specific electricity 

consumption 
1.5 kWh/m3 

(Zak et al., 

2012) 

Single stage absorption chiller 

Cooling capacity 5  MWth - 

Chilled water temperature 

(inlet/outlet) 
10 / 6 °C 

(Herold et al., 

1996) 

Cooling water 

temperature (inlet /outlet) 
25 / 35 °C 

(Herold et al., 

1996) 

Inlet temperature desorber 108.49  °C 
(Herold et al., 

1996) 

Coefficient of 

Performance (COP) 
0.70 - 

(Herold et al., 

1996) 

Process Heat  

Process heat capacity 7  MWth - 

Heat exchanger 

temperature (inlet/outlet) 

(state 48/state 49) 

63 / 90 °C 

- 

In this study, a constant demand for electricity, water, cooling and process heat was assumed, 

aiming to represent the large demands from the mining industry, which operates 

continuously and consequently presents a constant demand. 

2.2.2. Thermoeconomic evaluations  

The thermoeconomic evaluation was performed by selecting the proper aggregation level, 

allowing to delimitate the boundaries of the analysis, as depicted in Figure 2-4. Then, 

physical and productive structures were defined, allowing to establish the fuels and products. 
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After that, the thermodynamic, economic and thermoeconomic models (Bejan et al., 1996) 

were applied according to the aggregation level.  

 

 
(a) 

   
 

(b) 

 

 

 
(c) 

 

  

 
(d) 

  
 

(e) 

Figure 2- 4: Aggregation level for thermoeconomic assessment. (a) Polygeneration 

plant for Poly 1 and Poly 2 (Poly 1 does not have stream 25), (b) Stand-alone CSP, (c) 

Stand-alone MED, (d) Stand-alone refrigeration, e) Stand-alone process heat. 
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2.2.2.1. Thermodynamic model  

Mass, energy and exergy balances are applied in order to perform thermodynamic modeling, 

aiming to determine the exergy rate in each stream. The exergy balance is expressed as: 

∑ (1 −
𝑇0

𝑇𝑗
) 𝑄̇𝑗

𝑗

− 𝑊̇ + ∑(𝑚̇𝑖𝑛𝑒𝑖𝑛)

𝑖𝑛

− ∑(𝑚̇𝑜𝑢𝑡𝑒𝑜𝑢𝑡)

𝑜𝑢𝑡

− 𝐸̇𝐷 = 0 (2.1) 

where 𝑄̇ is the heat power, 𝑇0 is the temperature of reference, in K, 𝑊̇ is exergy rate of work,  

𝑚̇  is the mass flow rate, 𝑒 is the specific exergy, and 𝐸̇𝐷 is the rate of exergy destruction. 

The subscripts 𝑗, 𝑖𝑛 and 𝑜𝑢𝑡 denote portion of boundaries, inlets, and outlets, respectively. 

The exergy rate from solar radiation is evaluated using the Patella’s equation (Petela, 2010), 

defined as follows: 

𝐸̇𝑠𝑢𝑛 = 𝐴 ⋅ 𝐷𝑁𝐼 ⋅ (1 +
1

3
(

𝑇0

𝑇𝑠𝑢𝑛
)

4

−
4

3
(

𝑇0

𝑇𝑠𝑢𝑛
)) (2.2) 

where 𝑨 is the solar field aperture area, 𝑫𝑵𝑰 is the direct normal irradiance, and 𝑻𝒔𝒖𝒏 is the 

apparent temperature of the sun, assumed as 6 000 K (Petela, 2010). 

The exergy analysis considered an environment temperature and pressure of 25 °C and 

1.013 bar (1 atm), respectively. The reference mass fraction of LiBr and water salinity were 

0.5542 and 0.042 (kg/kg), respectively. Finally, all the simulations assumed that the 

variations of kinetic energy and potential energy are negligible. 

2.2.2.2. Economic model  

The economic model was developed to determine the non-exergy-related cost rate 𝑍̇𝑘 for 

the 𝑘th component, which is defined by aggregating the capital investment cost rate 𝑍̇𝑘
𝐶𝐼 and 

the operating and maintenance cost rate 𝑍̇𝑘
𝑂𝑀(not included fuel cost such as fossil fuel or 

biomass, fuel cost is included into exergy-related cost rate), as follows: 

𝑍̇𝑘 = 𝑍̇𝑘
𝐶𝐼 + 𝑍̇𝑘

𝑂𝑀 =
𝑐𝑎𝑝𝑒𝑥𝑘 ∙ 𝑐𝑟𝑓

𝜏
+

𝑜𝑝𝑒𝑥𝑘

𝜏
 (2.3) 

where 𝜏 is the annual average time of the plant’s operation at nominal capacity, in hours/a; 

𝑐𝑎𝑝𝑒𝑥 is the capital expenditure, in USD; 𝑜𝑝𝑒𝑥 is the operational expenditure, in USD/a; 



36 

  

and 𝑐𝑟𝑓 is the capital recovery factor, defined as:  

𝑐𝑟𝑓 =
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
 (2.4) 

where 𝑖 is the discount rate and 𝑛 is the number periods for the analysis. Considering the 

particular characteristics of the Chilean conditions, a horizon of 25 years and 10 % discount 

rate were defined. 

The economic considerations for the CSP parabolic trough collector plant are summarized 

in Table 2-2.  

Table 2- 2: Specific cost for CSP plant. 

Cost Value Unit Reference 

Direct Capital Cost   

Site Improvements  28 USD/m2 (NREL, 2013) 

Solar Field 200 USD/m2 (IRENA, 2015) 

Heat transfer fluid System  78 USD/m2 (NREL, 2013) 

Storage  35 USD/(kWhth) 
(Palenzuela et al., 

2015) 

Fossil Backup  60 USD/kWe (NREL, 2013) 

Power Plant  850 USD/kWe (NREL, 2013) 

Balance of plant  105 USD/kWe (NREL, 2013) 

Contingency 7 % (NREL, 2013) 

EPC and Owner Cost 11 
% of total direct 

capital cost 

(NREL, 2013) 

Total Land Costs 2 
% of total direct 

capital cost 

(NREL, 2013) 

Sales of Tax applies of Direct Cost 4 
% of total direct 

capital cost 

(NREL, 2013) 

Operational and Maintenance Costs  

Fixed Cost by Capacity  66 USD/(kW a) (NREL, 2013) 

Variable Cost by Generation  3 USD/(MWh) (NREL, 2013) 

Fossil Fuel Cost 0.0324  USD/(kWh) (CNE, 2015) 
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The main economic considerations for the MED plant are listed in Table 2-3, according to 

the specific costs reported in the literature. This table include the costs associated with the 

transportation of sea water to the plant location. The distance from the coast to the plant 

location is about 70 km and the altitude is about 1 146 m.  

Table 2- 3: Specific cost for a MED plant. 

Cost Value Unit Reference 

Direct Capital Cost MED 

Infrastructure and construction 1 500 USD/(m3 day) 
(Mata-Torres et al., 

2017) 

Contingencies (%) 10 % 
(Mata-Torres et al., 

2017) 

Total  1 650 USD/(m3 day)  

Operational and Maintenance costs MED   

Chemical  0.025 USD/(m3 a) 
(Mata-Torres et al., 

2017) 

Maintenance 0.1 USD/(m3 a) 
(Mata-Torres et al., 

2017) 

Labor 2 

% annualized 

total direct 

capital cost 

(Mata-Torres et al., 

2017) 

Sea Water Transportation 

𝑐𝑎𝑝𝑒𝑥 of piping 736 USD/m (COCHILCO, 2015a) 

𝑐𝑎𝑝𝑒𝑥 of pumping 3.75 MUSD (COCHILCO, 2015a) 

Specific electricity consumption 

(pumping) 
5 kWh/m3  

(COCHILCO, 2015a) 

Finally, the refrigeration plant, process heat plant and boiler were modeled using unitary 

specific cost reported in the literature. Table 2-4 summarizes the information gathered for a 

refrigeration plant, and a process heat plant and the boiler.  
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Table 2- 4: Specific cost for a refrigeration plant, process heat plant and boiler. 

Cost Value Unit Reference 

Refrigeration plant 

Direct and Indirect Capital Cost  548.0 USD/kWth (Noro & Lazzarin, 2014) 

Operational and Maintenance costs  2 %  

Process heat plant 

Direct and Indirect Capital Cost  583.3 USD/kWth (Turton et al., 2012) 

Operational and Maintenance costs  2 %  

Boiler 

Direct and Indirect Capital Cost  76.8 USD/kWth (Turton et al., 2012) 

Operational and Maintenance costs  2 %  

2.2.2.3. Thermoeconomic model  

The unit exergy cost 𝑐 and exergy cost rate 𝐶̇ for each stream are calculated by an economic 

balance, as follows:  

∑(𝑐𝑖𝑛𝐸̇𝑖𝑛)𝑘

𝑖𝑛

+ 𝑍̇𝑘 = ∑(𝑐𝑜𝑢𝑡𝐸̇𝑜𝑢𝑡)𝑘

𝑜𝑢𝑡

 (2.5) 

𝐶̇ = 𝑐(𝑚̇𝑒) (2.6) 

where, 𝑐  is the unit exergy cost, and 𝐶̇ is the exergy cost rate. The subscript 𝑘 denotes the 

𝑘th component. 

The exergy cost rate of product 𝐶̇𝑝 is the sum of exergy cost rate of fuel 𝐶̇𝑓 and non-exergy-

related cost rate 𝑍̇. Hence, it considers exergetic and non-exergetic parameters. 

For each subsystem, the fuel, product and auxiliary equations are defined to apply the 

economic balance for the polygeneration and stand-alone plants. In that context, the 

equations established for addressing that balance are summarized in Table 2-5, for the 

polygeneration schemes, and in Tables 2-6, 2-7, 2-8, and 2-9 for the stand-alone systems 

(CSP, MED, refrigeration, and process heat, respectively). 



39 

  

Table 2- 5: Economic balance in polygeneration plant. Poly 1 and Poly 2. Poly 1 does 

not have stream 25. 

Subsystem Fuel kW Product 

kW 

Economic balance 

USD/h 

Auxiliary equations 

USD/(kWh) 

CSP Ė1 + Ė2

+ Ė10 + Ė24 

Ė9 +
(Ė8 −

Ė7) +

(Ė6 −
Ė5) +

(Ė4 − Ė3)  

Ċ9 + Ċ8 + Ċ6 +
Ċ4 + Ċ25 = Ċ1 +

Ċ2 + Ċ3 + Ċ5 +
Ċ7 + Ċ10 + Ċ24 +

Ż𝑐𝑠𝑝  

c1=0, c2=c9, c3=c4, 

c5=c6, c4=c5, c7=c8, 

c7=c6, c10=c9, c24= 

cff, c25=0, c3=c9 

MED (Ė8 − Ė7)
+ Ė11 + Ė12 

Ė13 Ċ13 + Ċ14 + Ċ15 +
Ċ7 = Ċ8 + Ċ11 +

Ċ12 + Ż𝑚𝑒𝑑  

c7=c8, c11=c9, c12=0, 

c14=0, c15=0  

Ref Ė16 + (Ė6

− Ė5) 

Ė19 − Ė18 Ċ17 + Ċ19 + Ċ5 =
Ċ6 + Ċ16 + Ċ18 +

Ċ20 + Ż𝑟𝑒𝑓  

c5=c6, c16=c9, c17=0, 

c18= c19, c20=0  

PH Ė21 + (Ė4

− Ė3) 

Ė23 − Ė22 Ċ3 + Ċ23

= Ċ4 + Ċ21 + Ċ22

+ Ż𝑝ℎ 

c3=c4, c21=c9, c22= 

c23 

Table 2- 6: Economic balance cost in stand-alone CSP plant. 

Subsystem Fuel kW Product 

kW 

Economic balance 

USD/h 

Aux. equat. 

USD/(kWh) 

CSP Ė1 + Ė2

+ Ė5 

Ė4  Ċ3 + Ċ4 = Ċ1 + Ċ2 +
Ċ5 + Ż𝑐𝑠𝑝  

c1=0, c2= cff, 

c3=0, c5=c4 
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Table 2- 7: Economic balance cost in stand-alone MED plant. 

Subsystem Fuel kW Product 

kW 

Economic balance 

USD/h 

Aux. equat. 

USD/(kWh) 

Boiler Ė1 Ė3 − Ė2 Ċ3 = Ċ1 + Ċ2 + Ż𝑏𝑜𝑖𝑙𝑒𝑟  c1= cff, c2=c3  

MED (Ė3 − Ė2) +
Ė4 + Ė5 

Ė6 Ċ2 + Ċ6 + Ċ7 + Ċ8

= Ċ3

+ Ċ4

+ Ċ5

+ Ż𝑚𝑒𝑑 

c2=c3, c4= Pelect, 

c5=0, c7=0, c8=0 

Table 2- 8: Economic balance cost in stand-alone refrigeration plant. 

Subsystem Fuel kW Product 

kW 

Economic balance 

USD/h 

Aux. equat. 

USD/(kWh) 

Boiler Ė1 Ė3 − Ė2 Ċ3 = Ċ1 + Ċ2 + Ż𝑏𝑜𝑖𝑙𝑒𝑟  c1= cff, c2=c3  

Ref (Ė3 − Ė2) +
Ė4 

Ė7 − Ė6 Ċ2 + Ċ5 + Ċ7 = Ċ3 +
Ċ4 + Ċ6 + Ċ8 + Ż𝑟𝑒𝑓  

c2=c3, c4=Pelect, 

c5=0, c6= c7, 

c8=0  

Table 2- 9: Economic balance cost in stand-alone process heat plant. 

Subsystem Fuel kW Product 

kW 

Economic balance 

USD/h 

Aux. equat. 

USD/(kWh) 

Boiler Ė1 Ė3 − Ė2 Ċ3 = Ċ1 + Ċ2 + Ż𝑏𝑜𝑖𝑙𝑒𝑟  c1= cff, c2=c3  

PH (Ė3 − Ė2) +
Ė4 

Ė6 − Ė5 Ċ2 + Ċ6 = Ċ3 + Ċ4

+ Ċ5

+ Ż𝑝ℎ 

c2=c3, c4=Pelect, 

c5= c6 

The exergy efficiency is defined as the ratio between the exergy rate of product and the 

exergy rate of fuel. Therefore, for the polygeneration schemes the exergy efficiency is 

determined by 
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𝜓𝑝𝑜𝑙𝑦𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐸̇𝑃

𝐸̇𝐹

=
Ė9 + Ė13 + (Ė19 − Ė18) + (Ė23 − Ė22)

Ė1 + (Ė2 + Ė10 + Ė11 + Ė16 + Ė21) + Ė12 + Ė24

 (2.7) 

and for stand-alone systems, it is expressed as 

𝜓𝑠𝑡𝑎𝑛𝑑−𝑎𝑙𝑜𝑛𝑒 =
𝐸̇𝑃

𝐸̇𝐹

=
Ė4𝐶𝑆𝑃

+ Ė6𝑀𝐸𝐷
+ (Ė7 − Ė6)

𝑅𝑒𝑓
+ (Ė6 − Ė5)𝑃𝐻

(Ė1 + Ė2 + Ė5)
𝐶𝑆𝑃

+ (Ė1 + Ė4 + Ė5)
𝑀𝐸𝐷

+ (Ė1 + Ė4)
𝑅𝑒𝑓

+ (Ė1 + Ė4)
𝑃𝐻

 

(2.8) 

To facilitate the thermoeconomic analysis, several assumptions were adopted along the 

simulation process, as listed below: 

- The solar irradiance (stream 1) and the seawater intake (stream 12) have null costs. 

- The unit exergy cost of fossil fuel (cff) is stated as 0.0324 USD/(kWh) (CNE, 2015). 

- The unit exergy cost of electricity is equivalent for generator, pump and parasitic 

consumptions.  

- The unit exergy costs related to the waste streams (14, 15, 17, and 20) are assumed as 

negligible.  

- All products of the CSP plant present equivalent unit exergy cost, such as the thermal 

inputs for driving the MED, absorption chiller, process heat plant; and the output from the 

generator.  

- The unit exergy cost in stand-alone plants (MED, refrigeration and process heat plants) is 

the electricity price from the grid for industrial use (Pelect), which is assumed to be 

0.098 USD/(kWh) (Tariffs BT4 and AT4) (ELECDA, 2016).  

The exergy destruction cost rate 𝐶̇𝐷,𝑘 in a component or process is a hidden cost, revealed 

only through a thermoeconomic analysis, as follows,   

𝐶̇𝐷,𝑘 = 𝑐𝐹,𝑘𝐸̇𝐷,𝑘 (2.9) 

where 𝐶̇𝐷,𝑘 is the exergy destruction cost rate of the 𝑘th component, 𝑐𝐹,𝑘 is the unit exergy 

cost of fuel, and 𝐸̇𝐷,𝑘 is the rate of exergy destruction. 

Regarding the relative cost difference 𝒓𝒌, it expresses the relative increase in the average 

cost per unit exergy of the 𝒌th component, between fuel 𝒄𝑭,𝒌 , and product 𝒄𝑷,𝒌 , as follows,  
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𝑟𝑘 =
𝑐𝑃,𝑘 − 𝑐𝐹,𝑘

𝑐𝐹,𝑘
 (2.10) 

Finally, the exergoeconomic factor (Bejan et al., 1996) is expressed as the ratio between the 

contribution of the non-exergy-related costs and the exergy related costs (cost of exergy 

destruction and exergy losses).  

𝑓𝑘 =
𝑍̇𝑘

𝑍̇𝑘 + 𝑐𝐹,𝑘(𝐸̇𝐷,𝑘 + 𝐸̇𝐿,𝑘)
 (2.11) 

As described above, this methodology allows to assess the exergy cost rate, unit exergy cost 

for each product and the exergoeconomic factors to compare the performance of 

polygeneration schemes and stand-alone systems with the same capacity configuration. If 

the capacity configuration is different, as the case of Poly 1 and Poly 2 that have different 

capacities of MED plant, it is only possible to compare the unit exergy cost for each product, 

but not the exergy cost rate.  

2.3. Results and discussion. 

2.3.1. Production and thermoeconomic assessment in base cases. 

Figure 2-5a depicts the daily average of monthly productions of electricity, desalinated 

water, cooling and process heat of the Poly 1 scheme from the solar (considering from the 

sun and TES, and without backup system). The behavior of the plant shows seasonal 

variation, presenting lower production during the Chilean winter (June and July) and in 

summer almost all the energy comes from the sun. In contrast, in February, the productions 

decreased because there are episodes of persistent cloud cover resulting from moisture by 

the Altiplanic Winter. Figure 2-5b presents the relative energy consumption from the solar 

and from the backup system, where the annual solar contribution is 71.6 %. The same 

tendency is observed in Poly 1 and Poly 2 schemes. 
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(a) 

 

(b) 

Figure 2- 5: (a) Monthly productions from the solar. (b) Monthly percentage 

production from the solar and from the backup. 

The annual production of electricity, desalinated water, cooling and process heat, and exergy 

efficiencies of base cases are presented in Table 2-10. The net power is the electric energy 

provided by the generator minus the parasitic loads of the plant. Fresh water production in 

Poly 1 is about 40 % higher than Poly 2, because the power block condenser was replaced 

by a MED plant in the Poly 1 scheme, and the MED plant was driven by all the heat rejected 

from the power cycle. Stand-alone MED plant produces the same amount of fresh water as 

Poly 1 in order to compare them. Regarding exergy efficiencies, they were calculated by 

equations 2-7 and 2-8 for polygeneration and stand-alone schemes respectively. Poly 2 is 

more efficient than Poly 1, and polygeneration is more efficient than stand-alone systems. 

Exergy efficiency provides a measure of how closely the operation of a system approaches 

the ideal, or theoretical upper limit. Exergy efficiency gives information of process 

performance because they weigh energy flows according to their exergy contents and they 

separate inefficiencies into those associated with effluent losses and those due to 

irreversibilities (Dincer & Rosen, 2012).  
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Table 2- 10: Annual productions and exergy efficiencies in base cases. 

Item Poly 1 Poly 2 Stand-alone  

Gross power, GWh/a 463.1 463.1 463.1 

Net power, GWh/a 408.5 415.3 449.8 

Fresh water, Mm3/a 13.2 9.2 13.2 

Cooling, GWh/a 42.0 42.0 42.0 

Heat, GWh/a 58.9 58.9 58.9 

Exergy efficiency, % 27.1 27.6 18.7 

Exergy cost rate of products and unit exergy costs of both polygeneration schemes are 

presented in Table 2-11. It should be mentioned that the unit exergy cost of water associated 

with the sea water transportation cost was included in this cost and it was calculated 

considering the 𝑐𝑎𝑝𝑒𝑥piping, the 𝑐𝑎𝑝𝑒𝑥pumping, the specific electric consumption, the annual 

water production and the electricity price from the grid for industrial use (Pelect). Appendix C 

and D present the exergy rate and unit exergy cost of each stream in the polygeneration 

plants and stand-alone systems, respectively. 

Table 2- 11: Exergy cost rate of products and unit exergy costs. 

Item Poly 1 Poly 2 Stand-alone  

𝐶̇𝑝_𝑡𝑜𝑡𝑎𝑙, USD/h 10 507.4 9 769.4 13 630.0 

cp electricity, USD/(kWh) 0.1058 0.1114 0.122 

cp water, USD/m3 2.746 3.008 4.0355 

cp cooling, USD/(kWh) 0.036 0.038 0.055 

cp heat, USD/(kWh) 0.024 0.018 0.038 

In Poly 1 and Poly 2 configurations, the unit exergy costs are lower than those of the stand-

alone systems. Thus, polygeneration schemes are better than stand-alone systems. On the 



45 

  

other hand, Poly 1 produces electricity, fresh water and cooling at a lower unit exergy cost 

than that of Poly 2. Therefore, Poly 1 is the best alternative, considering that the unit exergy 

cost is calculated from an economic balance, which the total exergy cost rate of products 

includes the exergy cost rate of fuel, the capital investment cost rates and the operating and 

maintenance cost rates.   

Comparing the costs observed in the Chilean market at the proximities of Crucero, the price 

of electricity tender is 0.1148 USD/(kWh) (Inodú, 2014) for Cerro Dominador Solar 

Thermal Plant (CSP plant) in northern Chile. The unit exergy cost of electricity in Poly 1 

and Poly 2 are lower than this price of electricity tender. Concerning water, the fresh water 

price in northern Chile is between 2.1 and 5.6 USD/m3 (Antofagasta, 2016; COCHILCO, 

2015a). The main factors in the price of water is the electricity cost and the delivery point. 

Moreover, the cooling price is 0.0392 USD/(kWh), considering an electricity price of 

0.098 USD/(kWh) (ELECDA, 2016) (Tariffs BT4 and AT4) and a COP for a vapor 

compression chiller of 2.5. Finally, the process heat price is 0.036 USD/(kWh), considering 

a natural gas cost of 0.0324 USD/(kWh) (CNE, 2015) and a boiler efficiency of 90 % 

(NREL, 2013). Hence, according to the Chilean market, solar polygeneration plants are 

competitive in terms of electricity, fresh water, cooling and heat productions.  

Additionally, solar polygeneration plants can increase the economic profit by selling carbon 

credits (certified emission reductions) according to the clean development mechanism of the 

Kyoto Protocol, and/or selling credits conforming with the renewable energy quota 

established by Chilean legislation (Ministerio de economía, 2008). The emission factor of 

Northern Chile Interconnected System grid is 0.764 tonCO2eq/(MWh), thus, by electric 

production it is possible to reduce the emissions by 312 078 tonCO2eq/a in Poly 1. 

Considering a carbon price of 0.39 USD/tonCO2eq (SENDECO2, 2016), carbon credits 

could represent an income of 0.12 MUSD/a. With regards to the renewable energy quota, 

the price of renewable energy credits is assumed as 27.4 USD/(MWh), which is the fine for 

non-compliance of the renewables energy quota, thus, by electric production it is possible to 

increase the income by 11.19 MUSD/a, which would reduce the unit exergy cost of 

electricity by 0.2 % and 18.3 %, respectively.  

In conformity with thermoeconomic indicators summarized in Table 2-12, the sum 𝐶̇𝐷 plus 

𝑍̇ shows the improvement potential to raise cost effectiveness. Components with a high cost 
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rate (𝐶̇𝐷 plus 𝑍̇) and high relative cost difference, such as CSP, are significant for further 

comparison analysis. Moreover, the exergoeconomic factor is used to identify the major cost 

source, both capital investment and exergy destruction cost. CSP has a high exergoeconomic 

factor, the rule says that when the exergoeconomic factor is high, it is suggested to evaluate 

whether it is cost effective to reduce the capital investment for the component at the expense 

of the component efficiency (Bejan et al., 1996), in other words, the system performance 

may be improved by decreasing the investment cost of the CSP plant. Conversely, if the 

exergoeconomic factor is low, such as MED, cooling and heat plants, it is suggested to 

evaluate whether the component efficiency (and the investment cost) should be increased, in 

this case the associated cost of thermodynamic inefficiencies is more significant than the 

investment costs for the component under consideration. Hence, according to those 

criterions, the CSP plants may be improved and the other plants are not a priority for 

improvement. It is recommended to reduce the non-exergy-related cost rate at the expense 

of its efficiency at the CSP plant. It should be noted that, in general, when a plant is less 

efficient its investment cost is lower. 

Table 2- 12: Thermoeconomic indicators in polygeneration schemes. 

 Plant 
 𝐶̇𝐷,𝑘 + 𝑍̇𝑘 USD/h rk % fk % 

Poly 1 Poly 2 Poly 1 Poly 2 Poly 1 Poly 2 

CSP 7 048.2   6 944.4  91.3 91.6 81.6 81.1 

MED  4 085.9   3 127.5  94.6 94.8 61.0 62.5 

Cooling  163.6   175.8  83.1 83.4 22.4 20.8 

Process heat  57.3   11.0  34.5 8.8 6.6 34.2 

2.3.2. Sensitivity analysis of investment cost, fuel cost and demand. 

Sensitivity analyses of investment cost of TES, solar field (SF), MED plant, refrigeration 

plant and process heat plant were carried out. Figure 2-6 depicts the effect over total exergy 

cost rate of products for Poly 1 and Poly 2. The results show that the most significant 
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changes in the total exergy cost rate of products was due to the variation of the investment 

costs of solar field, TES and MED. The changes are marginal in the case of refrigeration 

plant and process heat plant, because the investment costs of refrigeration plant and process 

heat plant were significantly lower with respect to the investment cost of a CSP plant. 

 

(a) 

 

(b) 

Figure 2- 6: Sensitivity analysis of investment cost. Effect in total exergy cost rate of 

products. (a) Poly1. (b) Poly 2. 

To illustrate the effect of investment cost over unit exergy costs, comparative graphs are 

presented in Figure 2-7 for Poly 1. The same tendency is observed in both configurations of 

polygeneration plants. According to the results, variation of investment costs of solar field 

and TES affects each unit exergy cost of electricity, fresh water, cooling, and heat, 

respectively. In contrast, variation of investment cost of MED, refrigeration plant and 

process heat plant affect only the unit exergy cost associated with the product that each one 

produces; for example, variation of investment cost of MED only influences the unit exergy 

cost of water, the variation of investment cost of refrigeration plant only influences the unit 

exergy cost of cooling, and the variation of investment cost of process heat plant only 

influences the unit exergy cost of heat. This behavior is due to the unit exergy costs in the 

streams that connect the CSP plant with MED, refrigeration plant and process heat plant 

have the same value, as indicated in Table 2-5. According to the thermoeconomic, if a 

process has more than one product, the irreversibilities of the process are distributed 
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proportionally to the exergy of the output flows, and then the unit costs of all products are 

equal. On the other hand, according to the cost formation process, the unit exergy cost of 

water, cooling and heat are functions of the unit exergy cost of electricity, their own 

investment cost and exergy rates. And the unit exergy cost of electricity is function of fuel 

cost, exergy rates and the investment cost of CSP plant. 

 

(a) 

 

 (b) 

  

(c) 

  

(d) 

Figure 2- 7: Sensitivity analysis of investment cost in Poly 1. Effect in unit exergy cost 

of: (a) electricity, (b) water, (c) cooling, (d) heat. 

Sensitivity analyses of fossil fuel cost, and demands of cooling, heat and fresh water were 

also carried out, and are depicted in Figure 2-8. Figure 2-8a shows that variation in the fuel 

cost impact each unit exergy cost but is more significant in the unit exergy costs of 

electricity, heat and water. Regarding the demand variations shown in Figures 2-8b to 2-8d, 

the unit exergy cost of product (cooling, heat or water) is increased as the demand of this 
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product is reduced, because the installed capacity is underused, and the investment cost is 

charged to a low product production. 

 

(a) 

 

(b) 

  

(c) 

 

 (d) 

Figure 2- 8: Sensitivity analysis of: (a) fuel cost, (b) cooling demand, (c) heat demand, 

(d) fresh water demand. 

2.3.3. Effects of sizing solar multiple and TES. 

An important aspect in the CSP plant is the solar field size (solar multiple) and the amount 

of thermal energy storage. In this context, Figure 2-9 shows the total exergy cost rate of 

products as a function of the solar multiple and the storage capacities for Poly 1 and Poly 2 

schemes. According to the results, the minimum total exergy cost rate of product is attained 

with a solar multiple of 1.4 and 1.8, and TES of 3 and 6 hours in Poly 1 and Poly 2, 

respectively. The values are 10 222 USD/h and 9 523 USD/h, respectively. There is a 

difference of 2.3 % and 2.1 % between the optimal configuration and base cases for Poly 1 
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and Poly 2, respectively. However, there is a relatively small difference between other 

configurations, such as, a plant with a solar multiple of 2.2 and 9 hours of TES, or with a 

solar multiple of 1.8 and 6 hours of TES.  This behavior is due the total exergy cost rate is 

dominated by the sizing of solar field and TES, hybridization (backup system) levels, and 

the location of the plant (level of direct normal irradiation). The last point was not sensitized 

in this study. An optimal solar field area should maximize the time in a year that the field 

generates enough thermal energy to drive the power cycle at its rated capacity, minimize 

𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥, and use TES and backup system efficiently and cost effectively. The 

problem of choosing an optimal sizing of solar field and TES involves analyzing the trade-

off between a larger solar field and TES to maximize the system's output (electricity, water, 

cooling and process heat) and project revenue, and a smaller solar field and TES that 

minimizes 𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥. 

The optimal point is very sensitive to the investment costs of solar field and TES, as well as 

to the fossil fuel cost. The decision about the size of solar field (solar multiple), levels of 

TES and backup system to develop will depend on the additional costs of their expansion, 

relative to the additional production to dispatch. On the other hand, without backup system, 

the minimum total exergy cost rate of product is attained with a solar multiple of 2.8 and 

TES of 15 hours in both polygeneration schemes. 

 

(a) 

 

(b) 

Figure 2- 9: Total exergy cost rate of products as a function of the solar multiple and 

the hours (h) of TES. (a) Poly 1. (b) Poly 2. 
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Concerning unit exergy cost, in Figure 2-10 the minimum unit exergy cost is presented for 

Poly 1: 0.1022 USD/(kWh), 2.705 USD/m3, 0.035 USD/(kWh) and 0.023 USD/(kWh) for 

electricity, water, cooling and heat, respectively. The concept of unit exergy cost is 

analogous to levelized cost, where the main difference is that unit exergy cost is the amount 

of cost per unit exergy required to produce each product. Unit exergy cost includes exergy 

costs and non-exergy costs (costs of installing and operating), while the levelized cost is the 

amount of cost per unit energy required to produce each product. It includes only non-exergy 

costs (cost of installing and operating).  

 

(a) 

 

(b) 

  

(c) 

 

(d) 

Figure 2- 10: Unit exergy cost for Poly 1 configuration (a) electricity, (b) water, (c) 

cooling, (d) heat. 

In a CSP plant, the criterion for selecting the optimal size of the plant is the minimum LEC 

(Montes et al., 2009; Wagner & Gilman, 2011). However, in the case of solar polygeneration 
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plants, the criterion should be the minimum total exergy cost rate of products 𝐶̇𝑝. As the 

thermoeconomic method allows to charge the costs according to the type and amount of each 

utility employed for generating such a product, where the exergy is used for allocating the 

costs. Additionally, exergy cost rate of products allows to aggregate different kinds of 

products, such as, electricity, fresh water, cooling and process heat. On the other hand, 

conventional economic analysis does not provide criteria for apportioning the carrying 

charges, fuel costs, and 𝑜𝑝𝑒𝑥 to the various products generated in the same system (Bejan 

et al., 1996) and it is based only on the first law of thermodynamics, which states the 

principle of conservation of energy.   

2.4. Conclusions 

A solar polygeneration scheme is proposed as an alternative for the supply of electricity, 

fresh water, cooling and heat for a zone with high irradiation conditions, scarcity of water, 

availability of flat terrain, and a short distance to consumption centers, such as those in 

northern Chile. For that reason, a thermoeconomic assessment of a solar polygeneration 

plant using a CSP parabolic trough collector of 50 MW with TES and backup system, a 

multi-effect distillation MED plant, a single-effect absorption refrigeration plant, and a 

countercurrent heat exchanger for process heat was carried out. Three configurations were 

investigated: two polygeneration schemes and one configuration considering only stand-

alone systems for comparison purposes.  

The results show that, in terms of total exergy cost rate of products, unit exergy cost, and 

exergy efficiency, the solar polygeneration schemes are more economically attractive than 

stand-alone systems with high irradiation conditions and proximity to consumption centers. 

Therefore, a solar polygeneration plant is a cost-effective system making a more efficient 

use of the available resources. 

According to the results, the recommended configuration for a solar polygeneration plant is 

the one where the MED plant replaced the condenser of the CSP plant, the refrigeration plant 

is coupled in the sixth turbine extraction, and the process heat plant is coupled between feed 

water preheaters. This plant was the most cost-effective configuration.  

In conformity with North Chilean market, the solar polygeneration plants are competitive. 

Moreover, solar polygeneration plants can increase the economic profit with the sale of 
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carbon credits according to the Kyoto Protocol and the sale of credits, conforming with the 

renewable energy quota established by Chilean legislation. 

The sensitivity analysis of investment cost show that the investment costs of solar field and 

TES are more influential on the total exergy cost rate and unit exergy cost of the plant. 

Therefore, the key areas where cost reductions need to be achieved are the solar field and 

TES. 

The traditional criterion for selecting the optimal size of a CSP plant is the minimum LEC 

but in the case of solar polygeneration plants, the criterion should be the minimum total 

exergy cost rate of products 𝐶̇𝑝, as the thermoeconomic method uses exergy as a criterion to 

allocate costs and allows to perform an assessment considering the conversion efficiencies 

and economic benefits offered by the system. 

In future studies, a comparison of the thermoeconomic and the levelized cost methods in a 

solar polygeneration plant should be conducted to determine and compare the different unit 

costs of each product, such as, unit exergy costs (electricity, water, cooling and heat) and 

levelized costs (LEC, LWC, LCC and LHC). As another prospective action, a 

thermoeconomic assessment with a low aggregation level in CSP plant should be done by 

individual components, such as turbines, preheaters, solar field, among others, to understand 

which specific components need improvement. 
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3. COMPARISON OF THE LEVELIZED COST METHOD WITH THE 

THERMOECONOMIC METHOD - COST ALLOCATION IN A 

SOLAR POLYGENERATION PLANT TO PRODUCE POWER, 

DESALTED WATER, COOLING, AND PROCESS HEAT. 

Abstract 

The present work shows a comparison between the levelized cost and the thermoeconomic 

methods in their application to assess the performance of a solar polygeneration plant. The 

aim is to analyze the costs allocation process, the unit specific costs of each product, as well 

as the energy and exergy efficiencies, which allows to identify the main advantages of both 

the evaluated methods. The methodology is applied in a case study configured by a 

concentrated solar power with thermal energy storage and backup system, combined to a 

multi-effect distillation plant, an absorption refrigeration plant, and a process heat module. 

The present study reveals that through the levelized cost method, the cost associated to the 

electricity generation is higher than it is by applying the thermoeconomic method, whereas 

the costs of water, cooling and process heat are significantly lower. Those differences 

represent an increase of about 35.1% in the case of the electricity, and a reduction in the cost 

associated to the water, cooling, and heat production by around 34.4 %, 78.1 %, and 97.6 %, 

respectively. Results show that the thermoeconomic method is an equitable and rational cost 

allocation method which is suitable for a solar polygeneration plant. This method is 

recommended when a more precise analysis is required to assess the proper costs of different 

products, and for assessing the benefits of a polygeneration plant, when compared to stand-

alone systems. However, the levelized cost method is a simple and fast method, and a deep 

knowledge of thermodynamics is not required, being recommended when in need to perform 

a first approach of the costs of each product. 

3.1. Introduction 

Multi-generation or polygeneration is defined as the concurrent production of two or more 

energy services and/or manufactured products that, benefiting from the energy integration 

of the processes, seeking to extract the maximum thermodynamic potential (maximum 
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thermodynamic efficiency) of the resources consumed (Serra et al., 2009). In general, if a 

multi-generation system generates two products, it is named as a cogeneration system, such 

as Combined Heating and Power (CHP), Combined Cooling and Power (CCP), and 

Combined Water and Power (CWP). Correspondingly if a multi-generation system generates 

three products, it is named as a trigeneration system, such as Combined Cooling, Heating 

and Power (CCHP). Finally, if a multi-generation system generates more than three 

products, it is named generically as a polygeneration system; however, to avoid any 

confusion, the term polygeneration is used in this paper to represent any scheme of a multi-

generation system. The basic elements of a polygeneration plant is the prime mover or 

engine, which provides the mechanical motive power; the electrical power generator, and 

the heat recovery equipment including cooling, water distillation, and/or other subsystems. 

The typical prime mover can be a Rankine, a Brayton, a Diesel or a combined cycle.  

Polygeneration systems are commonly classified as topping or bottoming cycle systems (Al 

Moussawi et al., 2016). In a topping cycle, the priority is power production, i.e. the supplied 

fuel is first used to produce power and then thermal energy. In contrast, in a bottoming cycle, 

the priority is for heat production, i.e. high temperature thermal energy is the primary product 

delivered and the heat rejected from the process is recovered to generate power. 

Polygeneration plants have been extensively employed within the industrial sector, where 

large concurrent heat and power demands are present (IEA, 2011). A polygeneration scheme 

has comparative advantages over stand-alone systems, since it allows reducing both primary 

energy consumption and emissions of greenhouse gasses displacing fossil fuels, avoiding 

waste heat, reducing transmission and distribution network and other energy losses, as well 

as decreasing energy dependency at the country level, contributing to the diversification of 

energy sources (Al Moussawi et al., 2016). According to the International Energy Agency 

(IEA, 2016) in 2014, the conversion of total primary energy supply to end use energy, in the 

world, was of 1.7 % and 18.1 % from CHP and electricity plants, respectively. 

The average energy efficiency (First-Law of Thermodynamics) of fossil-fuelled power 

generation is about of 35 % to 37 %, whereas for polygeneration schemes it is around 75 % 

to 80 %, and up to 90 % in the most efficient plants (IEA, 2011). Thus, about two-thirds of 

the primary energy input, which is the overall lost in traditional power generation, could be 

exploited leading to a significant reduction on both energy costs and CO2 emissions (IEA, 
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2011). Regarding the use of fuels in polygeneration schemes, fossil resources currently 

predominate. Renewable energies also have been used as primary energy sources in 

polygeneration schemes, allowing to generate electricity by delivering an input of thermal 

energy. In that context, biomass, geothermal and concentrated solar technologies have been 

implemented in polygeneration schemes (Modi et al., 2017).  

To integrate and properly assess a polygeneration plant, in which two or more goods are 

produced from one or more natural resources, it is necessary to determine the production 

cost of each product. Due to the complexity of dealing with many energy flows in 

polygeneration schemes, the integration and assessment of such technologies should be 

evaluated applying a rational method. A method for the allocation of resources and products 

allows solving this problem, considering all input and output from the system, investments, 

operation and maintenance costs, as well as the production units of each product. To solve 

this problem, several cost allocation methods have been proposed in the literature, which in 

general are classified in thermodynamic, economic, and thermoeconomic methods (or 

exergoeconomic). The thermodynamic methods are based on the First-Law and/or Second-

Law of Thermodynamics and include several methodologies, such as the energy balance, 

work flow, kW equivalence, enthalpy drop, heat discount, weighting, entropy change, and 

exergy methods (Beretta et al., 2014; Gochenour, 2003; Tereshchenko & Nord, 2015; Ye & 

Li, 2013). The economic methods are similar to thermodynamic ones depending on whether 

lowering power or heat costs are in priority (Gochenour, 2003; Nuorkivi, 2010). Among the 

available methods that exist are the proportional method, the equal distribution method, and 

the benefit distribution method. Finally, the thermoeconomic methods are based on the 

Second-Law of Thermodynamics and economic principles, which include algebraic and 

calculus methods (Abusoglu & Kanoglu, 2009; Bejan et al., 1996; Serra et al., 2009). The 

algebraic methods use algebraic balance equations and auxiliary cost equations for each 

component, focus mainly on the cost formation process and determine average costs. The 

calculus method use differential equations, such that the system cost flows are obtained in 

conjunction with optimization procedures based on the method of Lagrange multipliers, and 

it is used to determine marginal costs (Baghernejad & Yaghoubi, 2011).  
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3.1.1. Solar polygeneration plant 

The use of the solar energy as main resource in a polygeneration system for producing energy 

and water is an opportunity for sustainable development. Solar energy can be captured and 

concentrated by Concentrated Solar Power (CSP) technologies to provide the heat required 

to generate electricity through a power cycle. Hence, a CSP plant could be the prime mover 

in a polygeneration scheme, operating as a topping cycle system. The other technologies 

could be integrated to generate by-products, such as desalted water, cooling and process 

heat. CSP is one of the promising options for electricity supply as demonstrated in some 

areas such as, Spain, USA, and North Africa (IRENA, 2015). To be economically attractive, 

CSP plants require abundant direct normal irradiation to produce electricity. This restriction 

limits the geographical regions in which CSP should be installed. Therefore, these areas are 

in general hot and dry regions. Moreover, the development of CSP plants requires 

availability of flat land and proximity to consumption centers. CSP can integrate thermal 

energy storage (TES) to increase the capacity factor and to provide dispatchable electricity 

to the grid and could capture peak market prices. Additionally, CSP can be hybridized with 

a backup energy system (BS), which supplies thermal energy to maintain the plant’s power 

generation at design conditions when there is a lack of solar radiation and/or thermal energy 

from TES.  

The current CSP market is dominated by parabolic trough collector technologies, comprising 

around 85% of the cumulative installed capacity (IRENA, 2015). CSP is considered a 

promising multi-purpose technology for electricity, heat and district cooling production, and 

water desalination (Modi et al., 2017), as it is easily integrated to thermal driven cycles that 

can produce fresh water, refrigeration and process heat. Within the industrial thermal 

desalination technologies, multi-effect distillation (MED) is considered the most attractive 

option due to its lower energy consumption (compared to the rest of the thermal technologies 

as multi-stage flash and solar stills), low sensitivity to corrosion, low presence of scaling, 

high development potential, and the possibility of operating at temperatures lower than 100 

ºC (Al-Karaghouli & Kazmerski, 2013). In the line of refrigeration systems driven by 

thermal energy, the single-effect absorption cycle is driven at low temperatures, between 80 

and 110 ºC (Sarbu & Sebarchievici, 2015), and is available in the market, making it a good 
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alternative to be considered in a polygeneration scheme. Each technology can be integrated 

into the CSP plant taking into account its technical restrictions and the demand of each 

product. The size of the plants has been established to satisfy a large-scale supply from the 

mining industry (northern Chile, Australia, and North Africa), which operates continuously 

and presents a constant demand. The CSP plant has been chosen considering the already 

existing commercial plant, called Andasol 1, due to the technical data of this plant is 

available in different technical reports. The electric power is produced in the CSP plant and 

the heat rejected from the power production is then used to produce the other products 

(desalted water, cooling and process heat), whose production is limited by the availability of 

the heat rejected from the CSP plant. This also limits the size of the desalination, cooling, 

and process heat plants. 

For the aforementioned, a solar polygeneration system is configured and simulated to 

produce electricity, desalted water, industrial cooling and process heat. The solar 

polygeneration plant proposed herein consists of a concentrated solar power parabolic trough 

collector field with TES and BS as prime mover, integrated to a MED plant, a single-effect 

absorption refrigeration system, and a counter-current heat exchanger as process heat plant. 

This solar polygeneration scheme was previously analyzed by Leiva-Illanes et al. (2017), in 

which a thermoeconomic assessment was performed considering that the plant operates in 

high direct normal irradiation conditions. The present work constitutes the continuation of 

that research, where its main contribution is a comparison between the levelized cost and the 

thermoeconomic methods applied to a solar polygeneration plant. The aim of that evaluation 

is to determine and compare the different unit costs of each product obtained by each 

method, such as levelized costs and unit exergy costs (electricity, water, cooling and heat); 

the cost allocation process; and the energy and exergy efficiencies. 

3.1.2. Assessment of a solar polygeneration plant 

Concentrated Solar Power plants as the prime mover could be easily integrated into 

polygeneration systems, as demonstrated elsewhere (Fernández-García et al., 2010; Modi et 

al., 2017). Due to the potential of such systems, the integration of a CSP plant and 

desalination, refrigeration and process heat technologies has been analysed in several studies 

as described below, focusing mainly in cogeneration and trigeneration schemes. 
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Nonetheless, currently there is only one CSP plant configured in a polygeneration system, 

the “Aalborg CSP-Brønderslev CSP with organic Rankine cycle project” (NREL, 2017) 

located in Denmark, a solar cogeneration plant for generating heat and power of 16.6 MW.  

Two assessment methodologies have been intensively employed for analyzing solar 

polygeneration plants: the levelized cost method (Short et al., 1995) and the thermoeconomic 

method (Bejan et al., 1996). Both methodologies allow estimating separately the costs of 

each product generated by the system. The first method determines the present value of the 

total cost of investment, maintenance and operation, fuels, and revenues from the sales of 

by-products (such as carbon credits) of a productive plant over its economic life, considering 

equivalent annualized payments (IEA-NEA, 2015), levelized in monetary units per unit of 

annual production. The levelized cost (LC) allows alternative technologies to be compared 

considering different scales of operation or different investment and operating periods. In 

this context, several studies have focused on assessment of CSP-polygeneration systems 

using the levelized cost method. Olwig et al. (2012) carried out a techno-economic analysis 

of integrated CSP and desalination plants, including MED and reverse osmosis (RO) 

systems. The authors determined the levelized water cost (LWC), considering a cash flow 

that includes the total investment costs (CSP and desalination plants), the fuel for backup, 

the maintenance and operation cost associated to desalination, while the annual revenues due 

to electricity sales were subtracted from the costs. Later, Moser et al. (2014) developed a 

techno-economic model for the assessment of desalination plants, driven by renewable 

energies, based on CSP plant, MED and RO technologies. The model considers a detailed 

method for cost allocation to determine the LWC and levelized electricity cost (LEC), 

considering capital and operational costs. The operational cost includes fixed and variable 

operating costs, where the last one was determined using the reference-cycle method, in 

which the evaluation of heat cost is approached based on the comparison of steam turbine 

performances in two cases (MED case and reference case). The reference cycle is defined as 

a power block with standard cooling such as once-through or evaporative tower. Heat cost 

is defined as the cost needed to compensate the missing income that would be generated in 

the reference case, that constitutes the consistency in the allocation method employed.  

Fylaktos et al. (2014) carried out an economic analysis of an electricity and desalinated water 

cogeneration plant in Cyprus. Three different CSP schemes were examined: a stand-alone 
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CSP plant, CSP-RO, and CSP-MED. They calculated the LEC for the whole plant using the 

kWh-equivalent method that consist in converting the revenues from water and from selling 

CO2 allowances into equivalent electricity production units (kWh). Through this approach 

the plant is considered as an electricity-only system, and all the production is added and 

expressed in terms of the LEC. The estimation of the levelized cost was based on the 

substitution method, consisting in separate the LEC and LWC. In this context, for 

determining separately the LWC, it assumed that the difference of possible revenue streams 

between a stand-alone CSP plant and the cogeneration plant has occurred because of the 

integration of the desalination subsystem. Recently, Palenzuela et al (2015) carried out a 

techno-economic analysis of different CSP-MED systems and compared them with a CSP-

RO configuration, based on the assessment of the LEC and LWC. LEC contemplates the 

total investment cost of the CSP plant, the annual operation and maintenance costs, the 

annual fuel cost due the backup system, and the annual net electricity delivered to the grid. 

While LWC considers the investment, operation and maintenance cost, and the fresh water 

production. The steam energy cost and the electricity consumption by the MED were 

considered as internal costs, therefore neglected. In other recently study, Mata-Torres et al. 

(2017) carried out an investigation on solar polygeneration for electricity production and 

desalination, considering two configurations of CSP-MED plants in two potential locations. 

Their economic analysis was based on LEC and LWC, where the annual fuel cost was only 

assigned to the LEC, since water is extracted as an additional product from the CSP plant 

and does not represent an additional fuel cost. At the same time, the electric and steam costs 

of the MED plant were considered as internal costs of the plant.  

The main feature of the thermoeconomic method is that it proposes a cost balance equation 

applying the unit exergy cost to the exergy balance equation according to specific principles 

and rules (Abusoglu & Kanoglu, 2009) and, at the same time, it allows to understand the 

cost formation process and the flow of costs in the system. Only a few studies have focused 

on thermoeconomic evaluation of CSP-polygeneration plants. In this context, Al-Sulaiman 

et al. (2013a, 2013b) carried out an thermoeconomic optimization of three trigeneration 

systems using organic Rankine cycle for power, cooling and heating production. One of 

those trigeneration systems is a solar-trigeneration system, which consist of a CSP plant 

(including a parabolic trough collector field, TES, and an Organic Rankine Cycle as power 
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block), and the heat recovery system composed of a steam generator and a single-effect 

absorption chiller. They used the specific exergy costing (SPECO) method as the 

thermoeconomic approach. This method is based on the notion that exergy is the only 

rational basis for assigning costs to the interactions that a thermal system experiences with 

its surroundings and to the sources of inefficiencies (Bejan et al., 1996). Along the same 

lines, Calise et al. (2016) carried out an exergy and exergoeconomic analysis of a novel 

hybrid solar geothermal polygeneration system that produces energy and water, based on a 

hybrid system equipped with an organic Rankine cycle driven by a parabolic trough collector 

solar field and a geothermal well, a multi-effect distillation unit, and an absorption chiller. 

They applied an accounting of exergoeconomic costs to establish a monetary value to all 

material and energy flows, providing a reasonable basis for cost allocation. Recently, Ortega 

et al. (2016) carried out a thermoeconomic comparison of the joint production of electricity 

and fresh water in a parabolic trough CSP plant, MED and RO units. The authors applied 

the largely used thermoeconomic method developed by Bejan et al. (1996). The 

thermoeconomic methodology was selected to assess the actual cost of the steam 

consumption of the distillation process, which allows assessing the cost of production for 

each asset and the services used to generate them so that these costs can be properly charged. 

Finally, in a recent publication by Leiva-Illanes et al. (2017) carried out a thermoeconomic 

assessment of the joint production of electricity, fresh-water, cooling and heat from a solar 

polygeneration plants. Three configurations were investigated, two CSP-polygeneration 

schemes and one considering stand-alone systems. The authors applied the same 

thermoeconomic method developed by Bejan et al. (1996) and evaluated the plants in terms 

of the total exergy cost rate of products and unit exergy costs. This method allowed to 

determine the cost of each product using cost allocation rules, allocating the resources 

consumed to the useful product of each component, and distributing its costs proportionally 

to the exergy flow. The present work constitutes the continuation of this research were a 

comparison between the unit exergy cost and the levelized cost is deeply analyzed. 

As described above, different studies have been focused on assessment of CSP-

polygeneration systems by the levelized cost method (Short et al., 1995) and other by the 

thermoeconomic method (Bejan et al., 1996); however, the results from each method are 

unlike and produce significant differences. Hence, the present work aims to deliver insights 
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about which method is more appropriate for assessing a solar polygeneration plant. For that 

reason, it is proposed an analysis in a CSP-polygeneration plant, in which the levelized cost 

and the thermoeconomic methods are applied, allowing to compare the costs allocation 

method used, the unit specific costs of each product, and the efficiencies according to the 

First-Law and Second-Law of Thermodynamics. Therefore, the main advantages of each 

method are determined in terms of the complexity of calculations, rules and rationality of 

cost allocation, and the applicability to compare between stand-alone systems and 

polygeneration plants. The results give relevant information for decision-makers to evaluate 

CSP-polygeneration systems and could constitute a guide to understand these methods. 

 3.2. Methodology 

The methodology considers modelling stand-alone plants, and the integration of those plants 

in a solar polygeneration scheme. The solar polygeneration plant is modelled using a 

computational simulation platform, allowing the application of both evaluation methods: the 

levelized cost (Short et al., 1995) and the thermoeconomic method (Bejan et al., 1996). The 

solar polygeneration plant is configured as a topping cycle, in which the priority is the 

production of electricity, and the by-products are generated according to the availability of 

thermal energy in the power cycle. 

The software IPSEpro (SimTech GmbH, 2011) was employed for modelling and simulating 

the solar polygeneration and stand-alone plants, without TES/backup-system. Three 

modules of IPSEpro were employed: IPSEpro-MDK, IPSEpro-PSE, and IPSEpro-PSXLink. 

IPSEpro-MDK is a model development kit that offers all the capabilities required to define 

and build new component models and to translate them into a form that can be used by 

IPSEpro-PSE. IPSEpro-PSE is a process simulation environment that allows establishing 

mass and energy balances, simulating different kinds of processes, through iterative Newton-

Raphson method. IPSEpro-PSE provides only steady state solutions, so in order to assess 

the transient behavior of the system, IPSEpro-PSE is linked to Microsoft Excel through the 

IPSEpro-PSXLink tool. Using this module the input data, such as direct normal irradiance 

(Escobar et al., 2014), the collector optical efficiency of solar field (NREL, 2013; Wagner 

& Gilman, 2011), and the demand for products, are modified for each time-step. The 

polygeneration plant is simulated considering an hourly resolution meteorological database 
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(Escobar et al., 2014). The partial results are the solar field thermal input/output, and the 

production level of the solar field. Afterward, the simulation of the TES and backup system 

behavior was implemented using the MATLAB software. Hence, the total production of 

each product is the sum of the production from the solar field, the TES, and the backup 

system. This approach allows to simulate the polygeneration plant over a one-year period 

using an hourly time step, and to apply the levelized cost and the thermoeconomic method 

on an annual basis. Appendix E provides a flowchart of the overall simulation.  

The polygeneration plant is evaluated disregarding the variations of kinetic energy, potential 

energy, and pressure drops in the lines, and considering the environmental conditions of the 

Atacama Desert in northern Chile. The Atacama Desert has one of the highest solar resources 

in the world; this region has flat and unused terrains, and it is close to consumption centres, 

such as mining facilities, which have large energy and water demands. In particular, the 

simulation considered the meteorological conditions of the vicinity of the Crucero substation 

(22.14 °S, 69.3 °W, 1 146 meters above sea level), considered as one of the most relevant 

places for CSP development in Chile, due to the 3 389 kWh/(m2 a) of annual direct normal 

solar irradiation (Escobar et al., 2014). 

3.2.1. Design parameters 

A CSP plant is based on a number of sub-systems, such as solar thermal loop (composed of 

the solar field, thermal energy storage, and backup system), and a power block. Figure 3-1 

shows the CSP plant, which is configured considering the configuration of Andasol-1 power 

plant (NREL, 2013; Wagner & Gilman, 2011), located in southern Spain. The solar field 

(SF) consists of EuroTrough collectors aligned in a north-south orientation, Schott PTR-70 

absorber tubes, and synthetic oil type Dowtherm A as heat transfer fluid. The design 

temperature of the SF considers 393 ºC and 293 ºC as the outlet and inlet values, 

correspondingly. The collectors track the sun from east to west during the day. The design 

point was considered as the 21st December at solar noon for Crucero (in the southern 

hemisphere), where the direct normal irradiance is 1 010 W/m2 and the collector optical 

efficiency is 72 % (NREL, 2013). The solar multiple (SM) is a measure of the solar field 

aperture area as a function of the power block's nameplate capacity. This parameter is very 

important because allows sizing the SF and it is expressed as: 
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SM =
Q̇th,solar field

Q̇th,power block

 (3.1) 

where Q̇th,solar field is the thermal energy delivered by the solar field at the design point and 

Q̇th,power block  is the thermal energy required by the power block at nominal conditions. The 

solar multiple (SM) is assumed as 2.56, according to the design point of Andasol-1. That SF 

represents an area of 510 120 m2 (NREL, 2013). This is the aperture area that collects solar 

insolation, and it does not include any reduction due to angle of incidence effects, shadowing 

or end losses. 

The TES is assumed as a two-tank indirect system using molten salts as storage media. It 

presents 95 % of annual storage efficiency (Houda et al., 2009), and the design temperature 

is 386 ºC and 292 ºC for the hot and cold tanks, respectively. TESth is the equivalent thermal 

capacity of the storage tanks and is defined as: 

TESth =
Ẇdes.gross

ηdes
∙ tfull load (3.2) 

where, 𝑊̇𝑑𝑒𝑠.𝑔𝑟𝑜𝑠𝑠 is the gross power, 𝜂𝑑𝑒𝑠 is the efficiency of Rankine cycle at design point, 

and 𝑡𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑 is the number of hours of thermal energy delivered at the power block's design 

thermal input level, being assumed as 12 h. 𝑡𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑 is a key parameter since it allows sizing 

the TES, i.e. determines the system’s maximum storage capacity. 

A natural gas heater is considered as a backup system, supplying thermal energy directly to 

the heat transfer fluid used in the SF. The capacity factor is assumed as 96 %, as suggested 

by Palenzuela et al. (2015), considering that the solar polygeneration plant does not have 

restriction on the consumption of fossil fuel.  

The power block consists of a regenerative Rankine cycle with reheat and six extractions, 

as described in Blanco-Marigorta et al. (2011). The gross power production is 55.0 MWe, 

the high-pressure turbine inlet pressure is 100.0 bar and the low-pressure turbine 

backpressure is 0.06 bar. The high and low-pressure turbines present isentropic efficiencies 

of 85.2 % and 85.0 %, respectively. The generator efficiency is 98.0 %, and the pumps 

isentropic efficiency is 70.0 %.  
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Figure 3- 1: Stand-alone CSP plant. DNI: direct normal irradiance, CST: cold 

storage tank, FWP: feed water preheater, G: generator, HP: high pressure, HST: hot 

storage tank, LP: low pressure. 

Figure 3-2 shows the MED desalination plant, which considers 12 parallel-cross feed effects 

and 11 feed preheaters, as described by Zak et al. (2012). The feed seawater intake 

temperature is 25 °C and its salinity is 0.042 kg/kg, the feed seawater temperature after down 

condenser is 35 °C whereas the maximum salinity in each effect is 0.072 kg/kg. The top brine 

temperature is 65 °C, the fresh water production is 37 168 m3/day, and the Gained Output 

Ratio (GOR) is 9.1, which is defined as the amount of distillate produced per unit mass of 

the input thermal energy (steam from CSP plant). The concentration factor is 1.7, while the 

specific heat consumption is 245.2 kJ/kg, and the specific electricity consumption is 1.5 and 

5 kWh/m3 at the MED and the seawater pumping system (COCHILCO, 2015a), respectively. 
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Figure 3- 2: MED plant. 

Figure 3-3 shows the refrigeration plant (REF), that is configured with a single-effect LiBr-

H2O absorption chiller, as described in Herold et al. (1996). It has a cooling capacity of 

5 MWth (1 421.73 tons) and a nominal coefficient of performance of 0.7. The chilled water 

inlet temperature is 10 °C and is discharged at 6 °C. The nominal cooling water temperature 

inlet and outlet are 25 °C and 35 °C, respectively. Moreover, the desorber inlet temperature 

is 108.49 °C.  

 

Figure 3- 3: Refrigeration plant. 

Figure 3-4 shows the process heat (PH) plant, configured by a counter-current heat 

exchanger, which delivers process heat at nominal thermal load of 7 MWth. The heat 

exchanger inlet and outlet temperatures are 63 °C and 90 °C, respectively.  
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Figure 3- 4: Process heat plant. 

The solar polygeneration scheme considers the integration of the desalination, refrigeration, 

and process heat plants, into the CSP plant, where this last one is the prime mover. Figure 3-

5 shows the configuration of the CSP polygeneration plant, in which the MED plant replaces 

the condenser of the power cycle, the REF plant is coupled to the sixth turbine extraction, 

and the PH plant is coupled between feed water preheaters (FWP3 and FWP4). The coupling 

point of each plant was selected considering the operating temperatures constraints of each 

technology, aiming to cause the minimum performance penalty on the SF aperture area for 

the same power production. Those constraints produce changes at the design point 

parameters of the CSP plant. For this reason, the low-pressure turbine back-pressure is 

modified to 0.37 bar, since the MED plant must operate within a temperature range of 64 to 

74 °C (Al-Karaghouli & Kazmerski, 2013), and the sixth extraction pressure is modified to 

1.17 bar, considering the operating constraints of the refrigeration plant, which must operate 

within a temperature range of 80  to 110 °C (Sarbu & Sebarchievici, 2015). Additionally, to 

develop the same gross power of the stand-alone CSP plant, the aperture area of the SF was 

modified to 616 650 m2, i.e. a 20.9 % larger than a stand-alone CSP plant. 

In this CSP-polygeneration configuration is not possible to regulate the production of 

desalted water because the MED plant is driven by the heat rejected from the power cycle. 

Hence, the production of desalted water is linked to the production of electricity; if the 

electricity production decreases then the production of desalted water decreases too and vice-

versa. The desalted water production depends on the mass flow rate of the exhaust steam 

from the outlet of the low-pressure turbine. Unfortunately, any problem, as a failure event or 
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maintenance stop in the MED plant or in the CSP plant, will affect both productions, since 

the MED plant replaces the condenser of the power cycle. The presence of the MED plant 

allows closing the thermodynamic cycle through the condensation of the exhaust steam from 

the turbine for reuse in the cycle, then any problem in the MED plant consequently represents 

a problem in the condenser of the power cycle. On the other hand, the production from REF 

plant and PH plant can be regulated according to the demand. The output of cooling and 

process heat depends on the operating parameters of the rest of the plant. When process heat 

and cooling production are jointly or individually reduced, the power cycle needs less input 

thermal energy to generate electricity at the nominal rate. Thus, the control system could 

either reduce the energy input to the power cycle by partial defocusing solar collectors or 

reduce the thermal energy output from TES and/or backup system. 
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Figure 3- 5: CSP polygeneration plant. 

For validating the polygeneration plant it was necessary to validate each stand-alone system, 

because currently there is no solar polygeneration plant of these characteristics. Therefore, 

the polygeneration plant model is the combination of the validated model for each stand-

alone system. The power cycle was validated at the design point using the nominal data of 

Andasol-1 reported by Blanco-Marigorta et al. (2011). Furthermore, the CSP plant was 

validated by comparing the results between the IPSEpro/Matlab model and the case study 
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(Andasol-1) of SAM software (NREL, 2013). The results indicate differences of 3.6 % in 

terms of annual net electricity, and 1.5 % regarding the thermal efficiency. Regarding the 

MED plant, it was validated considering the data reported by Zak et al. (2012) and from El-

Dessouky et al. (2002). The results show no differences in the total distillate water 

production, 5.46 % error in terms of specific heat transfer area, and 7.81 % regarding the 

GOR, that are considered as having good accuracy, as stated in Palenzuela et al. (2014). 

Finally, the thermodynamic model of the REF plant was validated using the data reported by 

Herold et al. (1996). The results show differences lower than 2.6 % in terms of the cooling 

capacity and COP.  

A constant demand for electricity, water, cooling and process heat was assumed to meet the 

demand profile in the mining industry, which requires continuous operation and energy 

supply. Therefore, the power cycle, the desalination, the refrigeration, and the process heat 

units operate at full-load condition. The thermal energy storage and backup system allow to 

operate in periods of low solar radiation, delivering full-load steady state generation, even 

on cloudy days or during the night, assuring predictable dispatchability. The transient state 

conditions affect the solar field, the thermal energy storage, and the backup system. Those 

subsystems can operate at part-load conditions although the solar thermal loop provides 

thermal power at rated condition. In this study, the part-load condition of the solar thermal 

loop was simulated considering a variable efficiency of solar field, in terms of the direct 

normal irradiance, aperture area, optical efficiency, and the incidence angle (Leiva-Illanes 

et al., 2017). Finally, start-up and shut-down procedures were not evaluated. 

3.2.2. Economics considerations 

The main economic considerations for the CSP plant are summarized in Table 3-1.   
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Table 3- 1: Specific cost for the CSP plant. 

Cost Value Unit Reference 

Direct Capital Cost     

Site Improvements  28 USD/m2 
(NREL, 

2013) 

Solar Field 200 USD/m2 
(IRENA, 

2015) 

Heat transfer fluid system  78 USD/m2 
(NREL, 

2013) 

Storage  35 USD/kWhth 

(Palenzuela 

et al., 

2015) 

Fossil Backup  60 USD/kWe 
(NREL, 

2013) 

Power Plant  850 USD/kWe 
(NREL, 

2013) 

Balance of plant  105 USD/kWe 
(NREL, 

2013) 

Contingency 7 % 
(NREL, 

2013) 

EPC and Owner Cost 11 
% of total direct capital 

cost 

(NREL, 

2013) 

Total Land Costs 2 
% of total direct capital 

cost 

(NREL, 

2013) 

Sales of Tax applies of Direct Cost 4 
% of total direct capital 

cost 

(NREL, 

2013) 

Operational and Maintenance 

Costs 
   

 

Fixed Cost by Capacity  66 USD/(kW a) 
(NREL, 

2013) 

Variable Cost by Generation  3 USD/MWh 
(NREL, 

2013) 

Fossil Fuel Cost 0.0324 USD/kWh 
(CNE, 

2015) 
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The main economic considerations for the other plants are listed in Table 3-2. In the case of 

MED plant, it includes the costs associated to the transportation of sea water to the plant 

location.  

Table 3- 2: Specific cost for a MED plant, refrigeration plant, process heat plant and 

boiler. 

Cost Value Unit Reference 

MED plant 

Direct Capital Cost MED     

Infrastructure and construction 1 500 USD/(m3 day) 
(Mata-Torres et al., 

2017) 

Contingencies (%) 10 % 
(Mata-Torres et al., 

2017) 

Total  1 650 USD/(m3 day)  

Operational and Maintenance costs MED      

Chemical  0.025 USD/(m3 a) 
(Mata-Torres et al., 

2017) 

Maintenance 0.1 USD/(m3 a) 
(Mata-Torres et al., 

2017) 

Labor 2 
% annualized total 

direct capital cost 

(Mata-Torres et al., 

2017) 

Sea Water Transportation    

𝑐𝑎𝑝𝑒𝑥 of piping 736 USD/m (COCHILCO, 2015a) 

𝑐𝑎𝑝𝑒𝑥 of pumping 3.75 MUSD (COCHILCO, 2015a) 

Specific electricity consumption (pumping) 5 kWh/m3  (COCHILCO, 2015a) 

Distance from the coast to the plant location 70 km  

Location altitude 1 146 meters above sea level  

Refrigeration plant 

Direct and Indirect Capital Cost  
548.0 USD/kWth 

(Noro & Lazzarin, 

2014) 

Operational and Maintenance Cost  2 %  

Process heat plant 

Direct and Indirect Capital Cost  583.3 USD/kWth (Turton et al., 2012) 

Operational and Maintenance Cost  2 %  

Boiler 

Direct and Indirect Capital Cost  76.8 USD/kWth (Turton et al., 2012) 

Operational and Maintenance costs  2 %  
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In the economic evaluation a horizon of 25 years and a discount rate of 10%. have been 

considered.  

3.2.3. Energy and exergy evaluation 

To evaluate the cost allocation in the stand-alone and polygeneration plants, it was defined 

an adequate aggregation level, which allows delimiting the boundaries of the system. 

Figures 3-1 to 3-5 show the boundaries of each system, with dashed lines, in which the fuels 

and products of each subsystem are established. The fuels are defined as the resources 

expended to generate the product; it could be any input that constitutes a resource. For 

example, seawater, steam, and electricity in a MED plant. Conversely, the products represent 

the desired result produced by the system or the purpose of the system. The relations between 

resources and products for each subsystem are detailed in Leiva-Illanes et al. (2017). 

Subsequently, First-Law and Second-Law of Thermodynamics are applied, as follows: 

∑(𝑚̇𝑖𝑛 ∙ ℎ𝑖𝑛)

𝑖𝑛

− ∑(𝑚̇𝑜𝑢𝑡 ∙ ℎ𝑜𝑢𝑡)

𝑜𝑢𝑡

− 𝑊̇ + 𝑄̇ =
𝑑𝐸𝑛𝑐𝑣

𝑑𝑡
 (3.3) 

𝐸̇𝑄 − 𝐸̇𝑊 − 𝐸̇𝐷 + ∑(𝑚̇𝑖𝑛 ∙ 𝑒𝑖𝑛)

𝑖𝑛

− ∑(𝑚̇𝑜𝑢𝑡 ∙ 𝑒𝑜𝑢𝑡)

𝑜𝑢𝑡

=
𝑑𝐸𝑐𝑣

𝑑𝑡
 (3.4) 

where 𝑚̇ is the mass rate, ℎ is the specific enthalpy, 𝑊̇ is the rate of work, 𝑄̇ is the heat 

power,  𝑑𝐸𝑛𝑐𝑣 𝑑𝑡⁄  is the energy change rate in the control volume, 𝐸̇ is the rate of exergy, 𝑒 

is the specific exergy, and 𝑑𝐸𝑐𝑣 𝑑𝑡⁄  represent the exergy change rate in the control volume. 

Both 𝑑𝐸𝑛𝑐𝑣 𝑑𝑡⁄  and 𝑑𝐸𝑐𝑣 𝑑𝑡⁄  are null in steady-state conditions. The subscripts 𝑖𝑛, 𝑜𝑢𝑡, 𝑐𝑣, 

𝑄, 𝑊, and 𝐷 are inlets, outlets, control volume, heat transfer, work, and destruction, 

respectively. 

The exergy rate of heat (𝐸̇𝑄) and work (𝐸̇𝑊) that cross the boundaries of a control volume 

(𝑗) are defined as follows 

𝐸̇𝑄 = (1 −
𝑇0

𝑇𝑗
) ∙ 𝑄̇𝑗 (3.5) 

𝐸̇𝑊 = 𝑊̇𝑗 (3.6) 
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where T0 is the temperature of reference, in K. The reference environment assumed in this 

study is T0=25 °C and P0=1.013 bar, respectively. Additionally, the reference mass fraction 

of LiBr and water salinity is considered of 0.5542 kg/kg and 0.042 kg/kg, respectively.  

The specific exergy is defined as follows 

𝑒 = 𝑒𝑝ℎ𝑦 + 𝑒𝑐ℎ𝑒 + 𝑒𝑃𝑜𝑡 + 𝑒𝑘𝑖𝑛 (3.7) 

where the subscripts 𝑝ℎ𝑦, 𝑐ℎ𝑒, 𝑝𝑜𝑡, and 𝑘𝑖𝑛 are related to physical, chemical, potential, and 

kinetic portion of exergy, respectively. In this study, the potential and kinetic exergy rates 

are neglected. The physical and chemical exergy are defined by 

𝑒𝑝ℎ𝑦 = (ℎ − ℎ0) − 𝑇0 ∙ (𝑠 − 𝑠0) (3.8) 

𝑒𝑐ℎ𝑒 = −∆𝐺 + (∑ 𝑛 ∙ 𝑒𝑐ℎ𝑒

𝑃𝑟

− ∑ 𝑛 ∙ 𝑒𝑐ℎ𝑒

𝑅𝑒

) 
(3.9) 

 

where 𝑠 is the specific entropy, 𝐺 is Gibbs function for the reaction, n is the number of moles, 

the subscripts 𝑃𝑟 and 𝑅𝑒 denote the products, and the reactants of the reaction, respectively. 

However, the exergy rates from the fossil-fuel is calculated with the following simplification 

(Ahmadi et al., 2011):   

𝐸̇𝑓𝑓 = 𝑚̇𝑓𝑓 ∙ 𝜉 ∙ 𝐿𝐻𝑉 (3.10) 

where 𝜉 is an experimental correlation (Ahmadi et al., 2011), 𝐿𝐻𝑉 is the lower heating value 

of the fossil-fuel. The subscript 𝑓𝑓 denotes fossil-fuel. 

𝜉 =  1.033 + 0.0169 ∙
𝑦

𝑥
−

0.0698

𝑥
 

(3.11) 

where 𝑥 and 𝑦 are the composition 𝐶𝑥𝐻𝑦in a general gaseous fuel, which in the case of 

natural gas is considered as 𝐶𝐻4, this value is close to unity. 

Regarding to the exergy rates of solar radiation, the Patela’s equation (2010) is considered, 

which is one of the most cited models in the literature and few differences are observed 

against other models. For example, between Petela’s and Spanner’s models (Petela, 2010) 

the difference is about 0.0002 %, and between Petela’s and Jeter’s (Petela, 2010) is about 

1.8 %, for temperatures of 298 K and 6 000 K.  
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The First-Law or energy efficiency (𝜂) defined as the ratio between energy output and energy 

input, and the Second-Law or exergy efficiency (𝜓) defined as the ratio between the exergy 

rate of product and the exergy rate of fuel, are determined through the following equations: 

𝜂 =
𝐸̇𝑛𝑛𝑒𝑡

𝐸̇𝑛𝑖𝑛

 (3.12) 

𝜓 =
𝐸̇𝑃

𝐸̇𝐹

=
∑ 𝛥𝐸̇𝑜𝑢𝑡

∑ 𝛥𝐸̇𝑖𝑛

 (3.13) 

where 𝐸̇𝑛 is the energy rate, 𝐸̇ is the exergy rate, the subscript 𝑃, and 𝐹 mean products 

and Fuel, respectively. Note that the energy efficiency applied to a polygeneration plant  

is known as utilization factor, also. In the case of the stand-alone MED, it is used the GOR 

as the indicator of energy efficiency considering that its product is a mass (fresh-water). 

Table 3-3 summarizes the expressions for these performance parameters applied to the 

boundaries considered in each subsystem. 

Table 3- 3: Energy and exergy efficiencies. 

 Polygeneration 

𝜂 𝑊̇𝑛𝑒𝑡_𝑝𝑜𝑙𝑦𝑔𝑒𝑛 + 𝑚̇𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 ∙ ℎ𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 + 𝑄̇𝑅𝐸𝐹 + 𝑄̇𝑃𝐻

𝑄̇𝑖𝑛_𝑝𝑜𝑙𝑦𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

=
(Ė𝑛9 − Ė𝑛2 − Ė𝑛10 − Ė𝑛11 − Ė𝑛16 − Ė𝑛21) + Ė𝑛13 + (Ė𝑛18 − Ė𝑛19) + (Ė𝑛23 − Ė𝑛22)

Ė𝑛1 + Ė𝑛24

 

𝜓 Ė9 + Ė13 + (Ė19 − Ė18) + (Ė23 − Ė22)

Ė1 + (Ė2 + Ė10 + Ė11 + Ė16 + Ė21) + Ė12 + Ė24

 

 Stand-alone CSP 

𝜂 𝑊̇𝑛𝑒𝑡

𝑄̇𝑖𝑛

=
Ė𝑛4 − Ė𝑛5

Ė𝑛1 + Ė𝑛2

 

𝜓 Ė4

Ė1 + Ė2 + Ė5

 

 Stand-alone MED 

𝜂 𝑚̇𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 ∙ ℎ𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒

𝑄̇𝑖𝑛_𝑏𝑜𝑖𝑙𝑒𝑟 + 𝑊̇𝑝𝑢𝑚𝑝𝑠

=
Ė6

Ė1 + Ė4

 

𝜓 Ė6

Ė1 + Ė4 + Ė5
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 Stand-alone REF 

𝜂 𝑄̇𝑅𝐸𝐹

𝑄̇𝑖𝑛_𝑏𝑜𝑖𝑙𝑒𝑟 + 𝑊̇𝑝𝑢𝑚𝑝𝑠

=
Ė𝑛6 − Ė𝑛7

Ė𝑛1 + Ė𝑛4

 

𝜓 Ė7 − Ė6

Ė1 + Ė4

 

 Stand-alone PH 

𝜂 𝑄̇𝑃𝐻

𝑄̇𝑖𝑛_𝑏𝑜𝑖𝑙𝑒𝑟 + 𝑊̇𝑝𝑢𝑚𝑝

=
Ė𝑛6 − Ė𝑛5

Ė𝑛1 + Ė𝑛4

 

𝜓 Ė6 − Ė5

Ė1 + Ė4

 

 Stand-alone systems 

𝜂 𝑊̇𝑛𝑒𝑡_𝐶𝑆𝑃 + 𝑚̇𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 ∙ ℎ𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 + 𝑄̇𝑅𝐸𝐹 + 𝑄̇𝑃𝐻

𝑄̇𝑖𝑛_𝐶𝑆𝑃 + 𝑄̇𝑖𝑛_𝑀𝐸𝐷 + 𝑄̇𝑖𝑛_𝑅𝐸𝐹 + 𝑄̇𝑖𝑛_𝑃𝐻

=
(Ė𝑛4 − Ė𝑛5)

𝐶𝑆𝑃
+ Ė𝑛6𝑀𝐸𝐷

+ (Ė𝑛6 − Ė𝑛7)
𝑅𝐸𝐹

+ (Ė𝑛6 − Ė𝑛5)𝑃𝐻

(Ė𝑛1 + Ė𝑛2)
𝐶𝑆𝑃

+ (Ė𝑛1 + Ė𝑛4)
M𝐸𝐷

+ (Ė𝑛1 + Ė𝑛4)
𝑅𝐸𝐹

+ (Ė𝑛1 + Ė𝑛4)
𝑃𝐻

 

𝜓 Ė4𝐶𝑆𝑃
+ Ė6𝑀𝐸𝐷

+ (Ė7 − Ė6)
𝑅𝐸𝐹

+ (Ė6 − Ė5)𝑃𝐻

(Ė1 + Ė2 + Ė5)
𝐶𝑆𝑃

+ (Ė1 + Ė4 + Ė5)
𝑀𝐸𝐷

+ (Ė1 + Ė4)
𝑅𝐸𝐹

+ (Ė1 + Ė4)
𝑃𝐻

 

3.2.4. Levelized cost method 

The levelized cost is the total cost of installing and operating the plant, expressed in 

monetary unit per unit of product generated by the system over its life (Palenzuela et al., 

2015; Short et al., 1995). Therefore, the levelized electricity cost, in USD/kWh, is defined 

by: 

𝐿𝐸𝐶 =
𝑐𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛𝑒𝑙
=

𝑍̇ ∙ 𝜏 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛𝑒𝑙
 (3.14) 

where 𝑐𝑎𝑝𝑒𝑥 is the capital expenditure, 𝑜𝑝𝑒𝑥 is the operational expenditure, 𝑐𝑟𝑓 is the 

capital recovery factor,  𝐶𝑓𝑢𝑒𝑙 is the annual fuel cost, 𝐸𝑛𝑒𝑙 is the annual production of net 

electricity delivered by the CSP plant, considering the parasitic loads (Note that the 

polygeneration plant does not include electric consumption of MED, REF, and PH),  𝑍̇ is the 

non-exergy-related cost rate, 𝜏 is the annual average time of the plant’s operation at nominal 

capacity, in h/a. Fuel cost is calculated by: 
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𝐶𝑓𝑢𝑒𝑙 = 𝑐𝑓𝑓 ∙
𝑄th,power blockBS

ηboiler
+ 𝑐𝑠𝑢𝑛 ∙

𝑄th,power blocksolar

ηcollector
 (3.15) 

where 𝑐𝑓𝑓 is the fossil fuel cost, in USD/kWh, 𝑄th,power block_BS is the thermal energy 

required by the power block from BS, in kWh/a, and ηboiler is the boiler efficiency, assumed 

as 0.9, 𝑐𝑠𝑢𝑛 is the sun fuel cost, in USD/kWh, 𝑄th,power block_solar is the thermal energy 

required by the power block from Solar (SF and TES), in kWh/a, and ηcollector is the 

collector optical efficiency. The cost of solar energy is neglected. 

The total investment, and operating and maintenance cost rate is defined by 

𝑍̇ = 𝑍̇𝐶𝐼 + 𝑍̇𝑂𝑀 =
𝑐𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥

𝜏
 (3.16) 

where 𝑍̇𝐶𝐼 is the investment cost rate, 𝑍̇𝑂𝑀 is the operation and maintenance cost rate (not 

include fossil-fuel cost). 

A similar procedure was used for the others levelized costs estimation. The levelized water 

cost (LWC), in USD/m3, is defined by: 

𝐿𝑊𝐶 =
𝑐𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥 + 𝐶𝑓𝑢𝑒𝑙

𝑉𝑤
=

𝑍̇ ∙ 𝜏 + 𝐶𝑓𝑢𝑒𝑙

𝑉𝑤
 (3.17) 

where 𝑉𝑤 is the annual production of water, in m3/a, and 𝐶𝑓𝑢𝑒𝑙 is the fuel cost, in USD/a. 

Fuel cost in the case of MED, refrigeration and process heat plants is the cost associated with 

electric and thermal consumptions supplied from the CSP plant (in the case of stand-alone 

plant is from the grid and boiler, respectively), and the sea-water cost. The latter cost applies 

only to the MED plant. In a polygeneration scheme, the thermal energy cost is considered as 

an internal cost (it is assumed by the power cycle because is a waste heat), and the sea-water 

cost is assumed null too. Additional discussion about cost allocation can be found in the 

literature (Piacentino, 2015; Wang & Mao, 2015; Wang & Lior, 2007). Fuel cost is 

calculated by: 

𝐶𝑓𝑢𝑒𝑙 = 𝐿𝐸𝐶 ∙  Enpumps + 𝐶𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ∙ 𝐸𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐶𝑠𝑤 ∙ 𝑉𝑤  (3.18) 
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where  Enpumps is the annual energy consumption from pumps, in kWh/a, 𝐶𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the 

thermal energy cost, in USD/kWh, 𝐸𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the annual thermal energy consumption, in 

kWh/a, and 𝐶𝑠𝑤 is the sea-water cost. 

Similarly, the levelized cooling cost (LCC), in USD/kWh, is defined by: 

𝐿𝐶𝐶 =
𝑐𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛𝑐
=

𝑍̇ ∙ 𝜏 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛𝑐
 (3.19) 

where 𝐸𝑛𝑐 is the annual production of cooling, in kWh/a. Finally, the levelized process heat 

cost (LHC), in USD/kWh, is defined by: 

𝐿𝐻𝐶 =
𝑐𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛ℎ
=

𝑍̇ ∙ 𝜏 + 𝐶𝑓𝑢𝑒𝑙

𝐸𝑛ℎ
 (3.20) 

where 𝐸𝑛ℎ is the annual production of process heat, in kWh/a. 

It should be noted that the fuel costs are part of the operating and maintenance costs. 

However, because of the importance of fuel costs in thermal systems, fuel costs are 

considered separately from the 𝑜𝑝𝑒𝑥. Other revenues, such as selling carbon credits and 

selling renewable credits conforming with the renewable energy quota established by 

Chilean legislation, are not considered in this study.  

3.2.5. Thermoeconomic method 

A thermoeconomic evaluation was also applied, considering the method proposed by Bejan 

et al. (1996). The economic balance is applied to determine the unit exergy cost 𝑐𝑗  and the 

exergy cost rate 𝐶̇𝑗 of each stream. That economic balance is expressed by: 

∑(cin ∙ Ėin)k

in

+ Żk
CI + Żk

OM = ∑(cout ∙ Ėout)k

out

 (3.21) 

where, 𝑐 is the unit exergy cost. The subscript 𝑘, 𝑖𝑛, and 𝑜𝑢𝑡 denote the 𝑘th component, 

inlets, and outlets, respectively. This equation can be expressed as the sum of total cost rate 

of fuel 𝐶̇𝑓 and non-exergy-related cost rate 𝑍̇, equivalent to the total cost rate of product 𝐶̇𝑝. 

The exergy cost rate is expressed as function of the unit exergy cost by: 

Ċ = c ∙ Ė = c ∙ ṁ ∙ e (3.22) 
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For each subsystem, the fuel, product, and auxiliary equations are defined to apply the 

economic balance for the polygeneration and stand-alone plants. More details are stated 

elsewhere Leiva-Illanes et al. (2017). Table 3-4 summarizes the equations of those balances 

and report the auxiliary equations.  

Table 3- 4: Unit exergy cost of electricity, water, cooling and heat. 

𝑐 Polygeneration plant Stand-alone plant 

Electricity 𝑐9 =
Ċ1+Ċ24−(Ċ4−Ċ3)−(Ċ6−Ċ5)−(Ċ8−Ċ7)+Ż𝑐𝑠𝑝

𝐸̇9−𝐸̇2−𝐸̇10
  

c1=0, c2=c9, c3=c4, c5=c6, c4=c5, c7=c8, 

c7=c6, c10=c9, c24= cff, c3=c9 

𝑐4 =
Ċ1+Ċ2−Ċ3+Ż𝑐𝑠𝑝

𝐸4−𝐸5
  

c1=0, c2= cff, c3=0, c5=c4 

Water 𝑐13 =
(Ċ8−Ċ7)+Ċ11+Ċ12−Ċ14−Ċ15+Ż𝑚𝑒𝑑

𝐸13
  

c7=c8, c11=c9, c12=0, c14=0, c15=0 

𝑐6 =
Ċ1+Ċ4+Ċ5−Ċ7−Ċ8+Ż𝑚𝑒𝑑+Ż𝑏𝑜𝑖𝑙𝑒𝑟

𝐸6
  

c1= cff, c2=c3, c2=c3, c4= Pelect, c5=0, 

c7=0, c8=0 

Cooling 𝑐19 =
(Ċ6−Ċ5)+Ċ16+(Ċ20−Ċ17)+Ż𝑟𝑒𝑓

𝐸19−𝐸18
  

c5=c6, c16=c9, c17=0, c18= c19, c20=0 

𝑐7 =
Ċ1+Ċ4+(Ċ8−Ċ5)+Ż𝑟𝑒𝑓+Ż𝑏𝑜𝑖𝑙𝑒𝑟

𝐸7−𝐸6
  

c1= cff, c2=c3, c2=c3, c4=Pelect, c5=0, 

c6= c7, c8=0 

Process 

Heat 
𝑐23 =

(Ċ4−Ċ3)+Ċ21+Ż𝑝ℎ

𝐸23−𝐸22
  

c3=c4, c21=c9, c22= c23 

𝑐6 =
Ċ1+Ċ4+Ż𝑝ℎ+Ż𝑏𝑜𝑖𝑙𝑒𝑟

𝐸6−𝐸5
  

c1= cff, c2=c3, c2=c3, c4=Pelect, c5= c6 

where Pelect is the electricity price from the grid for industrial use, which is assumed to be 

0.098 USD/(kWh) (Tariffs BT4 and AT4) (ELECDA, 2016).  

3.3. Results and discussion. 

3.3.1. Production and cost in the base case. 

The CSP-polygeneration plant receives 2 039.3 and 399.6 GWh/a from the solar field and 

the backup system, respectively. Consequently, the annual productions are 463.1 GWh/a of 

gross power, 408.5 GWh/a of net power, 13.2 Mm3/a of fresh water, 42.0 GWh/a of cooling, 

and 58.9 GWh/a of process heat. The plant is hybridized with natural gas. In Figure 6 the 



80 

  

Sankey and the Grassmann diagrams of the polygeneration plant are presented, in which the 

width of the arrows is shown proportionally to the flow of energy and exergy rates. The 

Sankey diagram shows energy inputs and outputs, as well as energy efficiency. However, 

when resources and products of different energy nature (such as water) are present the 

Sankey diagram is limited. A partial solution is using an appropriate definition, in terms of 

energy, of those resources and/or products. Therefore, it is not appropriate to express the 

energy efficiency for the overall system in a polygeneration plant that generates non-energy 

products. This problem does not occur when using the Grassmann diagram (and the Second-

Law or exergy efficiency), because it is based on the exergy rate. The exergy flows and 

irreversibilities are represented in the Grassmann diagram, in which each component 

represents an exergy balance and shows how part of the exergy input is lost in the successive 

transformation processes. As observed in the Sankey diagram, the energy input is 

transformed into useful energy in a ratio of 53.7 % that is distributed with respect to the 

energy input as 16.7 %, 32.8%, 1.7 %, and 2.4 % in electricity, water, cooling, and process 

heat, respectively. On the other hand, the Grassmann diagram shows that the exergy input is 

transformed into useful exergy flows in about 27.1 %, distributed as 25.4 %, 1.0 %, 0.1 %, 

and 0.5% in electricity, water, cooling, and process heat, respectively, while the main 

irreversibilities or exergy destruction are in the solar thermal loop. The high exergy 

destruction is explained due the large temperature difference between the source temperature 

(sun) and the heat transfer fluid, while exergy destruction in the power block is mainly due 

to the large temperature differences between the hot and cold fluids. The main reasons for 

the high exergy destruction in the BS (combustion chamber) are the chemical reactions and 

heat exchange between streams with large temperature differences. Note that in a 

conventional steam power plant, the boiler is the main source of irreversibility.  
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(a) 

 

(b) 

Figure 3- 6: Polygeneration plant. (a) Sankey diagram. (b) Grassmann diagram. 

Table 3-5 shows the energy and exergy efficiencies of each subsystem. The polygeneration 

plant is more efficient than the overall stand-alone systems in terms of both energy and 

exergy efficiencies, due to the fact that there is a better utilization of the resources. Exergy 

analysis provides more information for a better understanding of the process, to quantify 

sources of inefficiency, and to distinguish quality of energy used. Energy analysis provides 

only partial information, because it does not provide a measure of how close is to ideal 

processes, and losses of energy could be large but with low quality (thermodynamically 

insignificant). On the other hand, the product of the MED plant is a mass and the efficiency 

of a stand-alone MED plant, in terms of consumed energy, is usually measured for any of 

the following indicators: GOR (kgdistillate/kgsteam), the Performance Ratio (kgdistillate/kJsteam), 

the Specific Heat Consumption (kWhsteam/m3
distillate), or the Unit Operating Cost 
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(USD/m3
distillate). In this study the GOR is used as indicator. Note that the energy efficiency, 

defined as the ratio between energy output and energy input, is not an appropriate indicator 

since the product is not an energy but a mass (fresh-water).  

Table 3- 5: Energy and exergy efficiencies. 

  Energy efficiency % Exergy efficiency % 

Polygeneration 53.7 27.1 

Overall stand-alone systems 41.6 18.7 

Stand-alone CSP 21.5 30.9 

Stand-alone MED 79.5 1.9 

Stand-alone REF 63.0 4.0 

Stand-alone PH 90.0 13.2 

If a system produces more than one product, as in a polygeneration system, an allocation 

criterion of costs is needed to determine each product cost. The unit exergy costs (UEC) and 

levelized costs (LC) is presented in Table 3-6. For the polygeneration plant, the UEC of 

electricity is lower than the LEC, conversely, the UEC of water, cooling and heat are higher 

than LWC, LCC, and LHC, respectively. The numeric difference between unit exergy cost 

and levelized cost is due to the form of cost allocation. Through the levelized cost method, 

the thermal energy cost is considered as an internal cost, so the thermal energy cost is 

assumed completely by the electricity production. Hence, the Ż𝑐𝑠𝑝 is completely allocated to 

the electricity cost, since the LEC equation (see Equations 3-14) does not consider the cost 

of the other product generated by the CSP plant in this scheme, i.e. thermal energy. In 

contrast, by applying the thermoeconomic method, the thermal energy cost is shared with 

MED, REF and PH plants and is distributed according to its exergy rate. Consequently, the 

Ż𝑐𝑠𝑝 is allocated to the electricity cost and the thermal energy cost, in such a way that the 

Ż𝑐𝑠𝑝 is allocated to the electricity, water, cooling and process heat costs (see Equations on 

Table 3-4).  For that reason, the thermoeconomic method is considered as a rational cost 
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allocation method. The levelized cost method overestimates the cost of electricity and 

underestimates the costs of the by-products and induce a bias that could lead to a 

misevaluation of the project; for instance, if the LEC calculated is higher than the selling 

price of the grid. Conventional economic analysis, as the levelized cost method, does not 

provide a rational criteria for apportioning the carrying charges, fuel costs, and 𝑜𝑝𝑒𝑥 to the 

several products generated in the same system (Bejan et al., 1996).  

Regarding stand-alone systems, both methods give the same results because each plant 

produces only one product, and it is not necessary to allocate any cost between products.  

By comparing the result between polygeneration and stand-alone plants, the unit exergy cost 

of each product is lower in polygeneration schemes, therefore, when the thermoeconomic 

method is used, the results show that the polygeneration plant is more cost-effective than 

stand-alone systems. However, comparing by levelized cost, the LEC in the polygeneration 

plant is higher than in the stand-alone plant, and the other costs (LWC, LCC, and LHC) are 

lower. These results are explained by the increase in the solar field aperture area, which 

increases the 𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥, that is allocated to the LEC and also the fact that the cost of 

the steam (consumed by the MED, REF, and PH plants) is considered as an internal cost. In 

this case, it is not possible to establish which scheme is better, whether the polygeneration 

plant or the stand-alone systems, considering that electricity and water are the priority in the 

mining industry. Thus, additional metrics are needed to discriminate which scheme is more 

attractive. For example, the overall cost of products or the total exergy cost rate could be 

used, whose values in the polygeneration plant are lower than in the case of stand-alone 

systems. The total exergy cost rate of products, calculated using the thermoeconomic method 

(Bejan et al., 1996), is 10 504.4 USD/h for polygeneration plant, which is distributed in 

55.4 % in electricity, 41.1 % in fresh water, 1.9 % in cooling, and 1.6 % in process heat, 

while in the stand-alone systems is 13 630.0 USD/h, which is distributed in 49.3 % in 

electricity, 46.6 % in fresh water, 2.2 % in cooling, and 1.9 % in process heat. Thus, the 

polygeneration scheme offers a more attractive solution than the stand-alone systems. 
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Table 3- 6: Unit exergy costs and levelized costs. 

 Item 
Polygeneration plant  Stand-alone plants 

UEC LC UEC and LC 

Electricity, USD/kWh 0.1058 0.1429 0.122 

Water, USD/m3 2.746 1.804 4.036 

Cooling, USD/kWh 0.036 0.008 0.060 

Heat, USD/kWh 0.0238 0.0006 0.038 

The monthly production of electricity, fresh water, cooling and process heat, in the solar 

polygeneration plant, follows the same trend of capacity factor as shown in Figure 3-7, 

which unfolds the contribution from the solar (SF and TES) and from the backup system. 

The contribution from the solar is largest in the summer due to the seasonal variation in 

direct normal irradiation available for collection, although in summer there is a significant 

decrease in February, due to a local meteorological phenomenon called “Altiplanic Winter”, 

which is characterized by an increase on the air humidity coming from the east, bringing 

unsettled weather and clouds. Thus, the consumption of fossil fuel is higher in February, 

June, and July, reaching 38.3 %, 43.0 %, and 44.6 %, respectively. 

 

Figure 3- 7: Monthly capacity factor in polygeneration plant. 
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The monthly specific cost of products, such as unit exergy cost and levelized cost of 

electricity, fresh water, cooling, and process heat, in the polygeneration plant, are shown in 

Figure 3-8. The specific cost of the products, calculated through both methods follows the 

same trend, reaching high values in winter and decreases during summer (except in 

February). Considering that the capacity factor is fixed, then when the fossil fuel 

consumption increases, the costs of products increase too. Consequently, the costs of 

products are higher in February, June, and July. Note that, in stand-alone systems, the 

specific costs of the product vary only in the CSP plant as this is driven by solar radiation 

and fossil-fuel, while for the other plants the specific cost remains constant, since they are 

driven only by fossil fuel. Regarding the comparison of both methods, the levelized cost 

method gives a higher cost of electricity, lower cost of fresh water, cooling, and process heat 

compared to the thermoeconomic method, as observed before. 
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(a) 

 

(b) 

 

(c) (d) 

Figure 3- 8: Comparison between the levelized cost method and thermoeconomic 

method in polygeneration plant. Monthly UEC and LC of: (a) electricity, (b) water, 

(c) cooling, (d) process heat. 

The advantages of using the levelized cost method are that the cost of steam is considered 

as an internal cost and it is not necessary to develop an additional assessment, which saves 

time and reduces the complexity of calculations. Therefore, the evaluator does not require 

to develop a deep thermodynamic analysis. However, through this approach, the cost of 

electricity seems more expensive relative to the cost of other products, leading to a 

distortion in the evaluation, because the allocation of costs does not obey physical 

parameters as the exergy, which gives the allocation some arbitrariness. Therefore, this 

method is recommended when it is necessary to perform a first approximation of the costs 
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of each product, but comparing between a polygeneration plant and the stand-alone 

systems could lead to significant inaccuracies, as the case discussed above. 

On the other hand, the advantages of using the thermoeconomic method are that it applies 

a rational allocation of resources that is not arbitrary since it is based on the exergy, 

requiring, however, a thorough knowledge of thermodynamics to determine the different 

exergy flows, which makes the process complex and laborious. Therefore, this method is 

recommended when a more precise analysis of the costs of each product is needed, and 

specifically for comparing between polygeneration and the stand-alone schemes.  

3.3.2. Production and cost as functions of sizing SM and TES. 

Figure 3-9 shows the variation of the capacity factor, in the polygeneration plant, as a 

function of the solar multiple, the hours of storage, and the hybridization through the BS. An 

important point that contributes to increasing the capacity factor is the direct normal 

irradiation. This variable depends on the location (latitude) between other factors, although 

in this work is not considered a variation on the location. The SM is larger than one to 

guarantee that the power block is effectively used during the year. The TES allows storing 

excess energy collected by the SF when it is not used in the power block, and discharges that 

energy later when the direct normal irradiance is lower. The solar polygeneration plant 

presents higher dispatchability when hybridized, coupling a backup system. This also allows 

a more flexible generation strategy to maximize the value of the products generated. 

Consequently, the annual production of each product is increased too, following the same 

trends of Figure 3-9.  
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Figure 3- 9: Capacity factor in the polygeneration plant. 

On the other hand, the trade-off between the incremental costs of the increased SF, TES, and 

BS must be balanced against the increase in the production by the rise of the capacity factor. 

In this context, Figures 3-10 presents the unit exergy cost and levelized cost of each product 

(electricity, fresh water, cooling, and process heat) as a function of SM and hours of TES of 

the polygeneration plant. The minimum values of the unit exergy cost and the levelized cost 

are different in value, but occur at the same points regarding SM and TES.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3- 10: Unit exergy cost (UEC) of electricity (a), water (b), cooling (c), and heat 

(d), versus Levelized electricity cost (LEC), Levelized water cost (LWC), Levelized 

cooling cost (LCC), and Levelized heat cost (LHC). 

Regarding the values of minimum UEC and LC that are different, the lowest UEC of 

electricity and LEC are 0.102 and 0.141 USD/kWh, respectively. In the levelized cost 

method, the electricity cost supports both the 𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥 of the CSP plant and the fossil 

fuel cost, whereas in the thermoeconomic method, these costs are shared by the exergy flows, 

which connect the CSP plant with the MED, REF and PH plants. The lowest UEC of water 

and LWC are 2.705 and 1.798 USD/m3, respectively. The LWC is lower than the UEC of 

water, because the water cost bears the 𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥 of the MED plant and its own 

consumption of electricity, but does not consider the thermal cost from CSP plant. In the 

case of the REF plant, the lowest UEC of cooling and LCC are 0.035 and 0.0078 USD/kWh, 
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respectively. The LCC is lower than the UEC of cooling, for the same reason that in the case 

of the water cost. Similarly, the minimums UEC of process heat and LHC are 0.023 and 

0.00056 USD/kWh, respectively. 

The lowest UEC and LC occur at the same point in terms of SM and TES, 1.4 and 3 h, 

respectively. Therefore, the same plant size (SF and TES) is reached by applying both 

methods. However, the difference in the unit exergy cost between an SM and TES of 1.4 and 

3 h, and the base case (2.56 and 12 h) is 3.8 %, 1.6 %, 3.1 %, and 3.7 % for electricity, water, 

cooling, and heat, respectively. In the case of levelized cost, the difference is about 3.8 %, 

0.5 %, 0.2 %, and 0.2 % for electricity, water, cooling, and heat, correspondingly. The 

minima UEC and LC coincide at the same plant size because the polygeneration plant is 

dominated mainly by the solar field size and the thermal energy storage capacity. The 

variations on the investment cost of SF and TES produce similar variations in both methods, 

keeping only differences in the magnitude. An optimal solar field area should maximize the 

time in a year that the field generates enough thermal energy to drive the power cycle at its 

rated capacity, minimize 𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥, and use TES and backup system efficiently and 

cost effectively. 

Regarding to the stand-alone CSP plant, the minimum UEC of electricity and LEC have the 

same value and it also occur at the same SM and TES (1.8 and 6 h). Nevertheless, when the 

stand-alone CSP plant is integrated in the CSP-polygeneration plant, the SM and TES are 

reduced from 1.8 and 6 h to 1.4 and 3 h respectively, due to the modification of the turbine 

extraction pressures and the back pressure in the CSP plant to couple the MED, REF, and 

PH plants.  

An optimal sizing of SF and TES should minimize installation and operating costs, and 

maximize the amount of energy delivered throughout the year. This point is reached with 

the minimum levelized cost and unit exergy cost. The unit cost in the solar polygeneration 

plant is dominated by the investment cost of CSP plant. Therefore, the unit cost varies 

significantly depending on the capacity factor, which in turn depends on the direct normal 

irradiation, hybridization (BS) levels, and sizing of SF and TES. According to the 

thermoeconomic method, in an optimization process, the variable to be minimized is the 

total exergy cost of products, which includes the exergy costs and non-exergy costs of the 

polygeneration plant. This method allows measuring in the same unit resources and products 
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of very different nature, such as electricity, water, cooling, process heat, resources, and 

waste. For this reason, the thermoeconomic method is recommended for assessing 

polygeneration plants. 

3.4. Conclusions 

The levelized cost method and the thermoeconomic method were applied to a solar 

polygeneration plant to analyse and compare the cost allocation process, the unit specific 

costs of products, the energy and exergy efficiencies, as well as the main advantages of each 

method employed. The solar polygeneration plant consists of a concentrated solar power 

plant, a multi-effect distillation, an absorption refrigeration, and a process heat plants. 

When it is generated only one product by each stand-alone system, it is not necessary to 

allocate any cost between products, and both methods give the same results. Yet, when more 

than one product is generated there are common costs associated with the products 

concerned, and it is necessary to determine the share of costs attributable to one or another 

product. So, the cost allocation procedure needs an additional rational analysis to prevent 

allocation from being arbitrary. In this context, the levelized cost method and the 

thermoeconomic method are used extensively in the evaluation of this kind of plants, in 

which levelized cost method is a simple and fast method, and a deep knowledge of 

thermodynamics is not required. In the absence of a detailed knowledge of the plant, the 

level cost method is a good alternative and presents reasonable results. Therefore, this 

method is recommended when it is necessary to perform a first approximation of the costs 

of each product, but comparing between polygeneration plant and the stand-alone systems 

could lead to different conclusions. On the other hand, the thermoeconomic method is an 

equitable distribution of the appropriate share of non-exergy-related cost rate (𝑐𝑎𝑝𝑒𝑥 and 

𝑜𝑝𝑒𝑥) and exergy cost rate in each product. It is based on the Second-Law of 

Thermodynamics and the Economics, in which all costs from resources consumed are 

charged to their useful products. This method is recommended when it is required to perform 

a more precise analysis of the costs of each product, and for assessing the benefits of 

polygeneration schemes, compared to the stand-alone systems. The disadvantages of the 

thermoeconomic method are its complexity and additional knowledge about the internal 

parameters of the plant, which could not be available. 



92 

  

Results show that the electricity cost calculated through the levelized cost method is higher 

than the estimated by the thermoeconomic method. In contrast, the water, cooling, and 

process heat costs are lower since in the levelized cost method, the cost allocation does not 

charge all internal cost to MED, REF and PH plants. The allocation of costs based on 

thermoeconomic method equitably charges each product with the appropriate share of 𝑐𝑎𝑝𝑒𝑥 

and 𝑜𝑝𝑒𝑥, that are involved in operating such component according to its exergy rate. Hence, 

the thermoeconomic method constitutes a rational method to assess a CSP-polygeneration 

plant, since it is based on the quality of energy assessed.  

The analysis shows that the lowest unit exergy and levelized costs happened at the same 

sizing of SM and TES, however, the unit costs have different values. Hence, independently 

of the method employed, in an optimization process for sizing of SM and TES, the same 

results are delivered. Nevertheless, the thermoeconomic method allows measuring resources 

and products of very different nature, such as energy and water, using the same unit.  

In the case of a polygeneration scheme, it is common to use as indicator the utilization factor, 

which is based on the First-Law of Thermodynamic relating the energy outputs (work, 

electricity, heat, cooling, heat supplied to the desalting plant, or other) to the energy inputs 

(sun, fossil fuel, heat, or others). This indicator does not discriminate between the high-

quality energy as work or electricity, and low-quality energy as heat. Additionally, when 

resources and products of different energy nature (as water) are presented, the indicator is 

limited. A partial solution is to use an appropriate definition, in terms of energy, of those 

resources and/or products. For that reason, the utilization factor provides a false high-

performance impression of the polygeneration plant. Therefore, a better indicator for 

polygeneration plant is the exergy efficiency. 

In future studies, a thermoeconomic assessment with a low aggregation level in the CSP 

plant should be applied to individual components, such as turbines, preheaters, solar field, 

among others, to identify the thermodynamic improvements for the polygeneration schemes. 
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4. EXERGY COST ASSESSMENT OF CSP DRIVEN MULTI-

GENERATION SCHEMES: INTEGRATING SEAWATER 

DESALINATION, REFRIGERATION, AND PROCESS HEAT 

PLANTS. 

Abstract 

A thermoeconomic analysis in solar multi-generation plants, that include cogeneration, 

trigeneration, and polygeneration schemes, for the joint production of electricity, fresh-

water, cooling, and process heat, is presented here. The aim is to analyze in depth the exergy 

cost formation process of the integrated schemes and compare them with stand-alone 

systems. That comparison allows determining the best configuration in a cogeneration, 

trigeneration and polygeneration scheme, in terms of unit exergy cost of the product, total 

exergy cost of product, and exergy efficiency. The solar multi-generation plant considers a 

concentrated solar power as prime mover, which is integrated to a multi-effect distillation, 

an absorption refrigeration, and a process heat plants in cogeneration, trigeneration, and 

polygeneration schemes. The results show that the best configurations found are when the 

desalination plant replaces the condenser of the power cycle, and the refrigeration plant, as 

well as the process heat module are coupled to turbine extractions. The main components 

contributing to the costs formation of electricity are, in this order, solar collectors, 

evaporator, reheater, economizer, turbine, and super-heater. In the case of the other products 

generated, the main components are dissipative systems, solar collectors, productive 

subsystems (multi-effect distillation, absorption refrigeration, and process heat plants), 

evaporator, reheater, economizer, and superheater. Finally, the present analysis evidences 

that solar multi-generation plants are more cost effective than stand-alone systems. For 

instance, the best configuration within the polygeneration schemes analyzed allowed 

reducing the unit exergy cost about 6.8 %, 59.2 %, 45.6 %, and 32.2 % for electricity, water, 

cooling, and process heat, respectively. 

4.1. Introduction 

Polygeneration is the integration of multiple utility outputs, from one or more inputs, for 
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improving the overall performance of energy systems. The performance of a polygeneration 

system may be assessed from different aspects, such as, thermodynamic, economic, 

environmental, and social issues. Thus, the main advantages delivered by those systems are 

measured in terms of the improvement of energy efficiency and cost- effectiveness, use of 

alternative fuels or energy carriers, and reduction of greenhouse gases emissions. Those 

advantages constitute polygeneration systems as a competitive technology compared to 

stand-alone systems delivering equivalent utilities (Serra et al., 2009). In a polygeneration 

system topping cycle (Al Moussawi et al., 2016), fuel is used in the prime mover, typically 

in a power cycle such as Rankine, Brayton or Diesel, that generates electricity. Prime 

mover’s hot exhaust is used to supply thermal energy to a secondary unit driven by heat, like 

thermal distillation, process heat, and/or absorption cooling. Using a Concentrated Solar 

Power (CSP) plant as a prime mover is an interesting alternative to analyze when it is 

implemented in a polygeneration scheme; since it produces electricity fueled by solar energy 

and could be coupled to a thermal energy storage or be hybridized with a fossil fuel or other 

renewable sources. That integration allows continuous operation, as well as developing 

capacity factors similar to conventional power plants, enabling plant’s dispatchability 

management, and additionally, taking advantage of the heat rejected from the power block 

to drive thermal cycles.  

The integration of a CSP plant into a polygeneration scheme is a complex process that 

requires the use of robust methods in its assessment and optimization. In this context, there 

are several methods for evaluating the integration strategies in polygeneration schemes 

(Bejan et al., 1996; Nuorkivi, 2010; Serra et al., 2009). Among those methods the 

Thermoeconomic (or Exergoeconomic) method (Abusoglu & Kanoglu, 2009) is 

recommended because it provides a compact matrix formulation for the detailed analysis of 

complex systems based on the physical roots established by the Second Law of 

Thermodynamics (Valero et al., 2013). Second Law establishes that in some energy carriers, 

part of the energy cannot be converted into useful energy. It assesses both quantity and 

quality of energy through exergy, indicating the maximum work that a flow or a system 

might produce while interacting with the environment. This method is very useful to analyze 

complex systems because it allows measuring, in the same physical unit, resources and waste 

flows of different nature, for instance electricity, energy, water, cooling or heat. Commonly, 
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the rationale use of resources in complex systems is evaluated in terms of the exergy cost of 

mass and/or energy flows, which represents the units of consumed exergy to produce it, i.e. 

the exergy cost of a flow is the amount of resources expressed in exergy consumed for 

producing that flow (Valero et al., 2002). The exergy cost allows analyzing and identifying 

integration possibilities because it enables determining the potential for resources savings. 

Exergy cost is a conservative magnitude that increases in every process according to the 

irreversibilities involved. In an integrated process, it is interesting to study in depth how 

exergy costs are formed, since the process of cost formation provides meaningful 

information that allows implementing significant improvements to the design and an 

accurate performance analysis.  

As described by Modi et al. (2017) and Jana et al. (2017), CSP technologies could be 

integrated into polygeneration schemes, with improvements in economics, environmental, 

and conversion efficiency terms. They presented comprehensive reviews of solar energy-

based heat and power plants, and polygeneration schemes as a future sustainable energy 

solution, in which different studies have focused mainly on determining the final cost of 

each product by thermoeconomic methods. They concluded that polygeneration schemes 

constitute an efficient, environment friendly and a rational approach for exploiting the 

available natural resources. Regarding the thermoeconomic method, Al-Sulaiman et al. 

(2013a, 2013b) carried out a thermoeconomic optimization of a CSP-trigeneration system, 

considering an organic Rankine cycle as prime mover, an absorption chiller, and a process 

heat module. The specific exergy costing method was applied to conduct an evaluation of 

costs associated to each exergy stream entering and exiting system’s components, aiming to 

determine the final cost (unit exergy cost and exergy cost rate) of each product. The results 

show that the higher exergy destruction rate is attributed to the solar collectors. In the same 

line, Calise et al. (2016) carried out an exergetic and exergoeconomic analysis of a hybrid 

solar geothermal polygeneration system, equipped with an organic Rankine cycle driven by 

parabolic trough solar collectors and a geothermal well, where a multi-effect distillation unit 

and an absorption chiller are coupled to the power block. The exergoeconomic accounting 

method was applied to calculate all the energy and material output costs, comparing on a 

daily, weekly and annual basis, which allows evaluating the performance of the system and 

the variability observed during the year. Alternatively, Ortega et al. (2016) presented a 
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thermoeconomic analysis with the integration of seawater desalination processes coupled to 

a CSP plant, as well as its comparison with stand-alone systems such as multi-effect 

distillation (MED) and reverse osmosis. The evaluation considered the unit exergy cost of 

electricity and water. The results showed that the best coupling scenario for CSP-MED 

configurations was replacing the condenser of the CSP plant by a MED system. Furthermore, 

the increase on the fresh-water production caused a reduction on the water cost. In this 

context, Leiva-Illanes et al. (2017) firstly carried out a thermoeconomic assessment of a solar 

polygeneration plant for producing four products (electricity, fresh-water, cooling and heat) 

in high direct normal irradiation conditions. Integration of a CSP plant, a MED unit, a single 

effect absorption chiller (REF), and a process heat (PH) module was analyzed in three 

configurations, two CSP-polygeneration schemes and one considering stand-alone systems. 

The plants were evaluated by applying the Bejan et al. method (1996), comparing the unit 

exergy cost and exergy cost rate of the final products on an annual basis. That study revealed 

that the solar polygeneration plant evaluated was more efficient and cost-effective than 

stand-alone systems for a zone with high irradiation conditions and proximity to 

consumption centers. In a second paper Leiva-Illanes et al. (2018), the levelized cost method 

(Palenzuela et al., 2015; Short et al., 1995) and the thermoeconomic method (Bejan et al., 

1996) were applied to the same solar polygeneration plant to analyze and compare the cost 

allocation process, the unit specific costs of products, the energy and exergy efficiencies, as 

well as the main advantages of each method. Through the levelized cost method, the cost 

associated to the electricity generation was higher than that one found with the 

thermoeconomic method, whereas the costs of water, cooling and process heat were 

significantly lower. Those results showed that the thermoeconomic method was an equitable 

and rational cost allocation method in that solar polygeneration plant based on CSP. The 

present work constitutes the continuation of that research line, in which a thermoeconomic 

evaluation is carried out with the exergy cost assessment of the consecutive configurations 

(stand-alone, cogeneration, trigeneration, and polygeneration schemes) including the CSP, 

MED, REF, and PH units. Here, the Valero et al. method (2013) is applied (Symbolic 

Thermoeconomics) since it provides a more detailed information about the cost formation 

process, the cost decomposition, and the residue cost allocation. Thus, a low aggregation 

level in the CSP plant (at level of individual components, such as turbines, preheaters, solar 
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field, among others) was carried out to determine the contribution of each component of the 

CSP plant and the other process units in the production costs. The process of exergy cost 

formation is crucial for the integration of complex thermal systems since it enables 

determining where the savings on resources could be found, and therefore, identifying which 

specific components should be improved. Moreover, this technique could assess the impact 

of a partial failure in any device of the polygeneration plant over the products costs and the 

primary energy consumption, what is known as the thermoeconomic diagnosis of the plant 

operation. To sum up, in this paper Symbolic Thermoeconomics has been used to deepen in 

the cost formation process of a CSP polygeneration plant, by means of the detailed cost 

analysis of the sequential integration of selected configurations from stand-alone systems to 

cogeneration, trigeneration, and finally polygeneration. The main objective is then to find 

out the potential savings in terms of energy resources, within this complex integrated system.  

4.2. Methodology 

The present work considers a thermodynamic simulation procedure for modelling and 

evaluating the performance of multi-generation plants. First, stand-alone systems are 

modelled and validated against data reported in the technical literature. Then the models of 

those stand-alone systems are evaluated by integrating them in different solar multi-

generation schemes, in which a concentrated solar power plant is considered as the prime 

mover. Multi-generation plants are configured considering different coupling points to 

operate in cogeneration, trigeneration, and polygeneration schemes. Validation of the 

cogeneration, trigeneration, and polygeneration schemes is arranged by the combination of 

the validated stand-alone systems. Then, the symbolic exergoeconomic methodology 

(Torres et al., 2008; Usón et al., 2012; Valero et al., 2013) is applied, which is based on the 

exergy cost theory ( Torres et al., 2002). An aggregation level is selected for each physical 

structure to define the boundaries of the analysis. Then, the productive structure is 

determined, in which fuel and product streams are established. The model assesses the 

overall efficiency of the systems and uses variables such as fuel, product, exergy cost and 

exergy efficiency of each system component. After that, the thermoeconomic model is 

solved. The main parameters to analyze are the unit exergy cost of each product, their cost 

formation process, the total exergy cost of product, and the exergy efficiency. Additionally, 
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it is possible to analyze the influence of the individual consumption of each component on 

the total amount of external resources required to obtain a product. Appendix F provides a 

flowchart of the overall simulation. 

4.2.1. Stand-alone systems 

The CSP plant analyzed herein is depicted in Figure 4-1, which is similar to the configuration 

of Andasol-1 power plant, located in Granada, Spain (NREL, 2013; Wagner & Gilman, 

2011). The CSP plant consists of a solar field (SF) with parabolic trough collectors, a thermal 

energy storage system (TES), a power block, and a backup energy system (BS) (Blanco-

Marigorta et al., 2011; NREL, 2013). The SF is composed of EuroTrough collectors, Schott 

PRT- 70 absorber tubes, and Dowtherm A as heat thermal fluid. The design temperature of 

the SF is of 393 ºC and 293 ºC as the outlet and inlet temperature. The direct normal 

irradiance and solar collector efficiency at design point (21st December solar noon for 

Crucero, Chile) are 1 010 W/m2 and 0.72, respectively. The solar multiple is defined as 2.56, 

equivalent to the design point of Andasol-1, leading to a solar field aperture area of 

510 120 m2. The TES consists of a two-tank indirect system using molten salts as storage 

media, and with a design temperature of 386 ºC and 292 ºC for the hot and cold tanks, 

respectively. TES was designed to cover 12 hours of continuous operation. The power block 

consists of a regenerative Rankine cycle with reheat and six extractions, as described by 

Blanco-Marigorta et al. (2011). The gross power is 55.0 MWe, the high-pressure turbine inlet 

pressure is 100.0 bar and the low-pressure turbine backpressure is 0.06 bar. The high and 

low-pressure turbines have isentropic efficiencies of 85.2 % and 85.0 %, respectively. The 

generator efficiency is considered as 98.0 %, and pumps’ isentropic efficiency is 70.0 %.  

The size of the plants has been established to satisfy a large-scale supply from the mining 

industry, such as observed in northern Chile, Australia, and North-Africa, which operates 

continuously and consequently presents a constant demand. 
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Figure 4- 1: Configuration of the CSP plant (physical structure of the system). CST: 

cold storage tank, FWP: feed water preheater, G: generator, HP: high pressure, 

HST: hot storage tank, LP: low pressure. 

Figures 4-2 to 4-4 show the configuration of the thermal driven cycles analyzed herein. Each 

figure represents a simplified physical structure of each stand-alone scheme. Each system is 

fueled by natural gas (stream 1) to generate heat in the boiler (streams 2 and 3), where this 

thermal energy drives the multi-effect distillation, single-effect absorption refrigeration, and 

process heat module, respectively. The electricity supplied from the grid is represented by 

the Grid module that considers a combined cycle power plant. Additionally, it is considered 

a dissipative device in the case of the MED and REF; its purpose is to conveniently assess 

the costs of the residues generated. 

Figure 4-2 shows the MED plant that consumes steam from the boiler (streams 2 and 3), 

seawater (stream 5), and electricity (stream 4) from the Grid. The MED plant generates 

fresh-water (stream 6) and presents two residues: the cooling seawater (Stream 7) and the 

brine (stream 8). The desalination plant is modeled considering 12 effects, parallel-cross 

feed and 11 feed preheaters, as suggested by Zak et al. (2012). The feed seawater intake 

temperature is considered at 25 °C and its salinity as 0.042 kg/kg; the feed seawater 

temperature after down condenser is established at 35 °C and the maximum salinity at each 

effect is 0.072 kg/kg. The top brine temperature is 65 °C, and the concentrate factor is 

estimated as 1.7.  Then, the Gained Output Ratio determined according to the operation 
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condition is 9.1, which is defined as the mass ratio between the distillate produced and the 

steam supplied to the system, while the specific heat consumption is 245.2 kJ/kg, the specific 

electricity consumption is 1.5 kWh/m3, and the fresh-water production is 430.2 kg/s 

(37 168 m3/day).  

 

Figure 4- 2: Configuration stand-alone MED plant (simplified physical structure of 

the system). 

Figure 4-3 depicts a stand-alone REF plant, driven by the thermal energy from the boiler 

(streams 2 and 3) and consuming electricity from the grid (stream 4). The REF plant 

generates chiller water (stream 5) and the cooling water (streams 6 and 7) is considered as 

residue. The refrigeration plant is configured by a single-effect LiBr-H2O absorption chiller, 

which is modelled as described by Herold et al. (1996). It has a cooling capacity of 5 MWth 

(1 421.73 tons) and a nominal coefficient of performance of 0.7 (Herold et al., 1996). The 

chilled water inlet and outlet temperatures are 10 and 6 °C, respectively, while the inlet and 

outlet cooling water temperatures are 25 and 35 °C, respectively. Finally, the heat medium 

operating temperature is 108.5 °C.  

Regarding the stand-alone PH plant, Figure 4-4 shows its configuration where the module 

receives thermal energy from the boiler (streams 2 and 3) and electricity from the Grid 

(stream 4). A countercurrent shell-and-tube heat exchanger is configured to deliver a thermal 

load of 7 MWth of heating (stream 5). The heat exchanger inlet and outlet temperatures are 

63 and 90 °C, respectively.  
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The thermodynamics modelling of these stand-alone systems were validated by comparing 

simulations results with the reference cases. The power cycle was validated at the design 

point using the data of Andasol-1 reported by Blanco-Marigorta et al. (2011). Furthermore, 

the CSP plant was also validated by comparing the results between the IPSEpro/Matlab 

model and the case study (Andasol-1) by means of the SAM software (NREL, 2013). The 

results indicate differences of 3.6 % in terms of annual net electricity, and 1.5 % in thermal 

efficiency. Regarding the MED plant, it was validated considering the data reported by Zak 

et al. (2012) and from El-Dessouky et al. (2002). The results show no differences in the total 

distillate water production, 5.46 % error in terms of specific heat transfer area, and 7.81 % 

regarding the Gained Output Ratio. Finally, the thermodynamic model of the REF plant was 

validated using the data reported by Herold et al. (1996). The results show differences lower 

than 2.6 % in terms of the cooling capacity and COP.  

 

Figure 4- 3: Configuration stand-alone REF plant (physical structure of the system). 
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Figure 4- 4: Configuration stand-alone PH plant (physical structure of the system). 

4.2.2. Cogeneration schemes 

Different cogeneration schemes are configured as listed in Table 4-1, where the coupling 

points mentioned are related to the stand-alone CSP configuration. As the first effect of the 

MED plant must operate within a temperature range of 64 to 74 °C (Al-Karaghouli & 

Kazmerski, 2013), then two configurations of CSP-MED are considered. The first one 

considers the MED plant substituting the condenser of the power cycle (CSP-MED 1), 

leading to a modification on the turbine back pressure from 0.06 to 0.37 bar. Hence, to keep 

the gross power, the solar field aperture area is increased. On the other hand, if the MED 

plant is coupled to the sixth turbine extraction (CSP-MED 2), it is not necessary to modify 

the turbine back pressure, yet the solar field aperture area should also be increased, to keep 

the same gross power output. Regarding the fresh-water production a value of 466.4 kg/s is 

obtained in CSP-MED 1 configuration, where it is not possible to regulate the production 

independently because it depends on the electricity production. In the second configuration 

the production can be regulated, assuming a design point of 300 kg/s. In general, when any 

plant replaces the condenser of the power cycle, it is not possible to modify the production 

because the condenser operates according the conditions of the power cycle. 

Note that the size of each plant for all solar multi-generation configurations (cogeneration, 

trigeneration, and polygeneration) is: 55 MWe, 300 kg/s, 5 MWth, and 7 MWth, for the CSP, 

MED, REF, and PH plants, respectively. Only in the case that the MED plant replaces the 

condenser, water production capacity would be different since its production depends on 

the amount of energy that is rejected in the thermodynamic power cycle. 
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Table 4- 1: Cogeneration plants. 

Cogeneration 
Coupling point in CSP 

plant 

Turbine 

back P 

bar 

Aperture 

area 

m2 

Fresh-

water 

kg/s 

CSP-MED 1 
MED replaces the 

condenser 
0.37  598 452  

466.4 

CSP-MED 2 MED in 6th extraction 0.06  575 202  300.0 

CSP-REF 1 REF in 5th extraction 0.06  520 861  - 

CSP-REF 2 REF in 6th extraction 0.37  604 748  - 

CSP-PH 1 PH between FWP3-FWP4 0.06  523 991  - 

CSP-PH 2 PH in 5th extraction 0.06  520 691  - 

CSP-PH 3 PH before collectors in SF 0.06  535 161  - 

CSP-PH 4 PH after collectors in SF 0.06  535 169  - 

In the case of the CSP-REF schemes, two options are considered, in which, the desorber of 

the single-effect absorption refrigeration plant should operate between 80 and 110 °C 

(Sarbu & Sebarchievici, 2015). When the REF plant is coupled to the 5th turbine extraction 

(CSP-REF 1), it is not necessary to modify the turbine back pressure, but the solar field 

aperture area must be increased, to keep equivalent power output. Conversely, if the REF 

plant is coupled to the 6th turbine extraction (CSP-REF 2), the turbine back pressure is 

modified from 0.06 to 0.37 bar, and the solar field aperture area must be increased too. Note 

that it is not recommended that the REF plant replaces the condenser of the power cycle 

because the higher turbine back pressure would mean an important penalty in power block’s 

efficiency. Regarding the cooling production, it can be modified according to the demand 

in both configurations.  

Regarding the CSP-PH, four configurations are analyzed, in which the PH is coupled 

between feed water preheaters, to the 5th turbine extraction, at the SF inlet, or at the SF 

outlet. In all of these cases, the turbine back pressure is not modified, however, the solar 

field should be increased, to deliver equivalent power output. The process heat production 
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could vary depending on the demand in all configurations, but those variations would not 

affect the point of design of the cogeneration plant.  

Note that the output of any product is dependent on the operating parameters of the CSP 

plant. When the production of any product is reduced, the power cycle needs less energy 

input to generate the nominal power output, and the control system could either reduce the 

energy input to the power cycle by partial defocusing solar collectors or reduce the thermal 

energy output from TES and/or backup system. 

4.2.3. Trigeneration schemes 

Table 4-2 shows different options of trigeneration schemes analyzed, in which two 

configurations of CSP-MED-REF, two of CSP-REF-PH, and four schemes of CSP-MED-

PH are considered. The turbine back pressure is modified only when the MED plant replaces 

the condenser, and in all the schemes analyzed the size of the solar field is increased to 

maintain the same power output. Similarly to the cogeneration schemes, the production of 

fresh-water is fixed to the production of electricity when the condenser is replaced by the 

MED plant.   
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Table 4- 2: Trigeneration plants. 

Trigeneration 
Coupling point in CSP 

plant 

Turbine back 

P  

bar 

Aperture area 

m2 

Fresh-

water 

kg/s 

Trigen 1 (CSP-

MED-REF 1) 

MED replaces the 

condenser, REF in the 

6th extraction 

0.37  603 721  443.6 

Trigen 2 (CSP-

MED-REF 2) 

MED in the 6th 

extraction, REF in the 

5th extraction 

0.06  585 316  300.0 

Trigen 3 (CSP-

REF-PH 1) 

REF in the 5th 

extraction, PH in the 

4th extraction 

0.06  533 768  - 

Trigen 4 (CSP-

REF-PH 2) 

REF in the 5th 

extraction, PH 

between FWP3-FWP4 

0.06  533 716  - 

Trigen 5 (CSP-

MED-PH 1) 

MED replaces the 

condenser, PH 

between FWP3-FWP4 

0.37  611 378  453.0 

Trigen 6 (CSP-

MED-PH 2) 

MED in the 6th 

extraction, PH 

between FWP3-FWP4 

0.06  588 390  300.0 

Trigen 7 (CSP-

MED-PH 3) 

MED replaces the 

condenser, PH in the 

5th extraction 

0.37  607 282  448.2 

Trigen 8 (CSP-

MED-PH 4) 

MED in the 6th 

extraction, PH in the 

5th extraction 

0.06  585 151  300.0 

4.2.4. Polygeneration schemes 

Finally, four configurations of polygeneration schemes are analyzed, as listed in Table 4-3. 

The first configuration named Poly 1 is depicted in Figure 4-5a, where the MED plant 

replaces the condenser on stream 10, the REF plant is coupled to the 6th turbine extraction 
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on stream 9, and the PH plant is coupled between FWP3 and FWP4 on stream 14. The 

second scheme called Poly 2 and depicted in Figure 4-5b considers the MED plant coupled 

to the 6th turbine extraction on stream 9, the REF plant coupled to the 5th turbine extraction 

on stream 8, and the PH plant coupled between FWP3 and FWP4 on stream 14. The third 

one, Poly 3 is shown in Figure 4-5c; it is similar to Poly 1 except that the PH plant is coupled 

to the 5th turbine extraction on stream 8. Finally, in Figure 4-5d, Poly 4 is analogous to 

Poly 2, but the PH plant is coupled to the 4th turbine extraction on stream 7. Poly 1 and 

Poly 2 were analyzed in a previous study Leiva-Illanes et al. (2017) focusing on determining 

the actual cost of each product and establishing the effect of investment, fuel cost, demand, 

and sizing of the SF and TES in polygeneration plants located in an area with high solar 

irradiation conditions. Poly 1 was also used in the previous paper Leiva-Illanes et al. (2018) 

to compare the levelized cost method (Palenzuela et al., 2015; Short et al., 1995) and the 

thermoeconomic method (Bejan et al., 1996).  
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(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4- 5: Configuration CSP-polygeneration schemes. (a) Poly 1, (b) Poly 2, (c) 

Poly 3, (d) Poly 4. 

Table 4- 3: Polygeneration plants. 

Polygeneration Coupling point in CSP plant 

Turbine 

back P  

bar 

Aperture 

area 

m2 

Fresh-

water 

kg/s 

Poly 1 

MED replaces the condenser, REF 

in the 6th extraction, PH between 

FWP3-FWP4 

0.37  616 650  430.2 

Poly 2 

MED in the 6th extraction, REF in 

the 5th extraction, PH between 

FWP3-FWP4 

0.06  598 510  300.0 

Poly 3 

MED replaces the condenser, REF 

in the 6th extraction, PH in the 5th 

extraction 

0.37  612 558  425.4 

Poly 4 

MED in the 6th extraction, REF in 

the 5th extraction, PH in the 4th 

extraction 

0.06  598 573  300.0 
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The performance of the solar polygeneration schemes was evaluated, considering the 

features established by the design point, and considering the data of a meteorological year 

(Escobar et al., 2014) in a high solar irradiation area. Software IPSEpro (SimTech GmbH, 

2011) was employed for modelling and simulating the different systems, were the IPSEpro-

MDK and IPSEpro-PSE modules were used. IPSEpro-MDK is a programming environment 

that offers all the capabilities required to define and build new component models in an 

existing library or the creation of a new library, and to translate them into a language 

interpretable by IPSEpro-PSE. IPSEpro-PSE is a process simulation environment that 

allows establishing mass and energy balances, simulating different kinds of processes, 

through iterative Newton-Raphson method. The main advantage is the rapid convergence 

of the system, with an average calculation time of only few seconds. The simulation tool 

allows determining simulation of steady state operating conditions. Time-dependent phases 

in plant operation can be simulated using IPSEpro-PSXLink, that allows integrating 

IPSEpro-PSE projects with Microsoft Excel. The exergoeconomic evaluation was 

conducted using MATLAB and the ExIO module (Torres & Valero, 2012) as a complement 

of the Microsoft Excel. 

4.2.5. Exergoeconomic method 

The symbolic exergoeconomic methodology (Torres et al., 2008; Usón et al., 2012; Valero 

et al., 2013) is applied, that is based on the exergy cost theory (ECT) (Torres et al., 2002). 

The method provides a general criterion that enables to assess the efficiency of energy 

systems and rationally explains the process of cost formation of products. Thus, it is a cost 

accounting methodology that proposes methods to determine the number of resources 

required for delivering a specific product. The cost formation process can be easily obtained 

by using matrix algebra. The exergy cost theory requires a mathematical modelling of the 

physical and productive structure of the system. This last structure is built according to the 

purpose of each component and shows the origin of the resources of each component and its 

products. Each plant has only one physical structure to describe the physical relations 

between the process units, but various productive structures can be defined depending on the 

fuel and product definitions as well as the disaggregation level selected. The disaggregation 

level is interpreted as the degree of accuracy of the analysis. Each subsystem can be part of 
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an equipment, an equipment itself, or a group of equipment. The productive diagram is a 

graphic representation of the thermoeconomic model of the plant, in which the inputs of a 

component are its resources, and the outputs of a component are its products. This structure 

is composed of n components connected by flows characterized by their exergy. Each 

component consumes resources from other components or from the environment (those 

resources are named Fuel), to produce useful effects for other components or for the 

environment (those useful effects are named Product). Fuel (𝐹) is partially transformed into 

product (𝑃) and partially destroyed as irreversibility (𝐼). A flow from component 𝑖 to 

component 𝑗 is represented by the exergy flow, then, the Fuel and Product is defined as: 

𝐹𝑖 = 𝑃𝑖 + 𝐼𝑖 = ∑ 𝐸𝑗𝑖

𝑛

𝑗=0

 (4.1) 

𝑃𝑖 = 𝐹𝑖 − 𝐼𝑖 = ∑ 𝐸𝑖𝑗

𝑛

𝑗=0

 (4.2) 

where 𝐸𝑖𝑗 is the exergy flow, the subscripts 𝑖 and 𝑗 are generic components. 

The fuel-product presentation is the adjacency matrix of the productive graph, which allows 

getting all flows within the productive structure, and is based on distribution coefficients 𝑦𝑖𝑗 

that indicate the proportion of the production of the j-th component used as resource for the 

i-th component. It shows how the product of a component is distributed among the other 

components and the environment. 

𝑦𝑖𝑗 =
𝐸𝑖𝑗

𝑃𝑗
 (4.3) 

Expressing the Equation 1 as function of 𝑦𝑖𝑗, it yields: 

𝐹𝑖 = 𝐸0𝑖 + ∑ 𝐸𝑗𝑖

𝑛

𝑗=1

= 𝐸0𝑖 + ∑ 𝑦𝑖𝑗 ∙ 𝑃𝑗

𝑛

𝑗=1

 (4.4) 

The previous equation in matrix notation is: 

𝑭 = 𝑭𝑒 + 〈𝑭𝑷〉 ∙ 𝑷 (4.5) 

where 𝑭 and 𝑷 are vectors of all fuels and products, 𝑭𝑒 is the vector of external resources, 
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and 〈𝑭𝑷〉 is a matrix composed of elements 𝑦𝑖𝑗. 

Similarly, with the same procedure, it is obtained: 

𝑷 = (𝑲𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝑭𝑒 (4.6) 

where 𝑲𝐷 is a diagonal matrix containing the unit exergy consumptions of all components 

(𝑘𝑖), defined as:  

𝑘𝑖 =
𝐹𝑖

𝑃𝑖
=

1

𝜓𝑖
 (4.7) 

where 𝜓𝑖 is the exergy efficiency. 

The unit exergy cost of a flow 𝑐𝑖𝑗 is the relation between its exergy cost of a flow 𝐶𝑖𝑗  and 

its exergy, where 𝐶𝑖𝑗 is the amount of exergy resources consumed by that system used to 

produce this flow. 

𝑐𝑖𝑗 = 𝑘𝑖𝑗
∗ =

𝐶𝑖𝑗

𝐸𝑖𝑗
 (4.8) 

At the same time, 𝑰 is a vector of all irreversibilities, and it is expressed as: 

𝑰 = (𝑲𝐷 − 𝑼𝐷) ∙ (𝑲𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝑭𝑒 = (𝑲𝐷 − 𝑼𝐷) ∙ 𝑷 (4.9) 

where 𝑼𝐷 is the identity matrix. 

Equation 4-6 allows calculating the products of all components starting from the external 

resources consumed by the plant (𝑭𝑒), using the parameters that define the components (unit 

exergy consumptions and distribution coefficients).  

In the thermoeconomic analysis, energy systems, such as polygeneration plants, could 

present productive and dissipative components. The productive components provide 

functional products, fuel (resources) to other processes, as well as residue and waste 

disposals. Likewise, the dissipative components are required to reduce or eliminate the 

environment impact of residues and waste, to maintain the operating conditions of the system 

and improve its efficiency. 

According to the cost model, the exergy cost of the product is defined as: 

𝐶𝑃,𝑖 = 𝐶𝐹,𝑖 + 𝐶𝑅,𝑖 (4.10) 

where 𝐶 is the exergy cost, and the subscripts 𝑃, 𝐹, and 𝑅 mean product, fuel, and residues, 
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respectively. 

The costs of the external resources are known values as: 

𝐶𝑒,𝑖 = 𝐸0𝑖 (4.11) 

and the cost of each flow making up the product is proportional to its exergy 

𝐶𝑖𝑗 = 𝑐𝑃,𝑖 ∙ 𝐸𝑖𝑗 (4.12) 

where 𝑐𝑃,𝑖 is the unit exergy cost of the product of i-th component. 

The cost of the fuel used in each component is calculated by 

𝐶𝐹,𝑖 = 𝐶𝑒,𝑖 + ∑ 𝐶𝑗𝑖

𝑟𝜖𝑉𝑃

= 𝐶𝑒,𝑖 + ∑ 𝑦𝑖𝑗 ∙ 𝐶𝑃,𝑗

𝑟𝜖𝑉𝑃

 (4.13) 

where 𝐶𝑗𝑖 is the exergy cost of the j-th component used as fuel in the i-th component, and 𝑉𝑃 

represents the set of the productive components. In matrix notation it is expressed as 

𝑪𝐹 = 𝑪𝑒 + 〈𝑭𝑷〉 ∙ 𝑪𝑃 (4.14) 

The exergy cost of residues allocated to each productive unit is: 

𝐶𝑅,𝑖 = ∑ 𝐶𝑟𝑖

𝑟𝜖𝑉𝐷

= ∑ 𝛽𝑖𝑟 ∙ 𝐶𝑃,𝑟

𝑟𝜖𝑉𝐷

 (4.15) 

where 𝐶𝑟𝑖 is the exergy cost of the residues dissipated in the r-th component that has been 

generated by the i-th productive component, 𝛽𝑖𝑟 is the residue cost distribution ratio of the 

dissipative unit, 𝑉𝐷 is the set of the dissipative system components. The residue cost 

distribution ratios represent the portion of the cost of the residue dissipated in the r-th 

component which has been generated in the i-th productive component. In matrix notation 

holds: 

𝑪𝑅 = 〈𝑹𝑷〉 ∙ 𝑪𝑃 (4.16) 

where 〈𝑹𝑷〉 is a matrix composed of elements 𝛽𝑖𝑗. 

Regarding to the production cost decomposition, the exergy cost of the product is 

decomposed into two parts: 

𝑪𝑃 = 𝑪𝑒 ∙ (𝑼𝐷 − 〈𝑭𝑷〉)−1 + 𝑪𝑅 ∙ (𝑼𝐷 − 〈𝑭𝑷〉)−1 = 𝑪𝑃
𝑒 + 𝑪𝑃

𝑟  (4.17) 
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where 𝑪𝑃
𝑒  is the exergy cost due to irreversibilities of the components and 𝑪𝑃

𝑟  is the exergy 

cost due to the residues allocation. 

The Equation 4-17 could be written including the exergy cost irreversibilities relationship in 

explicit form. In this equation the residue costs are considered and accounted as external 

irreversibilities. In matrix notation it is given as: 

𝑪𝑃 = {𝑷 + (𝑼𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝑰} + {(𝑼𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝑪𝑅} = 𝑪𝑃
𝑒 + 𝑪𝑃

𝑟  (4.18) 

Clearly, the first term represents the production cost due to the sum of the irreversibilities 

accumulated along the process, and the second the production cost due to the residues cost.  

In the same way, the unit exergy cost of the product is decomposed into two parts: 

𝑐𝑝 = 𝑐𝑃
𝑒 + 𝑐𝑃

𝑟 (4.19) 

where 𝑐𝑃
𝑒 is the unit production cost due to irreversibilities of the components and 𝑐𝑃

𝑟 is the 

unit production cost due to the residues. They are calculated by: 

𝑐𝑃
𝑒 = (𝑼𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝒄𝑒 (4.20) 

𝑐𝑃
𝑟 = (𝑼𝐷 − 〈𝑭𝑷〉)−1 ∙ 𝒄𝑅 (4.21) 

where 𝒄𝑒 is the unit exergy cost of the external resources and 𝒄𝑅 is the unit exergy cost of 

the residues.  

Summarizing, the process to assess the cost of the flow streams and processes in a 

polygeneration plant helps to understand the process of cost formation, from the input 

resources to the final products. 

In this analysis, different levels of disaggregation were taken: for the CSP plant, it is 

considered at the level of components as shown in the physical structure in Figure 4-1, and 

the systems providing by-products are considered at the level of a unique subsystem as 

depicted in Figures 4-2 to 4-5. These considerations are due to the fact that the solar 

polygeneration plant was configured as a topping cycle, in which the priority is the 

production of electricity while the by-products are generated according to the availability of 

thermal energy in the power cycle. Therefore, any failure or operation problem in the CSP 

plant affects the other plants (MED, REF, or PH) and not vice versa, unless one of the other 

plants replaces the condenser of the power cycle. 
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Tables 4-4 to 4-7 show the Fuel-Product definition for the stand-alone systems. All the plants 

have productive and dissipative components, except the stand-alone PH plant that only has 

productive components. The dissipative components are the condenser in the CSP plant, the 

Dissipator_MED, and the Dissipator_REF. The purpose of the dissipative devices is to 

consider the residue generated (that is, that output which is not considered as a product) in 

the productive unit. In this model, it is assumed that the residues leave a dissipative 

component, where all the abatement costs of these residues are charged (proportional to the 

cost of products dissipated). Note that the first row contains the interactions between the 

system and the environment because the latter is also considered as a process. 

Table 4- 4: Fuel-Product definition of the stand-alone CSP plant. 

 Component Fuel Product 

0 Environment E47+E36 E32 

1 Collectors E32 E29-E28 

2 Pump1 E42 E28-E27 

3 Motor1 E41 E42 

4 Economizer E31-E45 E20-E19 

5 Evaporator E30-E31 E21-E20 

6 Superheater E46-E30 E1-E21 

7 Reheater E43-E44 E4-E3 

8 HP_Turbine E1-E2-E3 E33 

9 LP_Turbine E4-E5-E6-E7-E8-E9-E10+E33 E34 

10 Generator E34 E35 

11 Pump3 E38 E12-E11 

12 Motor3 E37 E38 

13 FWP5 E9+E25-E26 E13-E12 

14 FWP4 E8+E24-E25 E14-E13 

15 FWP3 E7-E24 E15-E14 
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16 Deaerator E6+E15+E23 E16 

17 Pump2 E40 E17-E16 

18 Motor2 E39 E40 

19 FWP2 E5+E22-E23 E18-E17 

20 FWP1 E2-E22 E19-E18 

21 Node1 E44+E45 E27 

22 Node2 E29 E43+E46 

23 Node3 E35 E47+E37+E39+E41 

24 Condenser E10-E11+E26 E36 

Table 4- 5: Fuel-Product definition of the stand-alone MED plant. 

 Component Fuel Product 

0 Environment E6+E9 E1+E10+E5 

1 Boiler E1 E3-E2 

2 MED (E3-E2)+E4+E5 E6+E7+E8 

3 Grid E10 E4 

4 Dissipator_MED E7+E8 E9 

Table 4- 6: Fuel-Product definition of the stand-alone REF plant. 

 Component Fuel Product 

0 Environment E5+E8 E1+E9 

1 Boiler E1 E3-E2 

2 REF E3-E2+E4 E5+(E7-E6) 

3 Grid E9 E4 

4 Dissipator_REF E7-E6 E8 
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Table 4- 7: Fuel-Product definition of the stand-alone PH plant. 

 Component Fuel Product 

0 Environment E5 E1+E6 

1 Boiler E1 E3-E2 

2 PH (E3-E2)+E4 E5 

3 Grid E6 E4 

Similarly, the same procedure of defining Fuel-Product streams is carried out for the 

cogeneration, trigeneration, and polygeneration schemes.  

Once Fuel-Product streams are defined, the exergy rate of each flow must be calculated. The 

exergy rate of a matter flow can be expressed in terms of physical, chemical, kinetic, and 

potential component. While, the exergy rate of heat (𝐸𝑄) and work (𝐸𝑊) are defined as  

E𝑄 = (1 −
𝑇0

𝑇𝑗
) ∙ 𝑄̇𝑗 (4.22) 

𝐸𝑊 = 𝑊̇𝑗 (4.23) 

where 𝑇0 is the temperature of reference, in K, 𝑄̇ is the heat transfer rate, and 𝑊̇ is the work 

power. The subscripts 𝑄, 𝑗, and 𝑊 are the heat transfer, control volume, and work, 

respectively. The reference environment assumed is 𝑇0=25 °C and 𝑃0=1.013 bar. Similarly, 

the reference mass fraction of LiBr and water salinity is considered of 0.5542 kg/kg 

(Palacios-Bereche & Gonzales, 2012) and 0.042 kg/kg (Sharqawy et al., 2011), respectively. 

The exergy rate of fossil fuel is calculated with following relation (Ahmadi et al., 2011):   

𝐸𝑓𝑓 = 𝑚̇𝑓𝑓 ∙ 𝜉 ∙ 𝐿𝐻𝑉 
(4.24) 

where 𝜉 is an experimental correlation (Ahmadi et al., 2011), 𝐿𝐻𝑉 is the lower heating value 

of the fossil-fuel. The subscript 𝑓𝑓 denotes fossil-fuel. 

𝜉 =  1.033 + 0.0169 ∙
𝑦

𝑥
−

0.0698

𝑥
 

(4.25) 

where 𝑥 and 𝑦 are the composition 𝐶𝑥𝐻𝑦in a general gaseous fuel. In the present work, the 

natural gas is considered as methane (𝐶𝐻4). 
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The exergy rates of solar radiation are determined by Patela’s equation (2010), which is one 

of the most cited models in the literature. It is defined as:  

𝐸𝑠𝑢𝑛 = 𝐴 ⋅ 𝐺𝑏 ⋅ (1 +
1

3
(

𝑇0

𝑇𝑠𝑢𝑛
)

4

−
4

3
(

𝑇0

𝑇𝑠𝑢𝑛
)) (4.26) 

where 𝑨 is the solar field aperture area, 𝑮𝒃 is the direct normal irradiance, and 𝑻𝒔𝒖𝒏 is the 

apparent temperature of the sun, taken as 6 000 K (Petela, 2010).  

Other assumptions were adopted throughout the simulation process, as listed below: 

 For stand-alone MED, REF, and PH plants, the unit exergy cost of the electricity from 

the grid is assumed to be 2.44 kW/kW (C. Torres et al., 2008). 

 Nominal conditions of all the configurations have been used to perform the exergy costs. 

4.3. Results and discussion 

4.3.1. Stand-alone plants 

The unit exergy cost of product (electricity, water, cooling and heat), the exergy cost of 

product, and the exergy efficiency in stand-alone systems are shown in Table 4-8. Note that 

the unit exergy cost represents the amount of exergy required to get a unit of exergy of the 

product, i.e. the resources required to carry out the production. For instance, a unit of exergy 

cost of electricity of 3.51 kW/kW means that 3.51 kW of exergy of resources are needed for 

producing 1 kW of electricity. The exergy cost of product represents the resources required 

(in exergy units) to carry out the production, for instance, an exergy cost of electricity of 

193 476 kW means that 193 476 kW of exergy of resources are needed for producing 

55.0 MWe of electricity. On the other hand, the unit exergy cost and the exergy cost allow 

measuring in the same unit resources and products of different nature, such as electricity, 

water, cooling, process heat, resources, and waste. Finally, the exergy efficiency is the ratio 

between the exergy rate of product and the exergy rate of fuel. Note that 𝒄𝒑 and 𝑪𝒑 can be 

transformed into economic costs expressed in USD/kWh and USD/h respectively the 

validity of the method (Valero & Torres, 2016) is maintained if investment and operation 

costs are considered. Then, production costs can be broken down into three contributions: 

the cost of the resources needed to obtain it (due to the irreversibilities of the components), 

non-thermodynamic costs (due to the investment and operation costs), and waste (residues). 
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This analysis was already conducted in a previous study (Leiva-Illanes et al., 2017) to Poly 1 

and Poly 2 schemes, as well as to stand-alone systems. The stand-alone CSP plant was 

analyzed considering a turbine back pressure of 0.06 bar. This parameter is modified when 

is coupled to other technologies as described for the cases of multi-generation. Therefore, if 

the turbine back pressure is 0.37 bar in a stand-alone CSP plant, the unit exergy cost of 

electricity would be increased to 4.14 kW/kW. The total exergy cost of the stand-alone 

systems is distributed as 58.2 %, 37.0 %, 2.4 %, and 2.3 % in electricity, water, cooling, and 

process heat, respectively. Therefore, in terms of exergy cost, the main impact is reflected 

in the electricity production, followed by the water production.  

Table 4- 8: Unit exergy cost, exergy cost, and exergy efficiency in stand-alone plants. 

 Stand-alone plant, product 
𝒄𝒑 

kW/kW 

𝑪𝒑  

kW 

𝝍𝒊  

% 

Stand-alone CSP, electricity 3.51  193 476  29.0 

Stand-alone MED, water 55.55  123 102  1.9 

Stand-alone REF, cooling 25.22  7 951  4.0 

Stand-alone PH, heat process 7.56  7 781  13.2 

Stand-alone systems, all 

products 
- 332 310 

18.0 

The cost decomposition for the stand-alone CSP plant are depicted in Figure 4-6, showing 

how the unit cost of product is formed as the sum of the irreversibility contributions of the 

components and the residues (according to Equations 4-18 and 4-19). The contribution on 

the unit exergy cost of electricity from the productive devices is 3.33 kW/kW and the 

contribution from the condenser (dissipative device) is 0.18 kW/kW. Note that the 

contribution from the environment is 1 kW/kW, according to the proposition that says that 

the cost of external resources is equal to its exergy (Equation 4-11). The main components 

that contribute to the cost formation of electricity cost (see Generator in the graph and in the 

eighth column of the table in Figure 4-6), in descending order of importance, are: solar 
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collectors (44.3 %), evaporator (8.1 %), condenser (5.1 %), reheater (3.6 %), low-pressure 

turbine (2.8 %), economizer (2.4 %), superheater (1.9 %), and Generator (1.2 %). The most 

significant exergy destruction is observed in the solar field, attributable to the irreversibilities 

associated to the large temperature difference between the sun and the heat transfer fluid. 

Furthermore, it is observed that the exergy cost is allocated to the rest of components 

according to a topping cycle scheme. On the other hand, the condenser as a dissipative 

component, is allocated to all productive units. It interacts with other components and allows 

to close the thermodynamic power cycle. As its operating temperature is quite low, from the 

point of view of the Second Law of Thermodynamics, its contribution to exergy costs is not 

significant, being the steam generator (or solar collectors in this case) the main inefficient 

component. It is also possible to analyze the cost decomposition of any other component, 

such as FWPs, collectors or others; however, in these cases, it is important to study the cost 

decomposition in which the final product is generated (Generator in Figure 4-6). 
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Figure 4- 6: Cost decomposition in stand-alone CSP plant. 

Figure 4-7 shows the cost decomposition in the other stand-alone systems. The unit exergy 

cost of each product is the sum of the irreversibility contributions of the productive and 

dissipative devices that preceded the product generated, then the production cost of a 

component equals the cost of the resources required to obtain such product, as well as the 

cost of the residues generated. Consequently, the cost of the residues allocated to each 

productive component may be considered as external resources used to compensate the cost 

formation of the residues (See MED, REF, and PH in the graph and table in Figure 4-7). 

The main contribution in the cost of each product comes from the boiler with 49.2 %, 
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49.5 %, and 80.2 % in MED, REF, and PH respectively, being the higher heat source and 

then having the higher exergy destruction. Note that since both the MED plant and the REF 

plant include a dissipative component to operate, they participate in the costs formation 

with 40.9 % and 38.6 %, respectively. In the case of the PH major exergy costs comes from 

the boiler and a residual additional cost comes from the heat exchanger (6.5 %) to 

accommodate the heat supply.  

The method described above is based on the classification of the system flows in fuels, 

products, and residues, in which all costs yielded by the production process must be 

included in the cost of the final products. The residues are unintended remaining flows of 

matter or energy in any productive process. That flows could be partially used in further 

processes or become unusable or unwanted waste disposals (Torres et al., 2008). 

Additionally, there are dissipative components, whose purpose is to eliminate the 

undesirable flows. 

 

Figure 4- 7: Cost decomposition in stand-alone MED, REF, and PH plants. 



122 

  

4.3.2. Cogeneration plants 

The results of cogeneration plants are shown in Table 4-9, in which CSP-MED 1, CSP-

REF 1, and CSP-PH 2 are pointed out as the best options for producing electricity-water, 

electricity-cooling, and electricity-process heat, respectively. These configurations 

presented the lower unit exergy cost and were reached when MED plant replaced the 

condenser of the power cycle, the REF plant and the PH plant were coupled in the 5th turbine 

extraction, in the CSP-MED, CSP-REF, and CSP-PH, respectively. However, CSP-PH 2 is 

close to CSP-PH 1 in terms of electricity production, but it presents about 12 % of 

difference in terms of process heat. The unit exergy cost allows to compare schemes 

presenting the same or different production capacities, however it does not allow to include 

the unit exergy cost of each product to calculate a total unit exergy cost of the products. On 

the other hand, the exergy cost of each product can be considered for the assessment of the 

total exergy cost; however, for comparing plants, they must have the same production 

capacities. For example, in the case CSP-MED 1, the unit exergy costs (of both products) 

are lower than in the CSP-MED 2, but the total energy cost is higher. This difference of 

both indicators is explained by the different capacities of the MED plant; therefore, the total 

exergy cost is not adequate to compare plants with different production capacities. 

Similarly, when comparing CSP-PH 3 and CSP-PH 4 schemes, the unit exergy cost of 

electricity is higher for the CSP-PH 3, but the unit exergy cost of heat is lower. Therefore, 

it is not possible to discriminate which configuration is better, but considering that both 

plants have the same production capacities, then the total exergy cost can be used to 

compare them in detail. Therefore, CSP-PH 4 performs better than CSP-PH 3 because in 

the CSP-PH 4 scheme the total exergy cost is lower. Regarding the exergy efficiency, when 

comparing plants, the higher exergy efficiency does not necessarily imply that the plant is 

more convenient. For instance, in the CSP-MED 1 plant the exergy efficiency is lower than 

in the CSP-MED 2 plant, nevertheless, CSP-MED 1 is more convenient, as mentioned 

above. 
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Table 4- 9: Unit exergy cost, total exergy cost of product, and exergy efficiency in 

cogeneration plants. 

 Cogeneration 

𝑐𝑝 

electricity 

kW/kW 

𝑐𝑝 water 

kW/kW 

𝑐𝑝 

cooling 

kW/kW 

𝑐𝑝 heat 

kW/kW 

𝐶𝑝 total 

kW 

𝜓𝑖  

% 

CSP-MED 1 3.26 23.04 - -  234 849  25.6 

CSP-MED 2 3.39 23.86 - -  223 294  26.3 

CSP-REF 1 3.50 - 15.07 -  197 379  28.6 

CSP-REF 2 4.08 - 17.64 -  230 226  24.7 

CSP-PH 1 3.51 - - 5.11  198 533  28.8 

CSP-PH 2 3.50 - - 4.49  197 266  29.0 

CSP-PH 3 3.52 - - 8.34  202 679  28.2 

CSP-PH 4 3.50 - - 9.36  202 641  28.2 

The comparison between cogeneration and stand-alone systems shows that the analyzed 

solar cogeneration plants are more cost-effective, except in the cases CSP-PH 3 and CSP-

PH 4. These cases are not favorable because the process heat module is coupled close to 

the SF and operates at a temperature higher than the temperature required by PH.  

The cost decomposition in the cogeneration plants are depicted in Appendix G. Each 

scheme produces two products, electricity-water, electricity-cooling, and electricity-

process heat (see Generator, MED, REF, and PH in Tables G.1, G.2, and G.3). Results 

show that the main contribution to the cost formation of the electricity cost are originated 

at the solar collectors, evaporator, reheater, and economizer. While regarding the water, 

cooling, and process heat costs, the main contributions are: dissipative devices (MED and 

REF), solar collectors, productive subsystems (MED, REF, and PH), evaporator, reheater, 

economizer, and condenser (if the MED plant does not replace the condenser). 
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4.3.3. Trigeneration plants 

The results of trigeneration plants are shown in Table 4-10, in which Trigen 1 (CSP-MED-

REF 1), Trigen 3 (CSP-REF-PH 1), and Trigen 7 (CSP-MED-PH) are the better options of 

each group of configurations. Similarly to the case of cogeneration plants, the best cases are 

when the MED plant replaced the condenser of the power cycle, and the REF plant and the 

PH plant were coupled to a turbine extraction. However, the values are very close also. 

Table 4- 10: Unit exergy cost, total exergy cost of product, and exergy efficiency in 

trigeneration plants. 

  Trigeneration 

𝑐𝑝 

electricity 

kW/kW 

𝑐𝑝 water 

kW/kW 

𝑐𝑝 

cooling 

kW/kW 

𝑐𝑝 heat 

kW/kW 

𝐶𝑝 total 

kW 

𝜓𝑖 

% 

Trigen 1 (CSP-

MED-REF 1) 
3.28 22.66 13.74 - 236 567  25.4 

Trigen 2 (CSP-

MED-REF 2) 
3.39 23.37 14.59 - 227 182  26.0 

Trigen 3 (CSP-REF-

PH 1) 
3.48 - 15.02 5.73 202 249  28.4 

Trigen 4 (CSP-REF-

PH 2) 
3.50 - 15.07 5.01 202 254  28.4 

Trigen 5 (CSP-

MED-PH 1) 
3.29 22.79 - 5.02 239 666  25.4 

Trigen 6 (CSP-

MED-PH 2) 
3.39 23.41 - 5.47 228 423  26.2 

Trigen 7 (CSP-

MED-PH 3) 
3.27 22. 67 - 5.12 237 949  25.6 

Trigen 8 (CSP-

MED-PH 4) 
3.39 23.40 - 4.35 227 189  26.3 
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When comparing trigeneration plants and stand-alone systems, it can be concluded that the 

solar trigeneration plants analyzed are more cost-effective in all the cases, because the unit 

exergy cost of each product is lower than stand-alone systems.  

Appendix H presents the cost decomposition of the devices that generate each product in 

the trigeneration schemes analyzed. The main components that contribute to the cost 

formation of electricity, water, and cooling, in the CSP-MED-REF schemes, are the solar 

collectors, evaporator, reheater, economizer, LP turbine, and superheater. Additionally, in 

the case of water and cooling, is included the MED’s and REF’s dissipative, MED, and 

REF. Regarding the CSP-REF-PH schemes, the main components that contribute to the 

cost formation of electricity, cooling, and process heat, are the solar collectors, evaporator, 

reheater, LP turbine, economizer, condenser, and superheater. In the case of water and 

cooling, additionally, it is included the REF’s dissipative, REF, and PH. Finally, in the 

CSP-MED-PH schemes, they are the solar collectors, evaporator, reheater, economizer, LP 

turbine, and superheater. Including the MED’s dissipative, MED, and PH in the case of 

water and process heat. 

4.3.4. Polygeneration plants 

The results of polygeneration plants are summarized in Table 4.11. According to the unit 

exergy cost, the best options are Poly 3 and Poly 1. However, the choice between both 

schemes is complex because the values of unit exergy cost are very close. The total exergy 

cost is considered to discriminate which configuration is better when the capacity of 

production is the same, for example in the case of Poly 2 and Poly 4. Then Poly 2 results 

more attractive than Poly 4, although the differences are quite close. Regarding the exergy 

costs distribution, the total exergy cost in Poly 3 is distributed as 75.3 %, 20.7 %, 1.8 %, 

and 2.2 % in electricity, water, cooling, and process heat, respectively. While in Poly 2 it 

is distributed as 80.2 %, 15.5 %, 2.0 %, and 2.3 %, correspondingly. Therefore, the main 

impact on the total exergy cost in the polygeneration plants is the electricity production, 

followed by the water production, similarly to stand-alone systems, but in a different share. 

In a scheme where the MED plant operates as a base load water station, all configurations 

allow satisfying the demand, but only Poly 2 and Poly 4 allow adjusting the water 
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production to variable demand without affecting the electricity production. Note that a base 

load on a system is the minimum level of demand over a span of time. 

Finally, a failure event or maintenance stop in the CSP plant would affect all the plants, 

however, a failure or stop of any of the other plants would not affect the others, except in 

the case of Poly 1 and Poly 3, in which the MED plant replaces the condenser. 

Table 4- 11: Unit exergy cost, total exergy cost of product, and exergy efficiency in 

polygeneration plants (CSP-MED-REF-PH). 

 Polygeneration 
𝑐𝑝 electricity 

kW/kW 

𝑐𝑝 water 

kW/kW 

𝑐𝑝 

cooling 

kW/kW 

𝑐𝑝 heat 

kW/kW 

𝐶𝑝 total 

kW 

𝜓𝑖 

% 

Poly 1  3.29 22.77 13.78 5.07 241 306  25.3 

Poly 2 3.38 23.34 14.54 5.28 232 165  25.9 

Poly 3 3.27 22.66 13.71 5.13 239 593  25.5 

Poly 4 3.38 23.32 14.53 5.47 232 175  25.9 

Regarding the comparison between polygeneration plants and standalone systems, the 

results are presented in Figure 4-10. According to these results, the solar polygeneration 

plants are more cost-effective than stand-alone systems, since a lower unit exergy costs of 

electricity, water, cooling and process heat was found with respect to the stand-alone 

schemes. Poly 3, that is the best configuration analyzed, allows reducing the unit exergy cost 

by 6.8 %, 59.2 %, 45.6 %, and 32.2 % for electricity, water, cooling, and process heat, 

respectively. 
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Figure 4- 8: Unit exergy cost of each product in stand-alone plants and 

polygeneration schemes. 

The cost decomposition of the Generator, MED, REF, and PH, in the polygeneration 

schemes analyzed, are summarized in Figure 4-9 and shown in detail in Appendix I. The 

products such as electricity, fresh-water, cooling, and heat are generated in Generator, MED, 

REF and PH, respectively. The main components that contribute to the costs formation of 

electricity are: solar collectors, evaporator, and reheater. In the case of water, the components 

are: MED’s dissipative, solar collector, MED, evaporator, and reheater. In the case of 

cooling, the devices that provoke its cost are: REF’s dissipative, solar collector, REF, 

evaporator, and reheater. Finally, in the case of process heat, its end cost comes mainly from: 

solar collectors, PH, evaporator, and reheater. To reduce the costs of products, it is necessary 

to first consider these components in an in-depth process of analysis and optimization.  
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Figure 4- 9: Cost decomposition in polygeneration schemes. 

In summary, the solar collectors (solar field) represent the main contribution on cost 

formation of electricity and process heat, and it is the second for the water and cooling, while 

the MED’s dissipative and REF’s dissipative are the main components in cost formation of 

water and cooling, respectively. Lastly, exergy cost theory allows finding some interactions 

between different plant components that are not necessarily very close one from the other, 

such as the solar collectors, the MED’s dissipative and REF’s dissipative. 
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4.4. Conclusions 

The exergy cost theory (ECT) was applied to different solar multi-generation plants, 

including cogeneration, trigeneration, polygeneration, and stand-alone systems to analyze 

the process of exergy cost formation and establish the best configuration among these 

complex integrated schemes. The solar multi-generation plants considered a concentrated 

solar power as prime mover, and were simulated in a location with high direct normal 

irradiation conditions. 

Symbolic Thermoeconomics is a branch of the ECT that provides a set of numerical 

procedures and general formulation, which is valid for any state of the system that depends 

only on the productive structure and its interaction with the environment. Also, it allows 

decomposing the production costs into the contributions of the components irreversibilities 

and residues cost, thus it describes the cost formation process in that solar multi-generation 

scheme. This method delivers information that is crucial for the design and optimization 

process of those complex schemes, since it allows identifying the components that present 

the higher contribution to the unit exergy cost of product. 

The results show that the recommended configurations for the integrated solar multi-

generation plants (cogeneration, trigeneration, and polygeneration) are those in which the 

MED plant replaces the condenser of the power cycle, and the REF plant, as well as the PH 

module are coupled to turbine extractions. Those plants deliver lower unit exergy costs of 

electricity, water, cooling, and heat. 

According to the results, the main components that contribute to the costs formation of 

electricity in a solar polygeneration plant, in descending order of importance (considering 

the best configuration of polygeneration scheme as reference), are: solar collectors (46.6 %), 

evaporator (8.7 %), and reheater (3.4 %).  On the other hand, in the case of the other products 

generated, the main components are dissipative device systems (40.9 % in MED and 38.6 % 

in REF), solar collectors (46.6 % to 27.6 %), productive subsystems (16.0 % in MED, 

14.3 % in REF, and 15.6 % in PH plants), evaporator (8.0 % to 4.8 %), and reheater (4.9 % 

to 2.8 %). Therefore, these components constitute the key equipment where the design 

should be improved. Regarding the cost of dissipative devices, there are residues that cannot 

be reused internally yet, despite the integration. Hence, it is recommended to searching for 
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new integrations inside of the multi-generation schemes to reduce the effect of these 

residues. 

The unit exergy cost, the total exergy cost, and the exergy efficiency are used to compare 

different configurations of polygeneration schemes. The unit exergy cost allows comparing 

any configuration, but in the case of the total exergy cost, it is used to compare only when 

the plants have the same production capacities. On the other hand, a higher exergy efficiency 

does not imply that the plant is more convenient in thermoeconomic terms because, in 

general, the minimum total exergy cost and the maximum exergy efficiency are not reached 

for the same design point. 

The analysis shows that the integrated solar multi-generation plants (cogeneration, 

trigeneration, and polygeneration) are more cost-effective than stand-alone systems since 

these produce the lower unit exergy cost of electricity, water, cooling and heat under the 

conditions analyzed. In which, the best configuration of polygeneration scheme allowed 

reducing the unit exergy cost on 6.8 %, 59.2 %, 45.6 %, and 32.2 %, for electricity, water, 

cooling, and process heat, respectively. Therefore, the solar multi-generation plants 

constitute a promising application of a polygeneration system topping cycle, in which the 

CSP technology is the prime mover. 

In future challenges, symbolic exergoeconomic methodology could be extended applied to 

perform a thermoeconomic diagnosis of the operation of a CSP-polygeneration plant, in the 

sense of analyzing the impact due to the degradation of a component that forces other 

components to adapt their behavior to keep their production conditions, and thus increase 

their irreversibilities (malfunction) and production demand (dysfunction).   
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5. CONCLUSIONS 

Solar multi-generation plants, whose prime mover is a concentrated solar power plant, and 

stand-alone systems to produce power, desalted water, cooling, and process heat, are 

modeled, analyzed and evaluated applying two thermoeconomic methods and the levelized 

cost method, to determine the specific cost of each product and to conduct a sensitivity 

analysis of the main parameters, to optimize the solar polygeneration in term of the sizing 

of the solar field and the thermal energy storage, to compare and analysis the cost allocation 

applying the thermoeconomic and the levelized cost methods, to analyze in depth the process 

of exergy cost formation, and finally to establish the best configuration in a cogeneration, 

trigeneration and polygeneration schemes in term of unit exergy cost of the product, total 

exergy cost of the product, and exergy efficiency. The technologies evaluated consist of a 

concentrated solar power plant as prime mover, a multi-effect distillation, an absorption 

refrigeration, and a process heat plant. The evaluation considers that the multi-generation 

plants are located in an area with high solar irradiation conditions and large demands of 

energy and water.   

The major conclusions of this research associated with each journal paper answers to the 

first, second and third specific objective of this dissertation, are the follows:  

- Solar multi-generation plants, that include cogeneration, trigeneration, and 

polygeneration schemes, are a promising alternative for the supply of electricity, fresh-

water, cooling, and process heat for a zone with high irradiation conditions, scarcity of 

water, availability of flat terrain, and a short distance to consumption centers. Besides, 

they are more cost-effective than stand-alone systems since these produce the lower unit 

exergy cost of each product. Therefore, the multi-generation schemes analyzed are a 

competitive option compared to stand-alone systems. 

- Solar polygeneration plants might increase the economic profit with the sale of carbon 

credits (certified emission reductions) and credits of the renewable energy quota 

established by Kyoto Protocol (clean development mechanism) and Chilean legislation, 

respectively. 

- The recommended configurations for the integrated solar multi-generation plants 

(cogeneration, trigeneration, and polygeneration) are those in which the MED plant 
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replaces the condenser of the power cycle, and the refrigeration plant, as well as the 

process heat module are coupled to turbine extractions. Those plants were the most cost-

effective configuration. 

- The key equipment, on which the design should be improved in solar multi-generation 

plants, are: solar collector, productive subsystems (MED, REF, and PH plants), 

evaporator, and reheater because they are the main components that contribute to the 

costs formation of electricity, water, cooling, and process heat. 

- It is recommended searching for new integrations inside of the multi-generation schemes 

to reduce the effect of the residues, such as recovering the heat in the dissipative devices 

to be used in other processes. 

- The key areas, where cost reductions produce the higher impacts on the unit exergy cost, 

are the investment cost of the SF and the TES in a solar polygeneration plant. 

- The levelized cost method is a simple and fast method, and a deep knowledge of 

thermodynamics is not required. In the absence of a detailed knowledge of the plant, the 

level cost method is a good alternative and presents reasonable results. Therefore, this 

method is recommended when is necessary to perform a first approximation of the costs 

of each product. However, comparing polygeneration plant and the stand-alone systems 

could lead to different conclusions. 

- The thermoeconomic method constitutes a rational method to assess a CSP-

polygeneration plant since it is based on the quality of energy assessed. It is an equitable 

distribution of the appropriate share of non-exergy-related cost rate (𝑐𝑎𝑝𝑒𝑥 and 𝑜𝑝𝑒𝑥) 

and exergy cost rate in each product according to its exergy rate. All costs from resources 

consumed are charged to their useful products. Additionally, the thermoeconomic 

method allows measuring resources and products of very different nature, such as energy 

and water, using the same unit. 

- The thermoeconomic method is recommended when is required to perform a more 

precise analysis of the costs of each product, and to assess the benefits of polygeneration 

schemes compared to the stand-alone systems. The disadvantages of the 

thermoeconomic method are its complexity and additional knowledge about the internal 

parameters of the plant, which could not be available. 
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- For selecting the optimal size of a CSP-polygeneration plant, the lowest unit costs 

happened at the same sizing of SM and TES when it is used the levelized cost and the 

thermoeconomic methods, although, the unit costs have different values. However, the 

thermoeconomic method uses exergy as a criterion to allocate costs and allows 

performing an assessment considering the conversion efficiencies and economic benefits 

offered by the system.  

- The unit exergy cost, the total exergy cost, and the exergy efficiency are used to compare 

different configurations of polygeneration schemes. The unit exergy cost allows 

comparing any configuration, but in the case of the total exergy cost, it is used to compare 

only when the plants have the same production capacities. On the other hand, a higher 

exergy efficiency does not imply that the plant is more convenient in thermoeconomic 

terms because, in general, the minimum total exergy cost and the maximum exergy 

efficiency are not reached in the same design point.  

- The utilization factor as thermodynamic indicator, which relating the energy outputs to 

the energy inputs, provides a false high-performance impression of the polygeneration 

plant because it does not discriminate between the high-quality energy as work or 

electricity, and low-quality energy as heat. Additionally, when resources and products 

of different energy nature (as water) are presented, the indicator is limited. Therefore, a 

better thermodynamic indicator for polygeneration plant is the exergy efficiency. 
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APPENDICES 

APPENDIX A: Model development kit (MDK) of software IPSEpro. 

The software IPSEpro (SimTech GmbH, 2011) was used for the simulations of stand-alone 

systems and the solar multi-generation plants. Three modules of IPSEpro were employed: 

IPSEpro-MDK, IPSEpro-PSE, and IPSEpro-PSXLink. The model development kit 

(IPSEpro-MDK module) offers all the capabilities required to define and build new 

component models and to translate them into a form that can be used by IPSEpro-PSE 

module. MDK consists of two functional units: MDK Model Editor and MDK Model 

Compiler. The Model Editor uses the model description language (MDL), which allows to 

design icons that represent the models and to describe their behavior mathematically. In this 

context, in order to be able to study the different configurations a new library was developed. 

This new library, named polygeneration library, integrates the Concentrated Solar Power, 

Refrigeration Process, and Desalination Process libraries, as shown in Figure A-1. 

Additionally, it was modified the libraries’ codes in order to calculate the co-enthalpy and 

the exergy flow in each component, and the exergy rate from solar radiation in the solar 

collectors. 
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Figure A- 1: Polygeneration library. 
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APPENDIX B: Validation of the stand-alone CSP plant. 

The CSP plant was validated by comparing the results between the IPSEpro/Matlab model 

and the case study (Andasol-1) by means of the SAM software (NREL, 2013). Table B-1 

shows the results of the validation of the stand-alone CSP plant. 

Table B- 1: Comparison between IPSEpro/Matlab model and SAM model. 

Net electricity 
IPSEpro/Matlab model  SAM model 

Difference 
GWh GWh 

January 29.5 28.0 5.1% 

February 20.7 19.8 4.5% 

March 31.6 30.5 3.4% 

April 23.3 23.3 0.0% 

May 24.3 23.2 4.6% 

June 20.4 19.0 6.9% 

July 20.5 19.5 4.6% 

August 27.1 27.4 -1.2% 

September 29.2 29.2 0.2% 

October 33.8 31.6 6.7% 

November 32.4 31.4 3.4% 

December 33.5 31.9 4.7% 

Average 27.2 26.2 3.6% 
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APPENDIX C: Exergy rate and unit exergy cost in polygeneration plants. 

Table C- 1: Exergy rate and unit exergy cost in Poly 1. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 162 677.9 0.0000 

2 2 202.8 0.1058 

3 1 896.6 0.1058 

4 3 432.2 0.1058 

5 455.4 0.1058 

6 1 956.1 0.1058 

7 720.2 0.1058 

8 15 609.9 0.1058 

9 55 070.2 0.1058 

10 1 866.0 0.1058 

11 2 410.7 0.1058 

12 0.0 0.0000 

13 2 216.2 1.9494 

14 340.0 0.0000 

15 1 190.8 0.0000 

16 16.4 0.1058 

17 198.2 0.0000 

18 494.8 0.6251 

19 810.0 0.6251 

20 -0.3 0.0000 

21 1.3 0.1058 

22 582.4 0.1616 

23 1 611.8 0.1616 

24 47 517.9 0.0324 
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Table C- 2: Exergy rate and unit exergy cost in Poly 2. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 15 7421.2 0.0000 

2 2 202.8 0.1114 

3 648.2 0.1114 

4 1 741.3 0.1114 

5 2 397.6 0.1114 

6 3 945.9 0.1114 

7 502.2 0.1114 

8 10 885.3 0.1114 

9 55 070.2 0.1114 

10 1 791.3 0.1114 

11 1 679.8 0.1114 

12 0.0 0.0000 

13 1 544.7 2.1360 

14 237.2 0.0000 

15 830.4 0.0000 

16 16.4 0.1114 

17 198.5 0.0000 

18 495.1 0.6690 

19 810.3 0.6690 

20 -0.1 0.0000 

21 1.3 0.1114 

22 582.4 0.1221 

23 1 611.8 0.1221 

24 46 523.2 0.0324 
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APPENDIX D: Exergy rate and unit exergy cost in stand-alone systems. 

Table D- 1: Exergy rate and unit exergy cost in Stand-alone CSP plant. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 136 506.98 0.000 

2 37 809.13 0.032 

3 89 179.54 0.000 

4 55 069.53 0.122 

5 3 727.01 0.122 

Table D- 2: Exergy rate and unit exergy cost in Stand-alone MED plant. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 117 221 0.032 

2 720 0.253 

3 15 610 0.256 

4 2 411 0.098 

5 0 0.000 

6 2 216 2.865 

7 340 0.000 

8 1 191 0.000 
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Table D- 3: Exergy rate and unit exergy cost in Stand-alone REF plant. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 7 910.8 0.032 

2 453.0 0.176 

3 1 953.6 0.176 

4 16 0.098 

5 198 0.000 

6 495 0.958 

7 810 0.958 

8 -0.34 0.000 

 

Table D- 4: Exergy rate and unit exergy cost in Stand-alone PH plant. 

Stream 𝐸̇ kW 𝑐 USD/kWh 

1 7 777.8 0.032 

2 1 882.2 0.169 

3 3 416.8 0.169 

4 1.3 0.098 

5 582.4 0.256 

6 1 611.8 0.256 
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APPENDIX E: Flowchart of the simulation in chapter 3. 

 

Figure E- 1: Flowchart of the simulation in chapter 3. 
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APPENDIX F: Flowchart of the simulation in chapter 4. 

 

Figure F- 1: Flowchart of the simulation in chapter 4. 
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polygeneration schemes)
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Results: - Production of products

                     - Exergy rate in each stream

Symbolic exergoeconomic method

(MATLAB, ExIO, and Excel software)

Results 

- Unit exergy cost of product

- Total exergy cost of product

- Exergy efficiency

     - Cost decomposition 

End

Aggregation level

Physical structure – Production structure

Fuel-Product model

Cost model

Costing equations and allocation cost

Cost decomposition
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APPENDIX G: Cost decomposition in the cogeneration plants. 

Table G- 2: Cost decomposition of Generator and MED in CSP-MED plants. 

 Generator  MED  

Device CSP-MED 1 CSP-MED 2 CSP-MED 1 CSP-MED 2 

Environment 30.7% 29.5% 4.3% 4.2% 

Collectors 46.6% 45.7% 27.6% 27.0% 

Evaporator 8.6% 8.4% 5.1% 5.0% 

Reheater 3.7% 3.7% 2.2% 2.2% 

LP_Turbine 2.6% 2.6% 0.3% 0.3% 

Economizer 2.6% 2.5% 1.5% 1.5% 

Superheater 2.0% 1.9% 1.2% 1.1% 

Generator 1.3% 1.3% 0.1% 0.1% 

HP_Turbine 1.0% 0.9% 0.6% 0.6% 

FWP1 0.2% 0.2% 0.1% 0.1% 

FWP4 0.2% 0.4% 0.1% 0.3% 

FWP3 0.1% 0.1% 0.1% 0.1% 

FWP2 0.1% 0.2% 0.1% 0.1% 

FWP5 0.1% 0.1% 0.0% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 15.7% 15.2% 

Condenser - 2.0% - 2.0% 

Dissipator_MED 0.0% 0.0% 40.9% 40.1% 
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Table G- 3: Cost decomposition of Generator and REF in CSP-REF plants. 

 Generator REF  

Device CSP-REF 1 CSP-REF 2 CSP-REF 1 CSP-REF 2 

Environment 28.6% 24.5% 6.6% 5.7% 

Collectors 44.4% 37.3% 27.2% 22.9% 

Economizer 8.1% 2.0% 5.0% 1.3% 

Generator 3.6% 3.0% 2.2% 1.8% 

FWP5 2.8% 0.1% 0.1% 0.1% 

LP_Turbine 2.4% 6.8% 1.5% 4.2% 

Superheater 1.9% 1.6% 1.1% 1.0% 

FWP1 1.2% 2.0% 0.0% 0.0% 

HP_Turbine 0.9% 0.8% 0.6% 0.5% 

FWP3 0.2% 0.0% 0.1% 0.0% 

Deaerator 0.2% 0.0% 0.1% 0.0% 

Evaporator 0.1% 0.1% 0.1% 0.0% 

FWP4 0.0% 1.0% 0.0% 0.0% 

Reheater 0.0% 0.0% 0.0% 0.0% 

FWP2 0.0% 0.1% 0.0% 0.0% 

REF 0.0% 0.0% 13.3% 11.2% 

Condenser 4.8% 20.1% 4.8% 20.1% 

Dissipator_REF 0.0% 0.0% 36.8% 30.9% 
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Table G- 4: Cost decomposition of Generator and PH in CSP-PH plants. 

 Generator PH 

Device 
CSP-

PH 1 

CSP-

PH 2 

CSP-

PH 3 

CSP-

PH 4 

CSP-

PH 1 

CSP-

PH 2 

CSP-

PH 3 

CSP-

PH 4 

Environment 28.5% 28.6% 28.4% 28.5% 19.6% 22.3% 12.0% 10.7% 

Collectors 44.4% 44.4% 44.3% 44.3% 44.4% 44.4% 46.6% 46.6% 

Evaporator 8.1% 8.1% 8.1% 8.1% 8.1% 8.1% 0.1% 0.1% 

Reheater 3.6% 3.6% 3.7% 3.6% 3.6% 3.6% 0.1% 0.0% 

LP_Turbine 2.8% 2.8% 2.8% 2.8% 0.2% 0.1% 0.0% 0.0% 

Economizer 2.4% 2.4% 2.4% 2.4% 2.4% 2.4% 0.0% 0.0% 

Superheater 1.9% 1.9% 1.9% 1.8% 1.9% 1.9% 0.0% 0.0% 

Generator 1.2% 1.2% 1.2% 1.2% 0.1% 0.0% 0.0% 0.0% 

HP_Turbine 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 0.0% 0.0% 

FWP3 0.5% 0.2% 0.1% 0.1% 0.5% 0.2% 0.0% 0.0% 

FWP1 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.0% 0.0% 

FWP2 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.0% 0.0% 

Deaerator 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 

FWP5 0.1% 0.2% 0.2% 0.2% 5.8% 0.2% 0.0% 0.0% 

FWP4 0.1% 0.2% 0.2% 0.2% 5.3% 0.2% 0.0% 0.0% 

PH 0.0% 0.0% 0.0% 0.0% 1.4% 10.2% 40.8% 42.3% 

Condenser 4.8% 4.8% 5.1% 5.1% 4.8% 4.8% 0.1% 0.1% 
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APPENDIX H: Cost decomposition in the trigeneration plants. 

Table H- 1: Cost decomposition of Generator, MED, and REF in CSP-MED-REF 

plants (Trigen 1 and Trigen 2). 

 Generator MED REF 

Device / Trigen 1 2 1 2 1 2 

Environment 30.5% 29.5% 4.4% 4.3% 7.3% 6.9% 

Collectors 46.6% 45.8% 27.6% 27.1% 28.6% 28.1% 

Evaporator 8.7% 8.5% 4.8% 4.7% 4.9% 4.8% 

Reheater 3.4% 3.4% 2.8% 2.7% 3.0% 3.0% 

Economizer 2.6% 2.5% 1.4% 1.4% 1.5% 1.4% 

LP_Turbine 2.5% 2.6% 0.3% 0.3% 0.1% 0.0% 

Superheater 2.0% 2.0% 1.1% 1.1% 1.1% 1.1% 

Generator 1.3% 1.3% 0.1% 0.1% 0.0% 0.0% 

HP_Turbine 1.2% 1.1% 0.1% 0.1% 0.0% 0.0% 

FWP1 0.2% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP4 0.2% 0.4% 0.1% 0.2% 0.1% 0.2% 

FWP3 0.2% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP2 0.1% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP5 0.1% 0.1% 0.0% 0.1% 0.0% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 16.0% 15.5% 0.0% 0.0% 

REF 0.0% 0.0% 0.0% 0.0% 14.3% 14.1% 

Condenser - 1.7% - 1.7% - 1.7% 

Dissipator_MED 0.0% 0.0% 40.9% 40.2% 0.0% 0.0% 

Dissipator_REF 0.0% 0.0% 0.0% 0.0% 38.6% 38.0% 
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Table H- 2: Cost decomposition of Generator, REF, and PH in CSP-REF-PH plants 

(Trigen 3 and Trigen 4). 

 Generator REF PH 

Device / Trigen 3 4 3 4 3 4 

Environment 28.7% 28.6% 6.7% 6.6% 17.4% 20.0% 

Collectors 44.5% 44.5% 27.3% 27.3% 44.5% 44.5% 

Evaporator 8.2% 8.2% 5.0% 5.0% 8.2% 8.2% 

Reheater 3.6% 3.6% 2.2% 2.2% 3.6% 3.6% 

LP_Turbine 2.7% 2.7% 0.1% 0.1% 0.1% 0.2% 

Economizer 2.4% 2.4% 1.5% 1.5% 2.4% 2.4% 

Superheater 1.9% 1.9% 1.2% 1.2% 1.9% 1.9% 

Generator 1.2% 1.2% 0.0% 0.0% 0.0% 0.1% 

HP_Turbine 0.9% 0.9% 0.6% 0.6% 0.9% 0.9% 

FWP5 0.2% 0.1% 0.1% 0.0% 0.2% 6.2% 

FWP1 0.2% 0.2% 0.1% 0.1% 0.2% 0.2% 

FWP4 0.2% 0.1% 0.1% 0.0% 0.2% 5.1% 

FWP2 0.2% 0.2% 0.1% 0.1% 0.2% 0.2% 

FWP3 0.1% 0.5% 0.1% 0.3% 0.1% 0.5% 

Deaerator 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 

REF 0.0% 0.0% 13.3% 13.3% 0.0% 0.0% 

PH 0.0% 0.0% 0.0% 0.0% 15.1% 0.9% 

Condenser 4.5% 4.5% 4.5% 4.5% 4.5% 4.5% 

Dissipator_REF 0.0% 0.0% 36.9% 36.9% 0.0% 0.0% 
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Table H- 3: Cost decomposition of Generator and MED in CSP-MED-PH plants 

(Trigen 5 to Trigen 8). 

 Generator MED 

Device / Trigen 5 6 7 8 5 6 7 8 

Environment 30.4% 29.5% 30.5% 29.5% 4.4% 4.3% 4.4% 4.3% 

Collectors 46.6% 45.8% 46.6% 45.8% 27.6% 27.1% 27.6% 27.1% 

Evaporator 8.7% 8.5% 8.7% 8.5% 4.8% 4.7% 4.8% 4.7% 

Reheater 3.4% 3.4% 3.4% 3.4% 2.8% 2.7% 2.8% 2.7% 

Economizer 2.6% 2.5% 2.6% 2.5% 1.4% 1.4% 1.4% 1.4% 

LP_Turbine 2.5% 2.6% 2.5% 2.6% 0.3% 0.3% 0.3% 0.3% 

Superheater 2.0% 2.0% 2.0% 2.0% 1.1% 1.1% 1.1% 1.1% 

Generator 1.3% 1.2% 1.3% 1.3% 0.1% 0.1% 0.1% 0.1% 

HP_Turbine 1.2% 1.1% 1.2% 1.1% 0.1% 0.1% 0.1% 0.1% 

FWP3 0.5% 0.5% 0.2% 0.2% 0.3% 0.3% 0.1% 0.1% 

FWP1 0.2% 0.2% 0.2% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP2 0.1% 0.2% 0.1% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP4 0.1% 0.2% 0.1% 0.4% 0.0% 0.1% 0.1% 0.2% 

FWP5 0.0% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 0.0% 0.0% 15.9% 15.5% 16.0% 15.5% 

PH 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Condenser - 1.8% - 1.8% - 1.8% - 1.8% 

Dissipator_MED 0.0% 0.0% 0.0% 0.0% 40.9% 40.1% 40.9% 40.1% 
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Table H- 4: Cost decomposition of PH in CSP-MED-PH plants (Trigen 5 to Trigen 8). 

 PH 

Device / Trigen 5 6 7 8 

Environment 19.9% 18.3% 19.5% 23.0% 

Collectors 46.6% 45.8% 46.6% 45.8% 

Evaporator 8.0% 7.9% 8.0% 7.8% 

Reheater 4.9% 4.8% 4.9% 4.8% 

Economizer 2.4% 2.3% 2.4% 2.3% 

LP_Turbine 0.1% 0.1% 0.1% 0.1% 

Superheater 1.8% 1.8% 1.8% 1.8% 

Generator 0.1% 0.1% 0.0% 0.0% 

HP_Turbine 0.1% 0.1% 0.0% 0.0% 

FWP3 0.4% 0.5% 0.1% 0.2% 

FWP1 0.2% 0.2% 0.2% 0.2% 

FWP2 0.1% 0.2% 0.1% 0.2% 

FWP4 3.1% 10.5% 0.1% 0.4% 

FWP5 1.5% 3.2% 0.1% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 0.0% 0.0% 

PH 9.8% 1.8% 15.6% 11.1% 

Condenser - 1.8% - 1.8% 

Dissipator_MED 0.0% 0.0% 0.0% 0.0% 
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APPENDIX I: Cost decomposition in the polygeneration plants. 

Table I- 1: Cost decomposition of Generator and MED in CSP-MED-REF-PH plants 

(Poly 1 to Poly 4). 

 Generator MED 

Device / Poly 1 2 3 4 1 2 3 4 

Environment 30.4% 29.6% 30.5% 29.6% 4.4% 4.3% 4.4% 4.3% 

Collectors 46.6% 45.9% 46.6% 45.9% 27.6% 27.1% 27.6% 27.1% 

Evaporator 8.7% 8.6% 8.7% 8.6% 4.8% 4.7% 4.8% 4.7% 

Reheater 3.4% 3.4% 3.4% 3.4% 2.8% 2.7% 2.8% 2.7% 

Economizer 2.6% 2.6% 2.6% 2.6% 1.4% 1.4% 1.4% 1.4% 

LP_Turbine 2.5% 2.5% 2.5% 2.5% 0.3% 0.3% 0.3% 0.3% 

Superheater 2.0% 2.0% 2.0% 2.0% 1.1% 1.1% 1.1% 1.1% 

Generator 1.3% 1.3% 1.3% 1.3% 0.1% 0.1% 0.1% 0.1% 

HP_Turbine 1.2% 1.2% 1.2% 1.2% 0.1% 0.1% 0.1% 0.1% 

FWP3 0.5% 0.5% 0.2% 0.1% 0.2% 0.3% 0.1% 0.1% 

FWP1 0.2% 0.2% 0.2% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP2 0.1% 0.2% 0.1% 0.2% 0.1% 0.1% 0.1% 0.1% 

FWP4 0.1% 0.1% 0.2% 0.4% 0.1% 0.1% 0.1% 0.2% 

FWP5 0.0% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 0.0% 0.0% 15.9% 15.5% 16.0% 15.5% 

REF 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

PH 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Condenser - 1.5% - 1.5% - 1.6% - 1.6% 

Dissipator_MED 0.0% 0.0% 0.0% 0.0% 40.9% 40.2% 40.9% 40.2% 

Dissipator_REF 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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Table I- 2: Cost decomposition of REF and PH in CSP-MED-REF-PH plants (Poly 1 

to Poly 4). 

 REF PH 

Device / Poly 1 2 3 4 1 2 3 4 

Environment 7.3% 6.9% 7.3% 6.9% 19.7% 18.9% 19.5% 18.3% 

Collectors 28.6% 28.2% 28.6% 28.2% 46.6% 45.9% 46.6% 45.9% 

Evaporator 4.9% 4.8% 4.9% 4.8% 8.0% 7.9% 8.0% 7.9% 

Reheater 3.0% 3.0% 3.0% 3.0% 4.8% 4.8% 4.9% 4.8% 

Economizer 1.5% 1.4% 1.5% 1.4% 2.4% 2.4% 2.4% 2.3% 

LP_Turbine 0.1% 0.0% 0.1% 0.0% 0.2% 0.2% 0.1% 0.1% 

Superheater 1.1% 1.1% 1.1% 1.1% 1.8% 1.8% 1.8% 1.8% 

Generator 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 

HP_Turbine 0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 

FWP3 0.3% 0.3% 0.1% 0.1% 0.4% 0.5% 0.1% 0.1% 

FWP1 0.1% 0.1% 0.1% 0.1% 0.2% 0.2% 0.2% 0.2% 

FWP2 0.1% 0.1% 0.1% 0.1% 0.1% 0.2% 0.1% 0.2% 

FWP4 0.1% 0.1% 0.1% 0.2% 3.6% 10.0% 0.1% 0.4% 

FWP5 0.0% 0.0% 0.0% 0.1% 1.2% 3.6% 0.1% 0.1% 

Deaerator 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 0.0% 0.1% 

MED 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

REF 14.2% 14.1% 14.3% 14.1% 0.0% 0.0% 0.0% 0.0% 

PH 0.0% 0.0% 0.0% 0.0% 9.7% 1.2% 15.6% 15.9% 

Condenser - 1.6% - 1.6% - 1.6% - 1.6% 

Dissipator_MED 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Dissipator_REF 38.6% 38.0% 38.6% 38.0% 0.0% 0.0% 0.0% 0.0% 

 

 


