
  

                               

Università degli Studi di Cagliari 

 

PhD Degree 
Industrial Engineering 

Cycle: XXXII  

 

MODELLING, THERMOECONOMIC ANALYSIS AND OPTIMIZATION OF 

HYBRID SOLAR-BIOMASS ORGANIC RANKINE CYCLE POWER PLANTS 

 

Scientific Disciplinary Sector(s): 

ING-IND/09 - Systems for Energy and the Environment 

 

PhD Student: Joseph Oyetola OYEKALE 

Coordinator of the PhD Programme: Prof. Ing. Francesco AYMERICH 

Supervisor: Prof. Ing. Giorgio CAU 

Co-Supervisors: Prof. Dr –Ing. Dieter BRÜGGEMANN 

Chair of Technical Thermodynamics and Transport Processes 

(LTTT), Center of Energy Technology (ZET), University of 

Bayreuth, Germany. 

 

Dr Ing. Mario PETROLLESE 

Final Exam. Academic Year 2018 – 2019 

Thesis defence: January-February 2020 Session 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Questa tesi può essere utilizzata, nei limiti stabiliti dalla normativa vigente 

sul Diritto d’Autore (Legge 22 aprile 1941 n.633 e succ. modificazioni e articoli 

da 2575 a 2583 del Codice civile) ed esclusivamente per scopi didattici e di 

ricerca; è vietato qualsiasi utilizzo per fini commerciali. In ogni caso tutti gli 

utilizzi devono riportare la corretta citazione delle fonti. La traduzione, 

l’adattamento totale e parziale, sono riservati per tutti i Paesi. I documenti 

depositati sono sottoposti alla legislazione italiana in vigore nel rispetto del 

Diritto di Autore, da qualunque luogo essi siano fruiti. 



 

 

Page left blank intentionally 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 “That which we persist in doing becomes easier,  

not that the nature of the task has changed, 

 but our ability to do has increased.” 
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Abstract 

The need for modern energy systems to embrace the requirements of energy security, sustainability 

and affordability in their designs has placed emphatic importance on exploitation of renewable 

resources, such as solar and wind energy, etc. However, these resources often lead to reduced 

reliability and dispatchability of energy systems; less-efficient conversion processes; high cost of 

power production; etc. One promising way to ameliorate these challenges is through hybridization 

of renewable energy resources, and by using organic Rankine cycle (ORC) for power generation. 

Thus, this PhD research project is aimed at conceptual design and techno-economic optimization of 

hybrid solar-biomass ORC power plants.   

The methodologies adopted are in four distinct phases:  

- First, novel hybrid concentrated solar power (CSP)-biomass scheme was conceived that 

could function as retrofit to existing CSP-ORC plants as well as in new hybrid plant designs. 

Thermodynamic models were developed for each plant sub-unit, and yearly techno-

economic performance was assessed for the entire system. Specifically, the ORC was 

modelled based on characteristics of an existing CSP-ORC plant, which currently operates 

at Ottana, Italy. Off-design models of ORC components were integrated, and their 

performance was validated using experimental data obtained from the aforementioned real 

plant.  

- Second, detailed exergy and exergoeconomic analyses were performed on the proposed 

hybrid plant, in order to examine the system components with remarkable optimization 

potentials. The evaluation on optimization potentials considered intrinsic irreversibilities in 

the respective components, which are imposed by assumptions of systemic and economic 
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constraints. This has been termed enhanced exergy and enhanced exergoeconomic analyses 

here.  

- Third, the techno-economic implications of using siloxane mixtures as ORC working fluid 

were investigated, with the aim of improving heat transfer processes in the ORC plant. The 

studied fluid pairs were actively selected to satisfy classical thermodynamic requirements, 

based on established criteria.  

- Fourth, the biomass retrofit system was optimized multi-objectively, to minimize biomass 

consumption rate (maximize exergetic efficiency) and to minimize exergy cost rate. Non-

dominated Sorting Genetic Algorithm (NSGA-II) was adopted for multi-objective 

optimization.          

The conceptual scheme involves parallel hybridization of CSP and biomass systems, such that each 

is capable of feeding the ORC directly. Results showed that the proposed biomass hybridization 

concept would increase both thermodynamic efficiency and economic performance of CSP-ORC 

plants, thereby improving their market competitiveness. Total exergy destroyed and exergy 

efficiency were quantified for each component, and for the whole system. Overall system exergetic 

efficiency of about 7 % was obtained. Similarly, exergoeconomic factor was obtained for each 

system component, and their implications were analysed to identify system components with high 

potentials for optimization. Furthermore, it was observed that thermodynamic performance of the 

hybrid plant would be optimized by using siloxane mixtures as ORC working fluid. However, this 

would result in larger heat exchange surface area, with its attendant cost implications. Lastly, 

biomass combustion and furnace parameters were obtained, which would simultaneously optimize 

exergetic efficiency and exergy cost rate for the hybrid plant.   

In sum, a novel scheme has been developed for hybridizing solar and biomass energy for ORC 

plants, with huge potentials to improve techno-economic competitiveness of solar-ORC systems. 
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Chapter 1  

Introduction 

1.1 Background 

Energy, in all its forms, constitutes basic necessities of life. Not only is it needed for sustained 

existence of man; its degree of availability has direct impact on economic and social prosperity of 

nations around the world. This assertion is somewhat justified by the predicted and experienced 

increase in the world energy demands as population increases. In quantitative terms, the New 

Policies Scenario (NPS) of the International Energy Agency (IEA) reported in the World Energy 

Outlook (WEO) for the year 2018 stated that world total demand of primary energy had increased 

from 10,027 MToe in the year 2000 to 13,972 MToe in the year 2017, and it is projected to rise to 

17,715 MToe by the year 2040 [1]. This translates to about 27 % projected increase in world energy 

need in the next 20 years, and it places high premium on the need for continued research and 

developmental efforts that would facilitate continuous satisfaction of human energy needs. 

Also, the NPS of IEA-WOE 2018 has it that 80.8 % of total world energy demand is currently 

satisfied by non-renewable fossil fuels such as coal, oil, and gas [1]. This is due majorly to 

advancement in technologies for exploiting these fuels, as well as their relative advantages for low-

cost investments and operations. However, emissions from combustion of fossil fuels are healthily 

unpropitious to the sustained existence of living species and the environment. The repugnant 

consequences of acid rain and global warming ravaging our society today is a case in point to 

justify the hazard of fossil fuel exploitations and usage. Also, fossil fuels are considered unsecure, 

since their sources will get depleted one day, no matter how long.  

In the light of these unfavourable consequences of continued dependent on fossil fuels, consensus 

seems to have been reached globally on the quest to develop renewable energy sources and their 
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accompanying conversion technologies, which would satisfy the three-phase requirements of 

sustainability, security and affordability of modern energy supply. In fact, number 7 of the United 

Nations Sustainable Development Goals (SDGs) 2030 succinctly captured these essential features 

for consideration in the design of modern energy systems [2]. In this regard, increased efforts have 

been witnessed in recent times on the exploitations of renewable energy sources. National and 

international organizations are committing huge funds to their advancement, and research and 

technical experts are expending a great deal of time and efforts in developing adequate conversion 

technologies and process integration mechanisms for the renewables.  

However, renewable energy sources are equally characterised by a number of challenges. First, their 

technologies are quite low in reliability and dispatchability, due to diurnal and seasonal fluctuations 

of most renewable energy resources. Next, systems based on these resources often record less 

efficient conversion processes for power generation, basically due to their low enthalpy contents. 

Consequently, thermo-economic performance of renewable energy technologies is badly impacted, 

which has also led to their low commercialization potentials. This is especially true for distributed 

systems rated at small and medium power scales, which can mostly not survive at present without 

some sorts of economic incentives or subsidies from governments. 

Thus, substantial research and developmental efforts are yet required to optimize design and 

operation of renewable-based energy technologies, for improved techno-economic performance, in 

order to facilitate their growth in the world energy mix. This understanding is the basis for the 

outlook of the academic research study being reported in this thesis. 

1.2 Justification for the Study Focus and Theme  

This study focuses specifically on conceptual design and operation of solar-based organic Rankine 

cycle (ORC) plants. Solar energy is one of the renewable sources attracting keen attention around 

the world today, perhaps due to its free accessibility [3]. Photovoltaic (PV) and Concentrated Solar 

Power (CSP) systems are currently being mostly used for exploitation of solar energy [4,5]. 
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However, for generation of thermal power for use in different applications, CSP technology is 

considered more suitable than PV, as it is easily amenable to application in plants where heat 

sources and power cycles run on two distinct working media (binary cycles) [6]. In this respect, 

CSP plants should play a key role in increasing renewable energy penetration into the future energy 

mix, as evidenced by the increase in number of projects on solar thermal plants globally [4,6]. More 

so, in pursuit of increased degenerated energy systems that could be applied in rural and isolated 

regions, CSP plants at low and medium scales are gaining wider attention nowadays, relative to 

large-scale systems. 

Furthermore, ORC technology has been adjudged to be quite promising for the conversion of solar 

and other low-temperature heat sources into useful electrical and thermal power [7]. It bothers on 

using organic fluid as working media in Rankine cycle plants, for vaporization at low pressure, by 

low-temperature heat sources. At such instances, performance of conventional steam Rankine cycle 

is quite limited. Thus, substantial economic investments have been made towards advancing ORC 

technology, and research and practical applications are being hugely deployed around the world 

today [8].   

However, just like for most other renewable energy technologies as aforementioned, solar-based 

ORC plants are mostly associated with low reliability/dispatchability, low capacity factor, frequent 

system shutdown/start-up, high operational losses and costs, amongst others. This is because solar 

irradiation is transient in nature, which mostly results in high fluctuation of solar energy available 

for exploitation, and it badly impacts practical implementation of solar-ORC plants. For instance, 

Petrollese et al. reported that only eleven real CSP-ORC plants in the range of 50 kW-5 MW exist 

around the world [9]. Amongst these is a linear Fresnel collector (LFC)-based ORC plant, rated at 

about 630 kWe, which currently runs at Ottana (NU), Italy. The Department of Mechanical, 

Chemical and Materials Engineering of the University of Cagliari collaborates with other 

stakeholders for the conceptual design, installation and commissioning of this plant, up till the 

present moment for real operation and continuous development of this plant. Suffice it to report that 
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the real experience with this solar-only ORC plant is quite in agreement with the aforementioned 

challenges generally associated with all plants of such kind. In essence, potential ways should be 

sought to upgrade the operation of not only the Ottana Solar Facility, but also of the similar ones in 

existence, and also to promote increase in practical implementation of this type of energy system, 

without compromising the fully-renewable feature. 

Consequently, a number of solution strategies are currently being reported as potential measures to 

ameliorate the highlighted challenges in real CSP-ORC plants. These include integration of thermal 

energy storage (TES) systems, which has attracted huge scientific and economic efforts in recent 

times [10]. In addition, hybridizing solar systems with other more dispatchable renewable energy 

resources is another solution strategy being vigorously investigated in literature [11]. And since 

geothermal and biomass are among the most dispatchable of all renewable energy resources, their 

suitability for hybridization with solar systems in ORC plants is widely studied. However, in a 

situation where a solar ORC plant is the base system in existence, as it is the case with the 

aforementioned Ottana Solar Facility, hybridizing a geothermal system would be capital intensive. 

The location of such plant might also not be favourable for exploiting geothermal resources. In this 

case, biomass hybridization would be a better alternative. Moreover, biomass and solar ORC plants 

share a lot of equipment in common, and technical and cost implications make their hybridization 

favourable for practical implementation. Also, biomass energy sources are suitable for retrofit to 

existing solar-ORC plants and vice versa, and this has necessitated the specific focus on conceptual 

design and analysis of hybrid solar-biomass ORC plants in this study. Although a couple of 

schemes have been presented to hybridize solar and biomass energy for power production, most of 

them have hitherto focused on series hybridization scheme either for upgrading thermodynamic 

processes of existing plants, or for heat recovery processes. To the best of author’s knowledge, 

dedicated biomass hybridization scheme that aims to improve dispatchability of existing CSP-ORC 

plants is lacking in the state of the art, which is one of the main novelties of this study. 
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1.3 Aim and Objectives 

The aim of this study concerns conceptual design and analysis of biomass hybridization scheme that 

could improve dispatchability and thermo-economic performance of CSP-ORC power plants. The 

pursued tangential objectives are: 

 Conceptual design and techno-economic assessment of a novel biomass hybridization 

scheme, which could be applied both as retrofit to upgrade existing CSP-ORC plants as well 

as in newly-designed hybrid CSP-biomass ORC plants; 

 Investigation of sources of thermo-economic losses in the proposed hybrid CSP-biomass 

ORC plant through second-law analysis; 

 Assessment of thermo-economic effects of using siloxane mixtures as working fluid in the 

ORC unit of the proposed hybrid CSP-biomass plant; 

 Determination of selected design parameters of the biomass system that would 

simultaneously optimize thermodynamic and economic performance of the hybrid plant for 

a retrofit case study.   

1.4  Scientific Publications and Thesis Structure 

1.4.1 Scientific publications 

Substantial parts of the methods and results reported in this thesis have been published in 

international journals and peer-reviewed international conference proceedings, as follows: 

1. J. Oyekale, F. Heberle, M. Petrollese, D. Brüggemann, G. Cau, Biomass retrofit for existing 

solar organic Rankine cycle power plants: conceptual hybridization strategy and techno-

economic assessment, Energy Convers. Manag. 196 (2019) 831–845.  

2. J. Oyekale, F. Heberle, M. Petrollese, D. Brüggemann, G. Cau, Thermo-economic 

evaluation of actively selected siloxane mixtures in a hybrid solar-biomass organic Rankine 

cycle power plant, App. Therm. Eng, https://doi.org/10.1016/j.applthermaleng.2019.114607.    

https://doi.org/10.1016/j.applthermaleng.2019.114607
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3. J. Oyekale, M. Petrollese, G. Cau, Multi-objective thermo-economic optimization of 

biomass retrofit for an existing solar organic Rankine cycle power plant based on NSGA-II. 

Energy Reports (2019), https://doi.org/10.1016/j.egyr.2019.10.032.  

4. J. Oyekale, M. Petrollese, F. Heberle, D. Brüggemann, G. Cau, Exergetic and integrated 

exergoeconomic analyses of a hybrid solar-biomass organic Rankine cycle cogeneration 

plant, under review with Energy Conversion and Management Journal. 

5. J. Oyekale, M. Petrollese, G. Cau, Modified auxiliary exergy costing in applied 

exergoeconomic analysis applied to a hybrid solar-biomass organic Rankine cycle 

cogeneration plant, under review with Applied Energy Journal. 

6. J. Oyekale, M. Petrollese, F. Heberle, D. Brüggemann, G. Cau, Exergy and 

exergoeconomic analyses of a hybrid solar-biomass organic Rankine cycle cogeneration 

plant, in: 32nd International Conference on Efficiency, Cost, Optimization, Simulation and 

Environmental Impact of Energy Systems (ECOS) 2019, Wraclaw; Poland.  

7. J. Oyekale, G. Cau, Enhanced exergoeconomic analysis of a hybrid solar-biomass organic 

Rankine cycle cogeneration plant, in: International Conference on Applied Energy (ICAE) 

2019, Vasteras; Sweden. – Selected for special issue publication in Applied Energy 

Journal. 

8. J. Oyekale, M. Petrollese, V. Tola, G. Cau, Conceptual design and preliminary analysis of a 

CSP-biomass organic Rankine cycle plant, in: 31st International Conference on Efficiency, 

Cost, Optimization, Simulation and Environmental Impact of Energy Systems (ECOS) 

2018, Guimaraes; Portugal. 

9. M. Petrollese, J. Oyekale, V. Tola, D. Cocco, Optimal ORC configuration for the combined 

production of heat and power utilizing solar energy and biomass, in: 31st International 

Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of 

Energy Systems (ECOS) 2018, Guimaraes; Portugal. 

https://doi.org/10.1016/j.egyr.2019.10.032
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1.4.2 Thesis structure 

This thesis is structured in 6 more chapters, from 2 to 7, as summarized in the following.  

Chapter 2 consists of literature review, subdivided into two parts. The first part consists of overview 

of different technologies present in the proposed hybrid plant: CSP, TES, biomass energy systems 

and ORC. In the second part, the need for each of the issues addressed in this thesis are 

underscored, based on available studies in literature. This has been structured to match each of the 

highlighted tangential thesis objectives, and new thesis contributions that depart from literature 

information are highlighted at the sections where they are present.  

Chapter 3 contains the description of the newly proposed biomass hybridization scheme, as well as 

the methods and results of techno-economic assessments of the hybrid plant. This essentially 

addresses objective number 1 highlighted above, and it is the basis for the scientific papers 

numbered 1, 8 and 9 above. The issues contained in this chapter contributes to knowledge by the 

proposal of a scheme that is applicable to retrofit existing CSP-ORC plants, different from what had 

been studied in the state of the art. 

Chapter 4 consists of the methods and results of detailed exergy, exergoeconomic, enhanced exergy 

and enhanced exergoeconomic analyses of the proposed hybrid plant, aimed at addressing objective 

number 2 of the thesis. It is the basis for the scientific papers numbered 4, 5, 6 and 7 above. 

Although the applied methodologies are classical, their application to new systems are usually 

considered necessary for system optimization, and are thus well regarded in the state of the art. 

Moreover, a new cost formulation concept is implemented for exergoeconomic methodology, by 

regarding energy quality level of thermodynamic states for allocating unit exergy costs. This is 

termed here as integrated exergoeconomic approach, and it departs from what is common in 

literature.  

Chapter 5 consists of the methods and results of thermo-economic evaluation of siloxane mixtures 

in the ORC unit of the hybrid plant, aimed at addressing objective number 3. It is the basis for the 

scientific paper numbered 2 above. This chapter contributes to knowledge by being the first to 
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incorporate off-design analysis into investigation of potential thermo-economic benefits of mixtures 

in ORC applications, as well as the first to focus on hybrid solar-biomass thermal sources for the 

study of applications of fluid mixtures in ORC plants. 

Chapter 6 consists of the methods and results of multi-objective thermo-economic optimization of 

biomass retrofit for the existing CSP-ORC plant, aimed at addressing objective number 4 of the 

thesis. It is the basis for the scientific paper numbered 3 above. Also, although NSGA-II 

optimization approach has been in existence for a while, its application to multi-objective 

optimization of systems is quite relevant both for academic study as well as for practical 

improvement of industrial systems.  

Overall conclusions are summarized in Chapter 7. Also, main thesis contributions to knowledge as 

well as recommendations for further studies are highlighted in this chapter.  
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Chapter 2  

Literature Review 

2.1 Preamble 

The synthesized literature is in two broad categories. The first category contains overview of the 

different technologies involved in the hybrid plant under discussion: concentrated solar power 

(CSP) systems, thermal energy storage (TES) systems, biomass energy systems and organic 

Rankine cycle (ORC) plants. In the second category, available literature on CSP-biomass 

hybridization strategies is reviewed, as well as available studies on application of mixtures as 

working fluid in ORC. Also, state-of-the-art on applications of different exergy, exergoeconomic 

and optimization methodologies for energy plant design and analyses are highlighted. The latter 

category is in an attempt to give background information on, and further justify, the specific 

approach and methodologies applied in this study.   

2.2 Brief overview of major technologies contained in the studied hybrid CSP-

biomass plant 

2.2.1 Concentrated solar power systems 

Concentrated solar power systems are solar-energy exploitation/conversion technologies, which 

mostly operate by concentrating energy content of the sun (direct solar irradiation) to collecting 

devices, for thermal power production [12]. Specifically, some forms of tracking mechanisms are 

used for positioning collectors such that solar rays impinge on their external surfaces. The collectors 

then focus the solar rays to the receiver, which comprises of absorber for conversion of solar to 

thermal energy, as well as piping, where heat transfer fluid (HTF) that carries produced thermal 

energy flows [13]. The thermal energy is either channelled to heat engine for conversion to 
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electrical power, or stored in thermal energy storage (TES) system for deferred usage [14]. Figure 

2.1 illustrates the different components of a typical CSP system. 

 

Figure 2.1: Typical components of a traditional CSP system: (1) concentrator, (2) receiver, (3) heat-

transfer fluid, (4) thermal energy storage, and (5) heat engine. Reprinted with permission from 

reference [14]. Copyright 2015 American Chemical Society. 

For CSP systems intended solely for thermal energy production, heat engine would not be needed, 

and in case of immediate use of thermal energy, the absorber could be linked directly with the 

application device, thereby excluding the need for TES and perhaps HTF. In essence, the real 

compositions of CSP systems depend on intended application. 

Concentrated solar power technologies are usually classified on two broad basis. The first one is the 

type of tracking mechanism adopted. There are some collectors that track the sun only along its 

main axis of rotation, from east to west, generally referred to as one-axis tracking [15]. Conversely, 

other solar collectors track solar rotation both from east-west and north-south axes, generally called 

two-axis tracking. The solar collectors using one-axis tracking focus solar rays on a line, and are 

thus called line-focus collectors, with parabolic trough collectors (PTC) and linear Fresnel reflectors 

(LFR) being the main collector types in this category [16]. On the contrary, collectors using two-
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axis tracking focus solar irradiation on a point, and are thus called point-focus collectors, with main 

types in this category being parabolic dish reflectors (PDR) and heliostatic field (otherwise known 

as central solar receiver or solar tower). Although point-focus collectors have the advantage of high 

concentration ratios over their line-focus counterpart, the technical requirement to achieve this is a 

little bit complicated, and the costs are consequently much higher [17].  

The second basis for classifying CSP systems is the nature of collecting surface adopted. Some 

collectors have their surfaces to be continuous, where the receiver and collectors are assembled to 

form a single unit, thereby moving together for solar tracking [18]. It is possible to achieve very 

high concentration ratios with this arrangement, as well as a simple mechanism for tracking. PTC 

and PDR are the main examples of collectors in this category. Conversely in this respect, other 

collectors have discrete facets on their surfaces, with stationary receiver clearly distinguished from 

the collectors. Although the concentration ratios achievable in collectors using discrete facets are 

lower, they are often installed closer to the ground, and are thus less affected by wind thrust [19]. 

LFR and heliostatic field fall to this category. It is clear from the foregoing that PTC, LFR, PDR 

and heliostatic field are the four main types of solar collectors. The aforementioned different 

classifications are summarised in Figure 2.2.  

 

Figure 2.2: Classification of solar collectors. 
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Parabolic trough collector is by far the most matured CSP technology [20]. This is substantiated by 

the high number of CSP projects around the world that adopt PTC, relative to other collector types. 

As at August 2019, about 100 of CSP projects globally are based on PTC technology; about 37 on 

heliostatic field (Solar Tower); about 15 on LFR; and only about 2 on PDR [21]. The quoted 

numbers for all collector types also include projects that are currently under 

development/construction. Given the high level of practical implementation of PTC and heliostatic 

field and based on the aforementioned classifications of solar collectors, it would be in order to 

conclude that line-focus and discrete-surface characteristics are desirable features of solar collectors 

for real applications. However, while PTC is highly matured technically, its continuous surface 

makes it a bit expensive [22], and it requires high land area for installation [23]. On the other hand, 

adoption of point-focus mechanism in heliostatic field enhances operations at higher temeperature 

range, but also at the expense of plant economics [24], which obviously impedes its market 

penetration. It thus suffices to say that development of collectors with one-axis tracking technique 

and whose surface are as discrete as possible is a noble adventure, capable of increasing practical 

implementation and competitiveness of CSP plants. This assertion clearly puts LFR at an 

advantage, and a lot of developmental efforts are underway to improve their technological 

capacities by increasing concentration ratios and efficiency [25–27]. In fact, a number of studies 

have compared PTC and LFR in terms of technical and economic potentials [23,28], and it has been 

mostly affirmed that LFR holds good prospects in the nearest future [23,27]. Based on this 

premises, improvement efforts are ongoing on LFR, which has led to scalable and new types of 

linear collectors in some fronts, such as the compact linear Fresnel reflectors [29,30]. In addition, 

use of lens in place of reflectors in Fresnel collectors are being assessed in literature, and it has been 

affirmed that this could provide a more economically-viable alternative relative to conventional 

LFR [31].  

Currently, research efforts on solar collectors are mostly directed at investigating other collector 

configurations with improved collection/absorption capabilities [32]. Other ongoing research 
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activities focus on finding ways to reduce efficiency losses due to dirts and film formations on 

collector surface [33], amongst others. It is generally opined in the state-of-the-art that research 

efforts should be intensified on reducing costs of small-scale CSP systems, for distributed energy 

generation in rural and isolated regions [34,35]. In this case, direct use of water as HTF in solar 

collectors has been hinted to be prospective, for direct steam generation (DSG) applications [35]. 

More so, future research on CSP-based energy plants should integrate sustainability issues by 

incorporating life cycle assessments of proposed systems, as well as potential social benefits of 

installing CSP plants. If this is in place, there is a possibility that policy-making analyses as well as 

political outlook of CSP projects are improved a bit, which would positively impact decisions in 

favour of starting new and completing ongoing CSP projects around the world. Furthermore, 

research efforts aimed at enhancing solar collectors for high-temperature applications should be 

intensified, implying that materials with higher resistance to thermal stress should be sought and 

adopted [36]. 

2.2.2 Thermal energy storage systems 

Thermal energy storage systems refer to technologies that are capable of accumulating heat from a 

thermal source, retaining same over a period of time, and releasing it subsequently for postponed 

usage. More technically, the accumulation phase of thermal energy in TES systems is known as 

charging phase; the retaining process is known as storage; while the releasing phase is referred to as 

discharging phase [37]. TES systems are highly useful technologies, which can be deployed for 

different applications. First, they serve the purpose of improving dispatchability and 

competitiveness of energy systems that are based on transient renewable sources, such as solar. 

These transient renewable energy sources are abundantly and freely available around the world, and 

huge efforts are currently being deployed to increase their penetration into the global energy mix 

[38]. However, due to their intermittent nature, reliability and efficiency of their conversion systems 

are quite low. Thus, TES serves the purpose of intermediating between sources and application 
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fronts, for improved reliability, which also helps in load shifting to match energy production and 

demand profiles in domestic applications [38]. In fact, it is widely acknowledged that TES is 

closely interwoven with future development of CSP plants [39]. Next, TES is highly essential in 

waste heat recovery in industrial processes, to bridge the  availability gap between time of energy 

recovery from one process and the required time of application by the same or other processes [40–

42]. The focus here is however limited to TES for CSP applications, in line with the theme under 

discussion.  

TES systems for CSP applications are commonly classified based on the adopted mode of thermal 

energy storage, and based on the concept of integration to CSP unit. On the mode of storage, there 

are three basic kinds of TES systems, known as sensible heat TES systems, latent heat TES systems 

and thermochemical TES systems [43]. Sensible heat system stores thermal energy by increasing 

temperature of the storage medium during charging phase, and subsequent decrease in temperature 

during discharging process, without the storage medium undergoing change of phase [43]. Carefully 

selected materials with adequate density, specific heat, thermal conductivity and diffusivity, thermal 

stability, etc. are generally adopted as storage media, usually in solid or liquid phase [44]. One 

identified impediment of concern with this kind of TES system is low energy density of the 

commonly used storage materials, thereby necessitating installation of large TES systems with their 

attendant volume/space consequences. With the aim of ameliorating this setback, research efforts 

are ongoing aimed at improving energy densities of solid sensible heat TES materials, by 

integrating encapsulated materials [45] or nanoparticles [46]. It is reported in literature that most of 

the currently installed CSP plants with TES systems make use of sensible mode of thermal storage 

[47]. In its stead, latent heat system stores thermal energy by isothermal phase change of storage 

medium during charging/discharging phases [48]. The phase change material (PCM) can take the 

form of solid-liquid, solid-gas, or liquid-gas phase transformation during energy accumulation or 

discharge process [48]. This type of TES systems are known to have higher storage density relative 

to sensible heat TES systems, thereby requiring lower installed volume [49]. However, more 
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stringent properties are desired in potential phase change materials, making latent heat TES systems 

to be a bit more technically risky and costlier relative to sensible heat systems [50]. Also, required 

charge/discharge duration of PCMs are quite high, due majorly to their low thermal conductivities 

[51]. Several studies have thus been conducted to investigate adequate additives and new techniques 

to improve heat transfer processes of PCMs [52]. Contrary to sensible heat and latent heat TES 

systems that use purely physical processes, thermochemical TES systems store thermal energy by 

combining or decomposing molecular structures of reactants, through reversible chemical reactions 

[53]. During charge phase, thermal energy from CSP is expended in an endothermic reaction for 

storage, and the same energy is recoverable by a reversible exothermic reaction during the 

discharge process [53]. This way, the entire storage process can take even at low temperatures, in 

favour of the possible duration of storage. In addition, energy density of commonly used reactants 

are usually higher than what obtains in latent heat TES systems, and very low storage costs are 

therefore achievable [54]. Different materials and reactions are possible in thermochemical TES 

systems, the details of which are contained in the state-of-the-art [54]. Major setbacks of 

thermochemical TES systems also lie in very slow heat transfer and reduced mass transfer 

processes, due to poor thermal conductivity and low permeability of suitable materials, respectively 

[55]. Consequently, many developmental techniques have been proposed in the open literature [56], 

to enhance heat and mass transfer during decomposition and combination of reactants, while 

substantial efforts are still ongoing in this respect [57].      

Conversely, based on the concept of integration to CSP units, TES systems are classified as active 

and passive types. In active TES systems, the storage medium flows, driven by forced convection 

heat transfer process, to interact with thermal source/sink for charging or discharging. Active TES 

systems could be direct, in which case the HTF circulating through the solar collectors coincides 

with the flowing storage medium; or indirect, in which case TES storage medium is distinctly 

different from CSP HTF. Cold and hot storage materials could be stored in different tanks, forming 

a 2-tank TES system, or in a single tank with cold and hot media separated by temperature 
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stratification, often reinforced with filler materials to enhance the separation zone between the two 

regions, called thermocline [58], and to prevent mixing [59]. Adequate filler materials are required, 

and encapsulated PCMs alongside other innovative solutions are assiduously being investigated in 

this respect [60]. On the contrary, in passive TES systems, the storage medium, usually in solid 

state, is stationary, and charge/discharge process takes place by circulating another HTF from/to 

solar collectors [61]. The different classifications are summarised in Figure 2.3. 

 

Figure 2.3: Classification of thermal energy storage systems for CSP applications. 

Moreover, concerted efforts are ongoing to improve performance of TES systems for CSP 

applications, with current research activities majorly focusing on enhancement of storage materials 

for improved heat transfer and ancillary features [62,63]. Also, research efforts are ongoing to 

develop TES materials that are capable of functioning efficiently at higher temperature range than 

the current ones [64]. In this regard, hybrid TES schemes that combine two or more modes of 

thermal storage are being investigated in literature [65–67]. In addition, investigations are ongoing 

and still needed to develop cost-effective ways of reducing thermal inertial in TES systems, as well 

as to enhance control of temperature of HTF flowing through the system. In this regard, it has been 
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proposed that TES systems should be designed and produced in smaller units, in the form of system 

cascading, instead of combining all the processes involved in one single unit as is currently 

common [68–70]. However, cascading is yet a more costly solution, and the design and 

construction intricacies have been reported to be more complicated than what obtain in single units 

[71,72]. This therefore necessitates further research efforts in this respect. Furthermore, another new 

area of TES research involve the use of granular particles both as storage media and HTF, adopting 

mechanical devices to circulate granular particles [73,74].    

2.2.3 Biomass energy  

Organic resources produced when animate and inanimate living species undergo metabolic 

processes are generally referred to as biomass [75]. Based on their origin, biomass resources can be 

classified as agricultural biomass, forest biomass and renewable wastes, which encompass industrial 

and municipal wastes [76]. Agricultural biomass are typified by energy and rotation crops and their 

residues, while raw forest woods and their residues are generally grouped under forest biomass [77]. 

Biomass resources can take any of solid, liquid or gaseous states, depending on the generation 

source. It is however widely acknowledged that solid biomass resources are the most abundant and 

commonly used ones [78], and they are the focal point in this study as well. Depending on intended 

application, biomass resources could be used directly as obtained from their sources, and they could 

be further treated and upgraded before usage [79]. Common upgrading mechanism of solid biomass 

include pelletization, pyrolysis and torrefaction, amongst others [80].  

The product streams that are obtainable from biomass could be classified based on targeted sector 

of application, as: energy biomass products, transportation biomass products and industrial biomass 

products. In the energy sector, biomass could be processed to produce heat, which could be used 

directly or converted into electricity as a single product or also in addition to heat, known as 

combined heat and power (CHP) production. In addition, biomass could be used for producing 

chemical energy in form of fuels, which could be processed for various applications in the energy 
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sector. In the transportation sector, biomass could be processed into liquid and gaseous fuels which 

could be used directly or indirectly to drive vehicular engines. The produced fuels from biomass 

resources are generally known as biofuels [81]. More so, it has been proven that biomass resources 

are suited for production of raw materials and fuels needed directly in some industrial processes, 

such as bio-refining, biomaterials, biochemical and charcoals [82,83]. An overview of various 

sources and obtainable products from biomass is represented in Figure 2.4. 

 

Figure 2.4: Overview of biomass resources and common products [80]. 

Furthermore, depending on the intended products from biomass conversion, there are generally two 

conversion processes, known as biochemical and thermochemical conversion processes. In 

biochemical conversion, biomass resources are either fermented or digested to obtain desired 
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products [84]. Digestion could take place in the presence of oxygen, in which case it is called 

aerobic digestion, or in its absence, in which case it is known as anaerobic digestion [85]. On the 

other hand, thermochemical biomass conversion technologies are used for producing heat from 

biomass, which is the focal point in this study. The technologies generally employ combustion, 

gasification and pyrolysis (including liquefaction) processes for biomass conversion [86]. Some 

studies have also mentioned hydrothermal and hydrolysis processes [87,88], which are however 

downplayed in this review study. Combustion process could be direct or indirect, depending on 

whether hot combustion flue gases are used directly for intended applications, or if they are 

recovered and utilized through other heat transfer processes, for instance in steam production for 

power production, etc. Different types of devices are applicable for biomass combustion process, 

such as boilers, furnaces, ovens, driers and kilns [89]. For biomass gasification, solid biomass 

undergoes thermally-driven phase change conversion to mixture of gases, usually called syngas 

[90]. The syngas so produced is combustible, and it could thus be burnt for heat, electricity or CHP 

production [91]. Also, syngas obtained from biomass gasification process could be further 

processed into fuels and chemicals, such as is done in bio-refining processes [92]. Heat required for 

biomass gasification process could be obtained externally through heat exchangers, or by partial 

oxidation reaction [93]. Common biomass gasifiers are in the form of fixed and fluidized bed 

reactors, which include updraft/downdraft gasifiers and circulating/bubbling fluidized bed reactors, 

respectively [94]. Other gasifiers include entrained and plasma types [94]. Then, by decomposing 

biomass in the absence of oxygen, it is possible to transform it simultaneously into liquid, gas and 

charcoal, a conversion process generally called pyrolysis [95]. It is possible to influence pyrolysis 

process in favour of one form of the products over the others. For instance, by employing fast 

heating rate process, more of liquid biofuels are produced (liquefaction process), while extremely 

slow heating rate process yields charcoal substantially [96]. Several research efforts are ongoing 

and more are still needed to optimize pyrolysis processes for enhanced techno-economic and market 
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penetration potentials [97–99].  An overview of common conversion technologies of solid biomass 

is also represented in Figure 2.5.  

 

Figure 2.5: Common biomass conversion processes [80]. 

Overall, current research efforts are directed at improving available conversion technologies of 

biomass, for enhanced technical, economic, social and environmental performance metrics [86]. 

Also, suitability and sustainability of different biomass resources for specific industrial applications 

are being studied widely nowadays, especially as it concerns industrial processes with high-

temperature requirements, exemplified by steel and cement industries, etc. [87]. These efforts 

should be intensified in the nearest future, especially with a mind of promoting new areas of 

applications of biomass resources, perhaps as direct substitutes for fossil fuels. In addition, 

integration of biomass-fired or biomass-coal co-fired plants with carbon capture and storage 

facilities should be examined from technical, economic and environmental points of view, for 

possible achievement of negative emissions of carbon dioxide. More so, such assessment should be 

decentralized, as biomass resources available in each country are different, and so are diverse 

politically-motivated policies and social acceptance that are in place.       

2.2.4 Organic Rankine Cycle plant 

Organic Rankine Cycle (ORC) refers to a form of classical Rankine cycle plant that uses organic 

substance as working fluid, in place of water used in conventional cycle, basically for the purpose 



22 

 

of converting low-temperature thermal energy to electrical energy [100]. The history of ORC is 

dated back to the year 1826, when means were being sought for making valuable use of thermal 

energy being rejected from condenser of steam reciprocating engines [7]. In particular, the first 

notable effort proposed that ether should be vapourized by steam condensate from a combined 

vapour cycle used for ship propulsion [7,101]. However, the progressive development of ORC 

technology was not consistent, due to myriads of challenges encountered by the first proponents. At 

a time, scientific activities on the technology were stopped, before the renewal of interest re-

surfaced around the year 1935. Steady progress was then recorded between 1975 and the beginning 

of the 21
st
 century, when rigorous commitments were directed at improving and enhancing 

commercialization of the technology [101]. Today, it has become a widely investigated technology 

for exploiting energy sources with low temperature, generally below 500 
o
C [7]. In fact, as at the 

end of the year 2016, there were about 1754 ORC units installed globally, with total capacity of 

about 2.7 GW, designed and built by about 27 manufacturers who are currently players in the ORC 

technology business [101]. At the moment, ORC is being widely applied for exploiting thermal 

energy of various renewable resources, including solar thermal, biomass and geothermal, etc. [102]. 

In addition, it is being hugely deployed for recovering useful but limited thermal energy from 

various industrial and ancillary processes [103]. More so, ORC has the advantage of being scalable, 

which makes it appropriate for medium/small scale applications, as well as for micro applications 

[104]. 

Similar to conventional Rankine cycle plants, there are basically four processes involved in power 

production from ORC. First, organic working fluid at low temperature and pressure is pumped for 

increased pressure head. Second, the pressurized organic fluid is heated and vaporized in 

evaporator, by heat exchange process with the adopted heat transfer source. Third, the vapourised 

organic fluid at high pressure is expanded through a combined expansion device and electricity 

generator (turbogenerator). Fourth, the expanded organic fluid is cooled to its starting temperature 

in the condenser, and the cycle continues [102]. Schemes showing the basic ORC components and 
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processes are illustrated in Figure 2.6. However, some modifications are possible to the above 

highlighted cycle processes, in order to improve system efficiency and based on the peculiar 

constraints imposed by the choice of heat source. For instance, it is common nowadays to recover 

thermal energy of the expanded vapour and use it to preheat organic working fluid before it receives 

further vaporizing heat from the thermal source [105]. The process is generally referred to as 

internal recuperation/regeneration, and the heat exchanger used is often called 

recuperator/regenerator. Similarly, it is common to superheat organic working fluid using thermal 

energy from the source, prior to the expansion process in turbine, for improved fluid quality at 

turbine exit, which is aimed at preventing possible damages to the expansion device [106]. In the 

same vein, expanded working fluid often needs to be subcooled at the end of expansion process, to 

bring it to the temperature adequate for pressure increase process in the pump [107]. As 

aforementioned, some of these cycle modifications are often necessitated by the nature of heat 

source intended to be exploited, and it is thus usual for ORC designers to investigate the appropriate 

cycle configuration as part of design process [108]. There are now many organic substances that are 

suitable for applications as working fluid in ORC, including fluid blend/mixture. Design procedures 

also often include selection of adequate working fluid that would optimize the system for an 

intended application, considering all of technical, economic and environmental aspects of plant 

operation [109].  

 

Figure 2.6: Basic ORC components and processes [102]. 
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Furthermore, as hinted earlier, ORC plants are applied for various heat recovery and power 

production processes in diverse industries. In the maritime industry, ORCs are used for recovering 

heat from ship propulsion engines, which could then be used to generate heat and/or electricity 

needed for ship internal operation, thereby promoting energy self-sustenance [110]. A similar thing 

is now practiced in the oil and gas industry, where ORCs are used for recovering rejected thermal 

energy from oil and gas offshore platforms, for electricity production [111]. Also, ORC plants are 

being applied for heat recovery in cement industry [112], ceramic industry [113], glass industry 

[114]  and steel industry [115], just to mention a few. All these are in addition to direct applications 

for production of electricity, heat and/or CHP from renewable sources by power companies [116]. 

Clearly, the potential market for ORC technology is enormous, and this justifies the huge efforts 

being currently deployed for its progressive development in all fronts.    

However, there are some notable challenges with ORC plants, especially as it concerns low thermal 

efficiency, high costs of implementation as well as high energy losses due to thermal instability of 

sources [117]. Thus, research efforts are ongoing to ameliorate some of these challenges, to pave 

way for improved market penetration. At the moment, researchers are investigating sustainable 

ways of integrating ORC plants with various heat sources, leading to hybridization of stable 

renewable energy sources with transient ones, which is the basis for the research study being 

reported in this compendium as well [118]. In addition, efforts are being made to investigate novel 

ways of designing and operating ORC components and units, for improved performance which 

would lead to increase in efficiency of the overall plant [119,120]. This includes integration of ORC 

plants to systems using other technologies, as topping or bottoming cycle, to form combined energy 

and water desalination plants [121], for instance. More so, vast efforts are ongoing to investigate 

cost-effective working fluid that would optimize performance of ORC components by reducing 

exergetic losses, thereby improving efficiency. This has attracted huge scientific and financial 

dedications to the study of fluid mixtures as potential working fluid in ORC applications [122].  
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All these efforts should be further intensified in the future to make ORC plants more attractive in 

economic terms, especially in small/micro-scale applications that could be valuable for distributed 

power generation. Moreover, better control and management strategies should be developed for 

ORC plants, in order to enhance dispatchability and system stability.  

2.3 Brief literature review on hybrid CSP-Biomass plants and adopted analyses 

methods  

2.3.1 Review of studies on hybrid CSP-biomass plants 

Concentrated solar power is one of the freely available renewable energy sources that are being 

promoted aggressively for cleaner power production. And as aforementioned, ORC is a key 

technology that enables power conversion of low thermal power, including CSP systems at small 

and medium scales. This has led to substantial interest in solar-based ORC plants, as substantiated 

by the quantity of studies available in the literature on design, analysis and optimization of such 

systems [123]. However, practical implementations of the studied configurations are not quite 

embraced as yet. For instance, Petrollese et al. reported that only eleven real CSP-ORC plants in the 

range of 50 kW - 5 MW exist around the world [9], all of which currently perform poorly in 

thermo-economic terms. One reason that is attributed to difficulty in implementation is diurnal and 

seasonal fluctuations of solar irradiation. This often leads to low plant reliability and 

dispatchability, a scenario that badly impact system techno-economic performance.  

Consequently, a number of solution strategies are currently being deployed in real CSP-ORC plants. 

These include integration of thermal energy storage (TES) devices, which has attracted huge 

scientific and economic efforts in recent times [10]. In addition, hybridizing solar systems with 

other dispatchable renewable energy resources is another solution strategy being vigorously 

investigated [11]. And since geothermal and biomass are among the most dispatchable of all 

renewable energy resources, their suitability for hybridization with solar systems in ORC plants are 

widely studied. For instance, Heberle et al. [124] demonstrated the techno-economic benefits of 
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retrofitting an existing geothermal ORC plant with a CSP system. Also, the practicality of this 

concept has been realized at the Still Water hybrid geothermal-CSP project in Nevada, USA [125]. 

However, in a situation where a solar ORC plant is the base system in existence, hybridizing a 

geothermal system would be capital intensive. The location of such plant might also not be feasible 

for exploiting geothermal resources, due to unfavourable ecological features. In this case, biomass 

hybridization would be a better alternative, and this has necessitated the outlook of this study. 

Several authors have analysed different economic and technological perspectives of CSP-biomass 

hybridization schemes in literature. Powell et al. [4] discussed cases of CSP-biomass hybridization 

in their study, highlighting their merits and setbacks. Also, Hussain et al. [126] synthesized the 

level of technological maturity of different CSP technologies, for hybridization with biomass. They 

reported that Solar Tower (ST), Parabolic Trough (PT) and Linear Fresnel (LF) configurations are 

most technically viable, in that order. However, most of the few existing CSP-ORC power plants 

currently operating around the world adopt PT technology [9]. Although the optical efficiency in LF 

collectors is lower, as aforementioned, it exhibits much improved economic potentials over the 

other collector types [127].  

In the case of biomass, several studies examined the suitability of different fuels and thermal 

conversion technologies for hybridization with CSP plants [128,129]. Anvari et al. [130] proposed a 

solar hybrid scheme to enhance power generation in a biomass gas turbine power plant. The hybrid 

plant is rated at 15 MW, inclusive of a bottoming steam turbine plant. They reported that 

incorporating solar system to the biomass combined cycle plant increased power generation by 25% 

and reduced CO2 emission by 31%. Liu et al. [131] analysed two different schemes for hybrid CSP-

biomass plants. The two schemes adopt biomass gasification conversion process. CSP is employed 

in the gasification process, to produce the so called solar fuel. The produced syngas is then 

converted to electrical power, through combined Brayton-Rankine cycle plant in one case. In the 

other case, the syngas produced from biomass gasification is fired, for direct utilization of 

combustion heat by the power block. Similarly, Bai et al. [132] analysed the use of CSP-driven 
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biomass gasification and biomass pyrolysis processes. They demonstrated that integrating CSP 

system into a two-stage gasifier improved energy efficiency of the system by 26.7%. In another 

study, Bai et al. [133] demonstrated the suitability of direct biomass combustion process for CSP 

hybridization. The proposed hybrid CSP-biomass power plant is rated at 50 MW. Thermal power 

obtained from biomass boiler and PT collectors is used in sequence, for producing superheated 

steam, used for driving a Rankine cycle, for electricity generation. Suffice it to submit that the use 

of solar power for gasification of biomass to produce syngas is quite interesting. However, in a case 

where a stand-alone CSP-ORC power plant is already in operation, the gasification technology 

could be complicated. Furthermore, additional investments might worsen the profitability prospects 

of the hybrid gasification system. In this light, Hussain et al. [126] attempted to evaluate techno-

economic suitability of different biomass conversion technologies for CSP hybridization. The 

authors reported that direct biomass combustion is the most preferred for hybridization with CSP 

plants. This, according to them, is due to lower capital investment and operational costs, which is 

able to make up for low technical performance. 

From the foregoing, it could be inferred that retrofitting a direct biomass combustion furnace with 

CSP-ORC plant could allow for techno-economically favourable implementation. Biomass-ORC 

and CSP-ORC plants have much equipment in common, and this would facilitate existing CSP-

ORC plants to be easily retrofitted with biomass furnace, and vice versa. In fact, a number of recent 

studies have examined different schemes in this context. Sterrer et al. [134] proposed hybridization 

of CSP system with existing biomass-ORC combined heat and power (CHP) plant. The presented 

plant operates in Salzburg, Austria. Temperatures of some operational points of the biomass-ORC 

plant markedly deviate from nominal conditions. Thus, PT collectors were proposed for indirect 

hybridization into the system, to maintain thermal stability. Similarly, Zourellis et al. [135] 

presented operational information for a biomass-ORC CHP plant. They reported the technical 

performance of integrated PT collectors to the plant, which is located in Denmark. The studied plant 

is acclaimed to be the first of its kind in the world, and it started operations in the summer of 2017. 
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Furthermore, Soares and Oliveira [136] analyzed biomass hybridization scheme for a mini ORC 

power plant, rated at 60 kW. The heat source consists of PT collectors and micro biogas boiler. The 

study was conducted in the framework of REELCOOP project, which was co-funded by the 

European Union (EU). The authors submitted that biomass hybridization improved the technical 

performance of the system, increasing annual energy yield by 6.2 %. Desideri et al. [137] presented 

a mini CSP-biomass-ORC-CHP plant for application in buildings, in the framework of the EU-

founded BRICKER project. The employed hybridization scheme is indirect. The heat transfer fluid 

is first heated in the PT collectors, before the temperature is further raised in biomass boiler. The 

aim of the project was to demonstrate the potentials to meet energy demands of buildings by fully-

renewable energy systems. Pantaleo et al. [138] also presented hybrid CSP-biomass scheme for 

CHP generation. The plant consists of a topping externally-fired gas turbine system, utilizing 

thermal power from both PT collectors and biomass furnace in series. Then, gas turbine exhaust 

heat is recovered, for use as heat source for a bottoming ORC-CHP plant. The authors demonstrated 

the flexibility of the presented system, in terms of both technical and economic performance. 

However, they reported that incorporation of CSP into existing biomass-only plant reduces 

economic viability of the plant. In another study, Pantaleo et al. [139] presented a similar scheme, 

with the novelty of using a molten-salt TES systems for transferring exhaust heat from the topping 

Brayton cycle to the bottoming ORC. They reported levelized cost of electricity of about 140 

€/MWh for the system, and investment return rate of around 15%. 

All the above-cited studies have clearly demonstrated the viability of CSP-biomass hybridization 

concept. However, none of them clearly illustrated the techno-economic potentials of retrofitting 

existing CSP-ORC plants with direct biomass combustion system. In fact, majority of the studies 

started with biomass system, and then integrated CSP for process upgrade. Since many existing 

CSP-ORC plants are not able to operate at minimum load and follow scheduled power profile, this 

study led the focus on the improvement of such systems. Despite the integration of TES systems in 

modern designs, most CSP-ORC plants are usually shut down for several hours within the year. 
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This is usually due to insufficient TES capacity, as economic implications of implementing large 

TES systems and solar fields are often not favourable. Furthermore, TES systems could be 

characterized with thermal instability, due to imperfect insulation and fluctuating temperature of 

Heat Transfer Fluid (HTF) from CSP system. It is therefore essential to study a retrofit 

configuration that is able to better salvage the aforementioned challenges with existing CSP-ORC 

plants in practice, for enhanced plant management with respect to dispatchability. This essentiality 

led to the first objective addressed by the study reported in this thesis; to propose and assess a 

conceptual parallel hybridization scheme, for biomass retrofit to existing CSP-ORC plants, as 

presented in Chapter 3. 

2.3.2 Review of organic mixture as working fluid in solar-biomass ORC applications  

As a consequence to the global rise in campaigns for the promotion of ORC for exploiting 

renewable energy resources, efforts are being hugely deployed to ameliorate the problems of low 

efficiency and high costs of implementation, as highlighted earlier. Amongst others, one area of 

potential improvement that has been identified in literature is application of mixture of organic 

working fluids in ORC systems [140]. In addition to potential improvement of ORC efficiency, 

adoption of fluid mixtures in ORC expands the selection range of working fluids for different 

applications [141]. And considering the recent restrictions of some fluorinated pure working fluids 

due to environmental concerns [142],[143], substantial research efforts are desired for identification 

and assessment of acceptable mixtures for different ORC applications. 

Premised on this reality, several recent studies have focused on the use of mixtures of different 

classes of fluids as working media in ORC. Aghahosseini and Dincer [144], Chen et al. [145], Zhao 

and Bao [146], Su et al. [147] and Chys et al. [148] all showed by comparative thermodynamic 

analyses that mixtures of selected refrigerants are prospective in generic low-temperature ORC 

power generation plants. Other authors have directed their studies on specific heat source 

applications. For geothermal ORC plants, Heberle et al. [149], Radulovic and Beleno Castaneda 
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[150], Kang et al. [151], Liu et al. [152] and Yue et al. [153] proved the thermodynamic benefits of 

using zeotropic mixtures, for different ORC configurations and class of fluids. Notable among their 

findings is the ability of zeotropic mixtures to reduce irreversibility in condenser, thereby increasing 

cycle efficiency. The reason for this is non-isothermal phase change process exhibited by zeotropic 

mixtures in condenser and evaporator. Also, the authors reported that matching temperature 

difference of cooling medium with condensation temperature glide further improves 

thermodynamic gains of zeotropic mixtures. Similarly, in the case of ORC plants for waste heat 

recovery applications, Ge et al. [154], Xi et al. [155], Song and Gu [156], Li et al. [157], Braimakis 

et al. [158], Yang et al. [159], Shu et al. [160], and Zhang et al. [161] all highlighted the 

thermodynamic merits of zeotropic mixtures over pure fluids. It can be inferred from their diverse 

studies that temperature range of heat source has considerable effects on selection and performance 

of mixtures as ORC working fluids. In case of high temperature sources, mixtures of fluids 

belonging to siloxane class were reportedly suitable, alongside toluene, amongst others. In 

particular, for siloxane mixtures in ORC waste heat recovery applications, Weith et al. [162] 

studied the potentials of mixtures of hexamethyldisiloxane (MM) and octamethyltrisiloxane (MDM) 

for power-only and combined heat and power generations. For power-only ORC plant, they 

reported 1.3% increase in exergetic efficiency when 97/03 wt % MM/MDM-mixture is used, 

relative to best pure component. In the case of cogeneration, the study highlighted that mixture 

benefit is even higher, with 60/40 wt % MM/MDM-mixture showing 3% more exergetic efficiency 

relative to pure fluid. Furthermore, a survey of literature shows that studies are quite few on the 

adoption of fluid mixtures in solar ORC applications [163]. For this application field, Zheng et al. 

[164], Wang and Zhao [165], Wang et al. [166], Mavrou et al. [167] and Habka and Ajib [168] all 

demonstrated that fluid mixtures in ORC are more beneficial to system thermodynamic 

performance, relative to pure fluids. These include dedicated studies of selected working-fluid 

mixtures, as well as Computer Aided Molecular Design (CAMD) of working fluid compositions. 

For biomass and hybrid solar-biomass ORC applications, no dedicated studies on performance of 
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mixtures as working fluids were found in the state-of-the-art. From the foregoing, it is clear that use 

of working-fluid mixtures in different ORC applications is favourable to thermodynamic 

performance.  

However, thermodynamic improvement alone is not sufficient to facilitate market penetration of 

any emerging technology. Beyond performance, investors and policy makers are often more 

interested in economic viabilities and returns on investments. Based on this reality, economic 

aspects of supposed benefits of mixtures in ORC applications have attracted some attention in the 

state-of-the-art in recent times. In their study, Le et al. [169] maximized exergy efficiency and 

minimized levelized cost of electricity (LCOE) in a subcritical ORC power plant. The study 

considered n-pentane, R245fa and their mixtures as working media, for waste heat recovery 

application. They reported that thermodynamic and economic performances of 0.95n-

pentane/0.05R245fa and 0.9n-pentane/0.1R245fa were comparable to that of n-pentane, which is 

better than that of R245fa. Heberle and Brüggemann [170] applied thermo-economic principles to 

evaluate performance of zeotropic mixtures in geothermal ORC power plants. Since it was 

established that mixtures increase ORC efficiency, the authors aimed to investigate if the efficiency 

increase overcompensates additional economic requirements on main components. They studied 

various combinations of popular ORC working fluids, at diverse temperature range of geothermal 

heat source. As reported, for about 160 
o
C geothermal water heat source, mixtures like 

propane/isobutene, isobutene/isopentane and R227ea/R245fa could be more prospective than most 

efficient pure fluids, in economic terms. They equally identified prospective mixtures for other 

temperature values, and submitted that zeotropic mixtures are equally promising for enhanced 

economics of geothermal ORC plants. In another study, the same authors [171] studied thermo-

economic performance of zeotropic mixtures in ORC for waste heat recovery application. For a 

subcritical ORC with heat source temperature of 150 
o
C, they showed that specific cost of power 

production using pure isobutene is lower than if isobutene/isopentane mixture were the working 

fluid. However, mixture performed better than R245fa and isopentane, in terms of the ORC specific 
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cost of power production. Furthermore, Oyewunmi and Markides [172] studied thermo-economic 

and heat transfer performance of working-fluid mixtures in geothermal ORC applications. For 

geothermal water of 98 
o
C, the authors reported that 0.5n-pentane/0.5n-hexane as well as 

0.6R245fa/0.4R227ea were thermodynamically more efficient than all pure components considered. 

However, these mixtures were reportedly less efficient in economic terms, with costs per unit power 

output being 14 % more than what was obtained for pure fluids. Feng et al. [173] compared thermo-

economic optimization of pure and mixture working fluids in generic low-temperature ORC system. 

With exergy efficiency and levelized energy cost as objective function, optimal operation 

parameters were identified by Pareto front analysis. The authors reported that better exergy 

efficiency obtained for mixtures were at the expense of levelized energy costs. In another study, 

Feng et al. [174] presented contrasting results obtained from their study on Pareto-optimal analysis 

of R245fa, pentane and their mixtures, for generic low-temperature ORC plants. They reported 

exergy efficiency of 52.12% for 0.5pentane/0.5R245fa mixture, as against 54.25% for pure pentane 

and 55.02% for pure R245fa. For optimized levelized energy cost, the authors submitted that value 

obtained for 0.5pentane/0.5R245fa mixture is higher than that of pure pentane by about 3.7%, but 

lower than that of R245fa by about 2.8%. In their study, Yang et al. [175] investigated thermo-

economic performance of R1234yf/R32 mixtures in transcritical ORC system for waste heat 

recovery applications. Composition of the studied mixtures with highest thermodynamic benefit 

was identified, and by incorporating economic aspects, the authors submitted that mixture 

performed better than pure fluids in thermo-economic terms. Specifically, they mentioned that 

mixture thermo-economic performance increased by 1.46% compared to pure R1234yf, and it 

increased by 4.88% compared to pure R32. Also, Kolahi et al. [176] compared thermo-economic 

performance of pure fluids and mixtures in simple and recuperated ORCs for waste heat recovery 

applications. They found that 0.6R236ea/0.4cyclohexane performed better than their pure 

components, and that the benefits are higher for recuperated ORC than non-recuperated ones. 

However, since addition of extra heat exchanger for internal recuperation amounts to additional 
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costs, system without recuperator performed better in economic terms. Dong et al. [177] reported 

that adoption of zeotropic mixtures in generic low-temperature ORC systems is not beneficial over 

pure fluids, considering joint thermodynamic and economic aspects. The authors studied R245fa, 

R123, R365mfc, R113 and their mixtures, considering 130 
o
C heat source temperature. In addition, 

Li and Dai [178] obtained that use of working-fluid mixtures in both recuperative and non-

recuperative ORC provide better economic performance than pure fluids.  

From the foregoing, it can be inferred that whether efficiency increase in ORC systems 

overcompensates additional costs due to larger sizes of components is a function of application 

area, heat source temperatures, amongst other boundary conditions. Although majority of findings 

from the detailed literature review summarized above insinuate that adoption of mixtures in ORC is 

not economically better than pure fluids, none of them included off-design effects in their presented 

thermo-economic studies. In fact, only three studies are found in literature on off-design analysis of 

working-fluid mixtures in ORC applications, to the best of author’s knowledge [179],[180],[181]. 

However, none of them investigated economic implications of mixtures under off-design 

conditions. They focused mainly on thermodynamic effects of heat source, sink and operating 

parameters on zeotropic performance in ORCs, as well as adjustment/tuning of mixture 

compositions. Considering that most real ORC plants actually work under off-design conditions, it 

is necessary to understand if thermodynamic benefits of zeotropic mixtures would outweigh 

additional economic burdens under these conditions. This knowledge gap is thus the second main 

scientific contribution addressed in this thesis, as highlighted in the second thesis objective 

aforementioned in chapter 1. In particular, thermo-economic performance of selected siloxane 

mixtures has been evaluated for hybrid solar-biomass ORC applications, under both design and off-

design operating conditions, which are reported in Chapter 5 of this thesis. Apart from leading the 

focus on off-design economic analysis of working-fluid mixtures in ORC, this section of the thesis 

also leads the focus on thermo-economic study of working-fluid mixtures in ORC for hybrid solar-

biomass applications.  
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2.3.3 Exergy-based methodologies for energy system analyses 

Exergy is a term used generally to describe quantity of energy available for conversion to work in a 

process. It is the useful part of energy, and an indication of quality of various energy forms with 

reference to a specific environment [182]. It is based on the Second Law of Thermodynamics, and 

the root of its formulation is also traceable to the era of development of the concept of availability 

of energy, based on the contributions of Clausius, Tait, Thomson, Maxwell and Gibbs in 1868 

[182]. Other authors defined similar theoretical hypotheses about the same time and afterwards, but 

notable practical applications are traceable to the 1930s, as a result of industrial growth and 

technological development witnessed at that time [182]. It should be particularly highlighted that 

the term exergy was coined in 1956 by Rant, and it remains a generally accepted terminology for 

the subject till date [182].    

Exergy analysis of systems and processes considers the quality of energy transiting system 

boundary, and takes due account of internal losses in system components or processes [182]. Thus, 

exergy balance and methodologies are considered to be more essential for assessing the 

performance of energy systems nowadays, relative to energy balance and analyses. While energy 

analysis gives overall conversion efficiency in a multi-component system, exergy analysis goes 

further to quantify losses and their distributions across the whole system [182]. Such information is 

being sought in practical applications, to identify system components to which much attention 

should be directed in order to improve overall system performance.  

Application of the concept of exergy traditionally entails establishing exergy balance for each 

system component, based on the type and functions intended for the respective components. To 

begin with, inlet and exit exergy entering or leaving each control volume (component/system) are 

defined. This includes exergy due to thermal energy transfer and actual mechanical work transfer 

between the control surface and the reference environment [183]. Then, the balance of total input 

exergy and total output exergy are obtained for each control unit, to quantify loss exergy in the unit. 

The most popular conventional metric used for assessing exergetic performance of a system is the 
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exergy efficiency, which is defined as the ratio of total output exergy from a control volume to total 

input exergy [183]. The concept of exergy method for system analysis has been extended to thermo-

economic analysis, in an approach generally known today as exergoeconomic or exergy cost 

analysis [184–186]. Exergoeconomic analysis integrates economic principles with exergy concepts, 

to define flow of investment and operational costs in a system, as well as to investigate economic 

devaluations in a system as well as their locations. The exergoeconomic approaches widely applied 

nowadays have been termed specific exergy cost (SPECO) approach [187] and the exergy cost 

theory [188,189].  Similarly, conventional exergy concept has been integrated into environmental 

impact assessment of systems, in a term generally known as exergo-environmental analysis [190], 

which includes life cycle assessment of different processes [191,192]. In addition, further 

development of exergy and exergoeconomic assessments have been proposed in the state of the art, 

particularly in a bid to examine the parts of destroyed exergy and lost exergy costs that could be 

avoided, and the parts that are unavoidable [184]. Based on  this, exergy and cost losses in a 

component due to its internal operations (endogenous irreversibility) and those due to its interaction 

with other components (exogenous irreversibility) are defined, and the concepts of avoidability and 

unavoidability are integrated [193]. These analyses generally lead to what is now being referred to 

as advanced exergy and advanced exergoeconomic analyses in the state of the art [194–196].       

Furthermore, although the area of application of exergy concept mostly concerned with this study is 

for energy system analysis; the concept is equally applicable to many other types of systems. For 

instance, exergy analysis has proven to be a veritable tool in assessing depletion level and flow of 

natural resources on earth, known generally as exergoecology [197,198]. In fact, a website has been 

developed for this particular exergy application, amongst others [199], and these concepts are 

relevant for applications in resource-intensive industries such as manufacturing industry. Also, 

exergy analysis now finds applications in biomedicine, for assessing human body performance 

under physical activities [200], including thermal comforts of different body parts [201], and 

exclusively for studying blood flows in the human heart [202].  
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Specifically on the application of exergy and derived methodologies for assessing power plants, 

studies available in the open literature are too numerous to mention, but a few of the relevant ones 

are summarised here. For solar related systems, Wang et al. [203] demonstrated the usefulness of 

exergy and exergoeconomic assessment of a solar-assisted combined cooling, heating and power 

gas turbine plant. They stated specifically that energy and exergy efficiencies alone are not 

sufficient to express the impacts of integrating solar system into the gas turbine plant, but rather by 

incorporating exergy costs of the different products obtainable from the plant. Similarly, Nemati et 

al. [204] applied exergy and exergoeconomic methods to make an optimal choice between different 

configurations of a solar-driven organic flash cycles, using different working fluids. In the study, 

adoption of exergy and exergoeconomic performance metrics was claimed to affirm reliability of 

the selected optimal choice amongst the studied configurations. In the case of biomass-related 

systems, Soltani et al. [205] adopted exergoeconomic approach to assess and compare an 

externally-fired biomass plant with a similar plant co-firing biomass and natural gas. They 

demonstrated that although biomass-only system could be more prospective in exergoeconomic 

terms, its overall exergy efficiency is lower than when co-fired with natural gas, thereby enabling 

the adequate choice based on weight of interests. Also, Wang et al. [206] integrated system 

reliability assessment into exergoeconomic analysis in a modified exergoeconomic methodology, to 

examine cost flow in a biomass trigeneration plant. They reported that the applied modified 

exergoeconomic approach gave an insight into the fact that failure and repair rates of 

the gasification system largely influence the cost of products from the electricity generation 

system and the cooling system. They further stated that the specific exergy cost of the three 

products with reliability consideration increases by approximately 16%. In addition, for ORC 

applications, Behzadi et al. [207] applied exergoeconomic concepts to optimize a waste-to-energy 

plant in Tehran. They made comparative analysis on different working fluid that optimize the plant 

and selected the best, based on exergetic performance, and the components with highest sources of 

irreversibilities were identified to be gasifier and steam generator. More so, Dai et al. [208] 

https://www.sciencedirect.com/topics/engineering/gasification-system
https://www.sciencedirect.com/topics/engineering/generation-system
https://www.sciencedirect.com/topics/engineering/generation-system
https://www.sciencedirect.com/topics/engineering/exergy
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demonstrated the usefulness of advanced approach of applying exergy and exergoeconomic 

methodologies for assessing energy systems, based on generic ORC with different heat source 

considerations. Different hydrocarbons were compared, and the best was selected based on exergy 

analysis. Endogenous avoidable costs for the components were obtained, signalling the areas 

requiring utmost optimization efforts. The high point of the study is the submission that the exergy 

efficiency of ORC was improved by about 20% after the system was optimized using advanced 

exergy analysis. Equally important are the studies on application of exergy and derived 

methodologies to hybrid solar-biomass power plants. In this respect, Wang and Yang [209] 

analysed a solar-based biomass gasification combined power plant, highlighting specifically the role 

of exergy in assessing exploitability of each heat source, as well as their contributions to system 

thermodynamic and environmental performance. Likewise, Anvari et al. [210] studied 

exergoeconomic and environmental analyses of a solar-biomass combined cycle, by integrating 

solar system and steam turbine with a biomass plant. The studied exergy and exergoeconomic 

analyses enable the true measure of thermodynamic and economic impacts of the integrated units. 

Based on the foregoing short literature review, it could be affirmed that exergy-based and derived 

metrics give better insight into true capabilities and optimization potentials of energy and allied 

systems. And since the hybrid plant proposed in this study comprises a new retrofit scheme, it 

would be very adequate to assess it based on exergy approach, which forms the basis for the exergy, 

exergoeconomic, enhanced exergy and enhanced exergoeconomic analyses of the hybrid plant 

reported in Chapter 5. Although the methods are classical, they remain relevant and novel when 

applied to new system for the first time. Further definitions and mathematical expressions for 

different concepts of exergy are also reported in Chapter 4, alongside detailed application 

procedures to power plant analysis, as exemplified by the studied hybrid solar-biomass scheme.   
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2.3.4 Optimization of energy systems 

Optimization is the process of improving a system to facilitate its performance at its best capacity, 

based on specified criteria, and subject to given practical realities. It is a broad concept that cuts 

across many field of application, but the discussion here is limited to application to energy systems. 

In the 21
st
 century, it is desired that energy systems should have the highest possible conversion 

efficiency based on thermodynamic principles; the investment and operation costs should be very 

low; and emissions of greenhouse gases should be as minimum as possible, amongst others. These 

thermodynamic, economic and environmental requirements are thus the basis upon which energy 

systems are often optimized. The desired criteria in an energy system that prompt formulation of 

optimization problems are called objective functions [211], while the practical realities such as 

thermodynamic laws, established safety principles and government policies that must not be 

violated during optimization are generally known as constraints [211]. The objective function could 

be any one of the aforementioned desired criteria, to form a single-objective optimization problem 

[212]. But, based on the clamour for sustainable energy systems, it is required that plants should 

satisfy two or more of the aforementioned thermodynamic, economic and environmental criteria, 

which generally lead to formulation of multi-objective optimization problems [213]. In formulating 

optimization problems, the parameters of the system that could be varied to obtain the desired 

optimum system are called the decision or design variables, while those that must not alter are 

called independent variables [211]. The optimization procedures are often integrated as part of 

design process for new systems [214], in which case it is possible to obtain optimum process and 

geometric design parameters. However, it is also a common practice to optimize existing systems 

on the field for improved performance, in form of plant upgrade or retrofit [214]. 

The methods generally used for energy system optimization are in three categories: 

technical/analytical approach, mathematical methods and metaheuristic approach (artificial 

intelligence) [214,215]. Analytical approach to system optimization entails development of 

dedicated methods for improving the structures and parametric functions of a system. Suffice it to 
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mention that the aforementioned exergy, exergoeconomic and accompanying derived methods are 

in this category. Other examples of methods that have been formulated in this respect are: entropy 

generation minimization [216] and constructal theory for sizing energy systems [217], amongst 

others. Mathematical optimization techniques are quite vast and often require exclusive dedication 

for different applications. For application to energy systems, the most common methods include 

linear and non-linear programming [218], dynamic and integer programming [219], as well as 

combinatorial programming [220], just to mention a few. In the case of metaheuristic approach, it is 

common to find genetic algorithm [221], particle swarm optimization [222], fuzzy logic [223], and 

artificial neural networks [224] in application, amongst others. The adopted technique often 

depends on the nature and complexity of the optimization problem at hand. In most cases, some of 

these techniques are combined, to form hybrid optimization approach [225].  

Furthermore, the open literature is replete with studies adopting the aforementioned techniques for 

energy system optimization, beyond what could be contained in a single volume. Thus, only brief 

studies are reviewed here, exemplarily, particularly for systems related to solar, biomass, ORC and 

hybrid solar-biomass plants which are the focus in this study. Regarding optimization of solar-based 

energy systems, Bravo and Friedrich [226] presented an hybrid optimization scheme for a TES-

integrated combined CSP-photovoltaic (PV) plant in the framework of the Atacama-1 project. In the 

study, they employed multi-objective linear programming technique to optimize operational 

processes of the solar plant, while multi-objective genetic algorithms were also used for design 

optimization in succession. By this concept, the authors showed the importance of integrating 

design and operational optimization for hybrid renewable energy systems, for informed decision 

making process. Also, Vakilabadi et al. [227] demonstrated a possible structural optimization of a 

solar thermal power plant by adding heat and water recovery system, showing the possibility of 

marginally improving energy and exergy efficiencies. They reported that by further applying a 

genetic algorithm optimization approach, additional 0.91 MW power was perceived obtainable from 

the power plant. For biomass-based systems, Costa et al. [228] applied a model-based design of 
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experiment approach to improve electrical power output in a micro combined heat and power 

(CHP) plant powered by combustion of syngas obtained from woodchip gasification process. The 

micro CHP plant had been in operation, and the study objective was to obtain optimal operational 

parameters with no adjustment made to the existing plant design. They reported that electric power 

of the system could be improved by 6 %. Similarly, Han and Kim [229] optimized the process of 

applying a plant biomass (empty fruit bunch) as fuel in a power plant, by integrating drying process 

into the design and workings of the power plant. They reported that the implemented process 

optimization reduced the water content of the biomass fuel, and the conversion efficiency of the 

optimized plant increased by about 14 %. In the case of hybrid solar-biomass energy plants, Sahoo 

et al. [230] applied genetic algorithm technique to obtain optimal performance of a polygeneration 

plant, using energy, exergy and economic metrics as objective functions. The presented solar-

biomass scheme is indirect, such that solar thermal energy is used to upgrade thermal energy of the 

biomass heat transfer fluid (water), before it is expanded in steam turbine. They reported that the 

optimization approach enabled reduction in payback period of the plant. More so, Heydari and 

Askarzadey [5] showed by optimization study that a PV-biomass system could provide a reliable 

and economically competitive power plant for an off-grid rural application, using Kerman, Iran as 

study reference. By optimizing the size of PV and biomass conversion engine capacity, they 

obtained that the hybrid system is more prospective than either sole PV or sole biomass plants. 

Lastly for ORC plants, Lee et al. [231] presented a multi-objective optimization study based on 

genetic algorithm, for improving exergetic and safety performance of ORC exploiting cold energy 

from a liquefied natural gas plant. In particular, the authors adopted genetic algorithm technique to 

select working fluid that optimizes the ORC plant, using the internal process parameters as decision 

variables. In addition, Ozahi et al. [232] presented a multi-objective optimization scheme for an 

ORC plant, based on non-dominated sorting genetic algorithm (NSGA-II) technique. The studied 

ORC plant is a bottoming cycle to an existing solid waste plant, which recovers high temperature 

exhaust gases from the existing plant and utilizes it as ORC heat source to generate additional 
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power. By implementing NSGA-II, the authors were able to make informed decision on the 

working fluid and system parameters that would optimize the bottoming ORC, which was the 

essence of the study. 

As it can be inferred from the foregoing, integrating optimization approach to the design and 

operation of energy systems is often essential, being it a new system or retrofit. Sequel to this, 

NSGA-II optimization approach was adopted to obtain design parameters of the biomass system 

that would optimize the hybrid solar-ORC plant proposed in this study, the details of which are 

presented in Chapter 6.    

2.4 Summary 

Relevant studies available in the open literature have been briefly synthesized in this chapter. This 

way, an overview of the different technologies involved in the hybrid plant under discussion has 

been succinctly presented, including: CSP systems, TES systems, biomass energy systems and ORC 

plants. More so, the state of the art on CSP-biomass hybridization strategies has been reviewed, 

including use of mixtures as working fluid in ORC applications. In addition, relevant studies on 

applications of different exergy, exergoeconomic and optimization methodologies for energy plant 

design and analyses have been highlighted. All these clearly express the importance and novelty of 

the hybrid CSP-biomass ORC plant proposed in this study, as well as the essence of the techniques 

and methodologies adopted for analysing and optimizing the hybrid plant. Moreover, pointers were 

highlighted on the areas requiring further research based on the reviewed renewable energy 

technologies.  
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Chapter 3  

Conceptual Design and Techno-economic Assessment of 

Hybrid CSP-Biomass Plant  

3.1 Preamble 

The importance of hybridizing a dispatchable renewable energy source with transient solar-based 

power plants has been earlier underscored. This would enhance plant capacity factor; it would 

improve flexibility of energy supply and demand profile, thereby enhancing system reliability; it 

would reduce losses due to frequent shutdown and start-up of the power plant; thereby reducing 

operational costs of the system, amongst other benefits. This reality has led to extensive studies on 

hybridization of geothermal and biomass energy sources to other transient sources like wind and 

solar, as aforementioned in Chapter 2. However, due to geological and economic restrictions of 

geothermal wells, more emphasis is placed on biomass energy. In this regard, several authors have 

proposed different schemes of hybrid solar-biomass plants, which have also been reviewed in 

Chapter 2. However, there has not been a thought on how to improve existing CSP-ORC plants 

through biomass hybridization, in form of retrofit, which is one of the main contributions of this 

study. In particular, a hybrid CSP-biomass scheme has been proposed, which could be used in 

retrofitting existing CSP-ORC plants or in designing new fully-renewable hybrid solar power 

plants. The proposed hybrid CSP-biomass ORC plant is presented and analysed techno-

economically in this chapter. The analysis has been divided into two case studies. The first case 

study considers the hybrid plant as a retrofit to an existing CSP-ORC plant, using design features of 

a real system of this kind which currently operates at Ottana (NU), Italy as a study reference. In the 

second case study, novel strategies are proposed to size the CSP, TES and biomass boiler, as if they 

would be built newly, but also using the characteristics of the existing ORC plant. Then, the retrofit 
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and newly-integrated case studies are compared, for comprehensive understanding of the potentials 

of the proposed hybrid CSP-biomass ORC plant. The specific objectives of this chapter are: 

 Identification of efficient biomass retrofit concepts for achieving high full-load operating 

hours in CSP-ORC plants; 

 Evaluation of these measures under economic aspects; 

 Application of ORC off-design models at component level and their validation by real 

power plant data; 

 Techno-economic comparison of the retrofit and newly integrated design case studies of the 

hybrid ORC power plant. 

Section 3.2 contains a more detailed description of the proposed hybrid CSP-biomass ORC plant; 

and methodologies implemented for design, off-design and techno-economic analyses of the plant, 

both for the retrofit and newly integrated design case studies. The results obtained for the two case 

studies are presented and discussed in section 3.3, while section 3.4 contains chapter summary.    

3.2 Methodology 

3.2.1 Current system configuration and the proposed hybridization 

The CSP-ORC plant currently running in Ottana (Italy) comprises of three main sections: the solar 

field, the two-tank TES system and the ORC plant. The solar field is based on six linear Fresnel 

collectors and it is characterized by an overall net collecting area of about 8400 m
2
. The Heat 

Transfer Fluid (HTF) is thermal oil with inlet and outlet solar field temperature of 165 °C and 275 

°C, respectively. The TES system is characterized by a storage capacity of 15.2 MWh, which 

corresponds to about 5 hours of ORC plant operation at nominal condition. The power generation 

plant is based on a regenerative Rankine cycle with a turbogenerator operated by an organic fluid 

(hexamethyldisiloxane) and characterized by an electrical net power of about 630 kW. Table 3.1 

reports the main characteristics of the reference CSP-ORC plant.  
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Table 3.1: Design characteristics of solar field, TES system and ORC unit at the Ottana solar 

facility [9] 

Plant location data TES system 

Location Ottana (Italy) Storage medium Therminol 

Latitude/longitude angle 40.23
o
/9.23

o
 Storage capacity 15.2 MWh 

Mean ambient temperature 17 
o
C Tank useful volume 330 m

3
 

Solar field  ORC unit (design conditions) 

Heat transfer fluid Therminol HTF mass flow rate 11 kg/s 

HTF inlet/outlet temp. 165
o
C /275

o
C HTF inlet/outlet temp. 275/165°C 

Collector focal length (FL) 4.97 m Organic fluid C6H18OSi2 

Collector length (L) 99.45 m Cooling fluid Water 

Reference optical efficiency (ηopt) 65.5% Cooling inlet/outlet temp. 20/35°C 

Cleanliness efficiency (ηcln) 98% Net electrical power 630 kW 

 

Starting from the current configuration, the conceptual scheme of the proposed hybrid solar-

biomass system is schematically shown in Figure 3.1. It involves placing a modular biomass 

combustion furnace in parallel to the solar field, such that both heat sources can directly and 

independently satisfy fractional thermal input requirement of the ORC plant. In the solar section, 

the thermal energy produced by the solar field is directly sent to the ORC unit as a first option. In 

case of an overproduction with respect to the ORC nominal thermal energy requirement, the surplus 

energy is stored in the TES hot tank for a postponed usage. A three-way valve located upstream the 

ORC inlet side manages the HTF mass flow rates between solar (HTF_S) and biomass (HTF_B) 

sections. The total HTF mass flow rate (HTF_T) supplied to the ORC depends on the management 

strategy adopted for biomass furnace operation. For the assumed subcritical configuration for the 

existing ORC plant, heat addition process takes place in separate single-phase (pre-heating) and 



46 

 

two-phase (evaporation) heat exchangers. After evaporation process, the organic fluid is expanded 

in a turbogenerator, for power production. Some residual heat available in the expanded organic 

fluid is recovered internally before condensation of the organic fluid using water as cooling 

medium. Then, pressure of the liquid organic fluid is raised by a pump. Its temperature is increased 

using the internally recovered heat in the recuperator, before exploiting external thermal energy 

from hybrid solar-biomass system for cycle continuation. 

 

Figure 3.1: Conceptual scheme for hybrid CSP-biomass ORC plant. 

3.2.2 Biomass hybridization as retrofit to an existing CSP-ORC plant 

For the retrofit case study, the furnace was designed such that it is able to constantly supply a 

specified fraction of the thermal input requirement of the ORC, with the remaining fraction being 

satisfied by solar field and TES, depending on availability. In this study, two hybridization 

approaches based on two different plant management criteria were proposed:  
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 Fixed Hybridization Approach - fixed biomass supply, where biomass furnace constantly 

supplies a specified fraction of ORC thermal requirement, as minimum load. The share of 

ORC thermal power demand not covered by biomass furnace is supplied by thermal power 

from solar field at first. In the event that full-load ORC thermal requirement is yet to be 

satisfied, TES is discharged. Accordingly, biomass furnace nominal power (�̇�𝐹
𝐷) is 

determined as a share of the design thermal requirement of the ORC (�̇�𝑂𝑅𝐶
𝐷 ), by introducing 

a biomass retrofit fraction, 𝑏𝑅𝐹: 

𝑏𝑅𝐹 =
�̇�𝐹

𝐷

�̇�𝑂𝑅𝐶
𝐷

    (A3.1) 

For a given 𝑏𝑅𝐹, biomass supplies equivalent fraction of the specified value, relative to 

design thermal input requirement of the ORC. Minimum fraction of 40% was considered, to 

coincide with the minimum load thermal power required for the reference real ORC 

operation. In this case, about 1270 kW of thermal power is supplied by biomass furnace. 

 Modulating Hybridization Approach – modulating biomass supply, where biomass thermal 

contribution differs per time, such that it is able to make up the balance of thermal power 

required to satisfy ORC thermal input always at full load. Accordingly, the biomass furnace 

is sized to match the nominal ORC thermal power input. 

Specific mathematical models were developed in MATLAB [233], for evaluating the performance 

of CSP, TES and biomass systems, under both design and off-design operating conditions. Design, 

off-design and yearly performance of the ORC plant were simulated, using a combination of 

ASPEN Plus 8.8 and Aspen Simulation Workbook (ASW) [234].  

The following modeling assumptions were made in the study: 

i. The system operates at quasi-steady state. 

ii. All heat exchangers are thermally insulated to the environment, and pressure drops during 

operation are negligible. 



48 

 

iii. Empirically based on the existing plant, heat loss in TES due to imperfect insulation is 2% 

[9]. 

iv. Modular biomass combustion furnace with model-based control is considered [235]. The 

thermodynamic inefficiency is ameliorated by adjusting fuel consumption rate. Inefficiency 

due to unburned fuel and heat loss is 1%. 

v. Existing characterization of biomass fuel (Sardinian Eucalyptus) is adopted [236].  

Specific methods for modelling different sections of the hybrid plant are highlighted below. 

3.2.2.1 Solar field modelling 

The thermal power produced by a linear Fresnel CSP field per unit of collecting area (q̇SF) was 

obtained, using eq. (3.2) [23],[28]: 

�̇�𝑆𝐹 = 𝐷𝑁𝐼 ∙ 𝜂𝑜𝑝𝑡 ∙ 𝐼𝐴𝑀𝑇 ∙ 𝐼𝐴𝑀𝐿 ∙ 𝜂𝑐𝑙𝑛 ∙ 𝜂𝑒𝑛𝑑 − 𝑎1(𝑇𝑎𝑣 − 𝑇𝑎𝑚𝑏) − 𝑎2(𝑇𝑎𝑣 − 𝑇𝑎𝑚𝑏)2 − �̇�𝑝𝑙 (3.2) 

where 𝐷𝑁𝐼 is the direct normal solar irradiation; 𝜂𝑜𝑝𝑡, 𝜂𝑐𝑙𝑛, and 𝜂𝑒𝑛𝑑 are the reference optical, 

cleanliness, and end-losses efficiencies of the solar collectors, respectively; 𝐼𝐴𝑀𝑇 and 𝐼𝐴𝑀𝐿 are 

transverse and longitudinal Incidence Angle Modifier, which are functions of the respective 

transverse and longitudinal components of solar incidence angle (𝜃𝐿 and 𝜃𝑇); 𝑎1 and 𝑎2 are 

coefficients of receiver thermal losses (assumed equal to 0.056 W/m
2
K and 0.213·10

-3
 W/m

2
K

2
 

respectively [23]); 𝑇𝑎𝑣 is the mean of inlet and exit HTF temperatures in the solar field; 𝑇𝑎𝑚𝑏 is the 

ambient temperature; and �̇�𝑝𝑙 represents piping thermal losses. The 𝐼𝐴𝑀𝑇 and 𝐼𝐴𝑀𝐿 were computed 

according to the correlations provided by the LFC manufacturer of real solar ORC plant [9], as 

shown in Figure 3.2. In addition, end-losses efficiency was calculated as a function of 𝜃𝐿, focal 

length (𝐹𝐿) and collector length (𝐿): 

𝜂𝑒𝑛𝑑 = 1 −
𝐹𝐿

𝐿
𝑡𝑎𝑛 𝜃𝐿 (3.3) 

For other parameters in eq. (3.2), specifications of the real Ottana solar ORC plant were 

implemented for initial sizing of the solar field, as shown in Table 3.1. 
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Figure 3.2: IAM correlations with solar incidence angle. 

3.2.2.2 Biomass furnace modelling 

Characteristics of a small-scale biomass boiler were assumed for design and analysis, where 

combustion zone is separated from liquid-gas heat exchanger. HTF flowing at the liquid side is 

heated up by the hot combustion gases, predominantly through convective heat transfer. Residual 

thermal energy of the hot exhaust gases exiting the furnace is used for preheating inlet air. This 

boiler type is particularly suited for this study, owing to its model-based control capability [235].  

Sardinian Eucalyptus was considered as the biomass fuel in this study, due to its local availability at 

the plant location. Its detailed characterization had been reported by Mureddu et al. [236]. Table 3.2 

reports the fuel composition in dry basis, together with the main combustion furnace characteristics. 

An excess air value of 50 % was considered. With this value, the mass flow rate and temperature of 

hot combustion gases were obtained, through mass and energy balance of the combustion side:  

�̇�𝐵𝑖𝑜 + �̇�𝐴𝑖𝑟 = �̇�𝐺𝑎𝑠 + �̇�𝐴𝑠ℎ+ �̇�𝑢𝑚𝑏 (3.4) 

�̇�𝐵𝑖𝑜(𝐿𝐻𝑉 + ℎ𝐵𝑖𝑜) + �̇�𝐴𝑖𝑟ℎ𝐴𝑖𝑟 = �̇�𝐺𝑎𝑠ℎ𝐺𝑎𝑠,𝑖 + �̇�𝐴𝑠ℎℎ𝐴𝑠ℎ + �̇�𝑢𝑚𝑏𝐿𝐻𝑉 + �̇�𝐿𝑜𝑠𝑠 (3.5) 
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where �̇�𝐵𝑖𝑜, �̇�𝐴𝑖𝑟, �̇�𝐴𝑠ℎ and �̇�𝐺𝑎𝑠 are mass flow rates of biomass fuel, air, ash formed from 

biomass fuel combustion and combustion gases, respectively, while �̇�𝑢𝑚𝑏 and �̇�𝐿𝑜𝑠𝑠 are the 

unburned fuel mass flow rate and the thermal losses due to imperfect insulation of the combustion 

chamber respectively. Overall, these two energy losses were assumed to be 1% of the primary 

energy introduced in the furnace.  

It is worth highlighting that both the mass and energy balance of the furnace are satisfied during 

both design and off-design conditions. Thus, by assuming a constant air-fuel ratio, the gas 

temperature remains constant even during part-load operation of the biomass furnace. The modular 

biomass boiler regulates flow of biomass fuel at off-design conditions, such that the efficiency and 

technical parameters of the boiler are preserved.  

A counter-flow liquid-gas heat exchanger was considered for transferring biomass thermal energy 

to the HTF. The HTF inlet and outlet temperatures were taken to coincide with exit and entry 

temperatures of the ORC at design conditions. Based on the thermal power required from biomass 

furnace, HTF mass flow rate was thus obtainable. The heat exchanger behaviour at part load has 

been simulated, using the ε − NTU method. Starting from the required heat to be transferred to the 

HTF, the variation of convective heat transfer coefficients with mass flow rates was calculated. By 

direct consequence, the actual effectiveness of the counter-flow heat exchanger and the outlet gas 

temperature were obtained. 
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Table 3.2: Main characteristics of the biomass furnace [236]. 

Combustion furnace  

Fuel composition (dry basis) 

48.3 %C, 5.9 %H, 0.12 %N2, 38.47 %O2, 7.21 

%Ash  

Lower heating value (dry basis) 16.3 MJ/kg 

Moisture content 20 % 

Stoichiometric air-fuel ratio 5 

Excess air 50 % 

Specific heat capacity of ash 0.84 kJ/kgK 

Specific heat capacity of gas 1.36 kJ/kgK 

Temperature of hot gases (calculated) 1062 °C 

Liquid-gas heat exchanger  

HTF inlet/exit temperature 165/275 
o
C 

Minimum temperature difference  50 °C (design conditions) 

Gas heat transfer coefficient 150 W/m
2
K 

HTF heat transfer coefficient 900 W/m
2
K 

3.2.2.3 ORC modelling 

The technical parameters used in the ORC design correspond to those of the Ottana Solar Facility 

[9] and presented in Table 3.1. The complete design specifications are detailed in Table 3.3. The 

parameters tagged ‘obtained’ are output from the modelling tool, required to achieve the ‘specified’ 

parameters, which are real parameters of the reference plant.  

Given the intermittent nature of solar energy availability, solar ORC would normally perform at 

conditions that markedly deviate from those assumed for system design. It is therefore necessary to 

incorporate off-design analysis into ORC models, for comprehensive performance assessment. The 
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approach employed to account for off-design characteristics of the main ORC components are 

highlighted below. 

Table 3.3: Main characteristics of ORC design. 

Specified parameters  Obtained parameters  

Evaporation pressure 10 bar Evaporator pinch point 34.8 K 

Pump isentropic efficiency 80 % Recuperator pinch point 32.4 K 

Pump motor efficiency 98 % Condenser pinch point 12 K 

Turbine isentropic efficiency 85 % Condensation pressure 0.145 bar 

Electromechanical efficiency 92 % Cooling water mass flow rate 59.6 kg/s 

  Working fluid mass flow rate 9.3 kg/s 

  Design net efficiency  19.8 % 

  Design thermal power input 3177 kW 

3.2.2.3.1 Heat exchangers 

The correlation proposed by Manente et al. [237] was adopted in this study, to account for off-

design behaviour of heat exchangers, as given by eq. (3.6): 

𝑈𝑜𝑓𝑓 = 𝑈𝐷 (
�̇�𝑂𝐹

𝑜𝑓𝑓

�̇�𝑂𝐹
𝐷 )

𝑧

 (3.6) 

where �̇�𝑂𝐹 is the mass flow rate of organic fluid in the heat exchanger side of interest; z is an index, 

which depends on the geometry and function of heat exchanger concerned, as well as the working 

fluid; superscripts ‘off’ and ‘D’ represent off-design and design conditions, respectively. The values 

of z have been taken to be 0.15 in the evaporator, where the mass flow at the cold side (ORC 

working fluid) is of interest, 0.60 in the condenser, where the mass flow at the cold side (water) is 

of interest, and 0.67 in the recuperator, where the cold side (ORC working fluid at pump exit) is of 

interest. The choice of each of these values was based on information available in literature 

[237],[238]. 
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3.2.2.3.2 Turbine 

In order to model the effects that ORC deviation from design conditions would have on isentropic 

efficiency of the turbine, the equation proposed by Ghasemi et al. [239] was adopted: 

𝜂𝑇
𝑜𝑓𝑓

= 𝜂𝑇
𝐷 ∙ 𝑘ℎ ∙ 𝑘𝑣 (3.7) 

where 𝜂𝑇
𝐷 is the turbine isentropic efficiency under nominal conditions, 𝑘ℎ and 𝑘𝑣 relate to enthalpy 

difference of flow through the turbine and volume flow rate at turbine exit, respectively, definitions 

of which are expressed in eqs (3.8) and (3.9), respectively: 

𝑘ℎ = 1.398∆ℎ𝑇,𝑟
2 − 5.425∆ℎ𝑇,𝑟

1.5 + 6.274∆ℎ𝑇,𝑟 − 1.866∆ℎ𝑇,𝑟
0.5 + 0.619 (3.8) 

𝑘𝑣 = 0.038 + 2.588�̇�𝑇𝑒𝑥,𝑟 − 2.533�̇�𝑇𝑒𝑥,𝑟
2 + 1.117�̇�𝑇𝑒𝑥,𝑟

3 − 0.21�̇�𝑇𝑒𝑥,𝑟
4   (3.9) 

where ∆ℎ𝑇,𝑟 and �̇�𝑇𝑒𝑥,𝑟 are the ratios at off-design conditions to those at design conditions, for 

enthalpy difference of flow through the turbine and volume flow rate at turbine exit, respectively. 

With decreasing mass flow rate of the heat source, the mass flow rate of ORC working fluid 

flowing through the turbine is decreased. This leads to decrease in volume flow rate at turbine exit, 

as well as reduction in enthalpy difference. Overall consequence of this is reduction in turbine 

isentropic efficiency. 

3.2.2.3.3 Pump 

Similarly, deviation of mass flow rate of heat source from design value would have considerable 

effect on the volume flow of organic fluid through the pump. The off-design correlation 

implemented for the ORC pump relates to volume rate of flow through the pump and the actual 

isentropic efficiency. On the other hand, an effect of variation of volume flow rate on the pump 

differential head was assumed negligible. This is due to relatively low auxiliary energy 

consumptions of the pump. The implemented correlation is as follows: 

𝜂𝑃
𝑜𝑓𝑓

= 𝜂𝑃
𝐷 ∙ 𝑟𝑐 (3.10) 

where 𝑟𝑐 is the normalized curve obtained from a commercial ORC plant, defined by: 
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𝑟𝑐 = 0.00823 + 2.357�̇�𝑃,𝑟 − 1.710�̇�𝑃,𝑟
2 + 0.344�̇�𝑃,𝑟

3  (3.11) 

where �̇�𝑃,𝑟 is the ratio of volumetric flow rate through the pump at off-design conditions to that at 

design condition. 

3.2.2.4 Yearly performance assessment 

For yearly analysis based on the existing solar field area and TES capacity, hourly thermal energy 

from biomass furnace was simulated, depending on fractional thermal contribution desired from 

biomass. To obtain hourly thermal energy production from the solar field, Meteonorm software 

[240] was used for determining the meteorological data needed in eq. (3.2) for each hour of the 

reference study year. In addition, by integrating the TES capacity into the quasi-steady energy flow 

analysis, the defocused solar energy at each hour when TES is fully charged was estimated. 

Consequently, the hourly total thermal energy available for input into the ORC (𝑄𝑂𝑅𝐶) was 

obtained, and the heat source mass flow rate was thereby determined, as follows:  

�̇�𝐻𝑇𝐹_𝑇 =
𝑄𝑂𝑅𝐶

(ℎ𝐻𝑇𝐹_𝑇,𝑖 − ℎ𝐻𝑇𝐹_𝑇,𝑜) ∙ ∆𝑡
 (3.12) 

where ∆t is the time step, assumed equal to 1 hour. It is worth highlighting that a constant HTF 

mass flow rate (equal to the nominal one) is assuredly supplied to the ORC throughout the year in 

the modulating hybridization approach. Conversely, the adoption of fixed hybridization approach 

guarantees the ORC operation under nominal conditions only in such days with high solar 

irradiation. The major parameters required for ORC simulations were thus obtained in this step and 

the yearly ORC simulation was carried out by setting up scenario tables in ASW. For the two 

hybridization approaches, design cases corresponding to biomass fraction equivalent to 40 %, 45 %, 

50 %, 60 % and 70 % of ORC nominal thermal input requirement were simulated. 

3.2.2.5 System performance evaluation criteria 

The annualized net electrical efficiency (NEE) of the hybrid plant was employed for technical 

assessment, while combination of the levelized cost of electricity (LCOE), net present value (NPV) 
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and specific payback period (SPB) were used for economic assessment. Definitions adopted for 

these criteria are highlighted as follows [138]: 

𝑁𝐸𝐸 =
𝑊𝑂𝑅𝐶

∑ [�̇�𝑆𝐹 ∙ 𝐴𝑆𝐹 + �̇�𝐵𝑖𝑜 ∙ 𝐿𝐻𝑉] ∙ ∆𝑡 8760
𝑡=1

 (3.13) 

𝐿𝐶𝑂𝐸 =
𝐼𝐶 + ∑

𝐴𝐶

(1+𝑖)𝑛
𝑁
𝑛=1

∑
𝑊𝑂𝑅𝐶

(1+𝑖)𝑛
𝑁
𝑛=1

 (3.14) 

𝑁𝑃𝑉 = ∑
𝐹𝐼𝑇𝑆 ∙ 𝑊𝑂𝑅𝐶,𝑆 + 𝐹𝐼𝑇𝐵 ∙ 𝑊𝑂𝑅𝐶,𝐵 −  𝐴𝐶

(1 + 𝑖)𝑛

𝑁

𝑛=1

− 𝐼𝐶 

            

(3.15) 

𝑆𝑃𝐵 =
𝐼𝐶

𝐹𝐼𝑇𝑆 ∙ 𝑊𝑂𝑅𝐶,𝑆 + 𝐹𝐼𝑇𝐵 ∙ 𝑊𝑂𝑅𝐶,𝑏 −  𝐴𝐶
 (3.16) 

where 𝑊𝑂𝑅𝐶 is the net electrical energy produced by the plant over one year period; 𝑊𝑂𝑅𝐶,𝑆 and 

𝑊𝑂𝑅𝐶,𝐵 are the share of the annual net electrical energy produced by solar field and biomass 

furnace, respectively; 𝐼𝐶 is the total investment cost incurred on the plant; 𝐴𝐶 is the annual 

operating expenditure; 𝐹𝐼𝑇𝑆 and 𝐹𝐼𝑇𝐵 represent feed-in tariffs for solar power and biomass power, 

respectively; 𝑖 is the interest rate and 𝑁 is the plant lifetime in years. Considering the retrofit case 

study, marginal economic metrics (LCOEM, NPVM and SPBM) were computed, such that only the 

additional costs and additional energy of biomass retrofit were implemented in eqs (3.14) – (3.16). 

However, conventional LCOE that includes investment and operating costs of the whole hybrid 

plant was also computed separately. This is essential to give insight into the overall cost of energy 

due to the hybrid plant, for informed comparison with other systems. The initial cost of the hybrid 

plant can be split into direct (𝐼𝐶𝐷𝐼𝑅) and indirect (𝐼𝐶𝐼𝑁𝐷) components:  

𝐼𝐶𝐷𝐼𝑅 = 𝑐𝑆𝐹𝐴𝑆𝐹 + 𝑐𝑇𝐸𝑆𝑄𝑇𝐸𝑆 + (𝑐𝑂𝑅𝐶 + 𝑐𝐵𝑜𝑃)�̇�𝑂𝑅𝐶
𝐷 + 𝐼𝐶𝐹   (3.17) 

𝐼𝐶𝐼𝑁𝐷 = 𝑐𝐿𝐴𝑁𝐷𝐴𝐿𝐴𝑁𝐷 + (𝑐𝑇𝐴𝑋 + 𝑐𝐸𝑃𝐶)𝐼𝐶𝐷𝐼𝑅   (3.18) 

The direct component is the investment associated with the ORC unit (𝑐𝑂𝑅𝐶), solar field (𝑐𝑆𝐹), 

storage system (𝑐𝑇𝐸𝑆), biomass furnace (𝐼𝐶𝐹) and balance of plant (𝑐𝐵𝑜𝑃). The indirect component 

covers all the remaining costs for the upfront investment that are not directly related to the 
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equipment. These costs include the purchase of land (𝑐𝐿𝐴𝑁𝐷), taxes (𝑐𝑇𝐴𝑋), and the engineering, 

procurement and construction costs (𝑐𝐸𝑃𝐶). The annual cost includes O&M cost (cO&𝑀 expressed as 

percentage of the initial cost) and biomass fuel costs (𝑐𝐵𝐼𝑂): 

𝐴𝐶 = 𝑐𝑂&𝑀𝐼𝐶 + 𝑐𝐵𝐼𝑂 ∙ ∑ �̇�𝐵𝑖𝑜

8760

𝑡=1
   (3.19) 

The main cost assumptions adopted for economic analysis are summarized in Table 3.4. In 

particular, initial cost for ORC genset was based on information available in [241], which derives 

from experience with the real solar ORC facility. Together with the cost for ORC Balance of Plant 

(BoP), this cost assumption is also in agreement with what was obtained from interview with ORC 

manufacturer (Turboden), for comparable power rating [138]. The initial costs for LFC and TES 

were obtained from relevant studies in literature [40],[41]. For biomass furnace, cost reported for 

established furnace obtained from Uniconfort was correlated, using eq. (3.20) [138]: 

𝐼𝐶𝐹 = 𝐼𝐶𝐹,𝑟𝑒𝑓 ∙ (
�̇�𝐹

𝐷

�̇�𝐹,𝑟𝑒𝑓

)

𝛾

 
  (3.20) 

where ICF,ref, Q̇F
D, Q̇F,ref, γ, refer to cost of reference biomass furnace, furnace thermal duty, thermal 

duty of reference furnace and scale factor, respectively.  

Beginning from June 2016 till date, feed-in tariff (FIT) obtainable in Italy ranges between 115 

€/MWh and 246 €/MWh for electricity produced from biomass, depending on source of biomass 

fuel [242], and 296 €/MWh for CSP [243]. For woody biomass fuels, FIT of 180 €/MWh is 

appropriate [138].  
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Table 3.4: Cost assumptions for economic analysis [138,241–246] 

Capital costs   Other Indices  

Solar field (cSF) 160 €/m
2
 Reference furnace cost (ICF,ref) 600 k€ 

TES (cTES) 45 €/kWh Scale factor (γ) 0.8 

ORC (cORC) 1000 €/kW Reference furn. thermal duty (Q̇F,ref) 4.52 MW 

BoP (cBoP) 250 €/kW Annual interest rate (i) 7% 

Land cost (cLAND) 2 €/m
2
 Plant operational lifetime (N) 25 years 

Engineering services (cEPC) 8%   

Taxes (cTAX) 3%   

Annual costs  Feed-in tariff  

Biomass fuel (cBIO) 50 €/t FIT for solar power (FITS) 296 €/MWh 

O&M (cO&𝑀) 1.5% FIT for biomass (FITB) 180 €/MWh 

3.2.3 Newly integrated design for modified solar field and TES section of the 

hybrid plant  

The methodological analysis of the second case study where solar field and TES were newly sized 

is presented in this section. This analysis could be valuable for potential expansion of the solar field 

of the existing plant, or in case a new similar plant is planned. New design objective was thus 

implemented in this regard, that depart slightly from that of the retrofit case study. The new 

objective imposes all-day full-load operation of the ORC power plant, on a given reference day 

(June 21) with clear sky conditions. This should be obtained without having to dissipate any solar 

thermal energy, considering also the fractional thermal energy contribution from biomass furnace. 

Thus, depending on the specified thermal contribution from biomass and the method adopted for 

plant management, the solar field area and TES capacity were determined to satisfy the 

aforementioned design objective. For the given plant location, clear sky DNI profile for June 21 was 

obtained using the established model proposed by Hottel [247]. The solar field specific thermal 
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power (thermal power per unit of collecting area) during the reference day was therefore computed 

using eq. (3.2). The biomass fraction, 𝑏, was introduced to determine the solar and biomass 

contribution to the ORC, as follows: 

𝑏 =
∑ �̇�𝐵𝑖𝑜

24
𝑡=1

24 ∙ �̇�𝑂𝑅𝐶
𝐷

 (3.21) 

where �̇�𝑂𝑅𝐶
𝐷  is the design thermal hourly requirement of the ORC and �̇�𝐵𝑖𝑜 is the hourly thermal 

supply from biomass furnace. The aforementioned fixed and modular management approach were 

preserved for this case study as well. For fixed hybridization approach, b was set by imposing a 

proportion of ORC input demand at nominal conditions as biomass thermal contribution. In the case 

of modular approach, b was obtained by the balance of thermal energy required to satisfy ORC 

input demand on chosen design day, after utilizing all the solar thermal energy produced and stored, 

such that the design objective is satisfied. In other words, for fixed approach, b relates to power and 

was calculated instantaneously, while for modular approach, it relates to energy and calculated on a 

daily basis. In particular, the required collecting area (𝐴𝑆𝐹) was calculated to satisfy full-day 

thermal demands on the reference day, considering also thermal losses from the TES tank, as 

follows: 

𝐴𝑆𝐹 =
�̇�𝑂𝑅𝐶

𝐷 (1 − 𝑏) ∙ 24 + 𝑄𝑇𝐸𝑆(1 − 𝜂𝑇𝐸𝑆)

∑ �̇�𝑆𝐹
𝐷24

𝑡=1 ∙ ∆𝑡
 (3.22) 

where 𝛥𝑡 is the time step, �̇�𝑆𝐹,𝐷 is the specific solar field production during the reference day, 𝜂𝑇𝐸𝑆 

is the TES efficiency, considering the imperfect insulation of the tanks (imposed equal to 98%) and 

𝑄𝑇𝐸𝑆 is the TES capacity. The latter was calculated as a function of the plant management criteria 

chosen. Specifically, by following the fixed hybridization approach, TES capacity, sized relative to 

solar energy availability on the assumed reference day, was obtained as follows: 

𝑄𝑇𝐸𝑆 = ∑ 𝑚𝑎𝑥(�̇�𝑆𝐹
𝐷 𝐴𝑆𝐹 − �̇�𝑂𝑅𝐶

𝐷 (1 − 𝑏), 0) ∙ ∆𝑡
24

𝑡=1
 (3.23) 
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On the other hand, by applying the modular hybridization approach, biomass fraction of zero is a 

possibility with high solar availability, and the TES was calculated as:  

𝑄𝑇𝐸𝑆 = ∑ 𝑚𝑎𝑥(�̇�𝑆𝐹
𝐷 𝐴𝑆𝐹 − �̇�𝑂𝑅𝐶

𝐷 , 0) ∙ ∆𝑡
24

𝑡=1
 (3.24) 

Similar to the retrofit case study, five design cases of biomass contribution were considered for each 

approach. This corresponds to biomass fraction equivalent to 40 %, 45 %, 50 %, 60 % and 70 % of 

ORC nominal thermal input requirement, respectively. Unlike the retrofit case study, the modular 

approach in the newly integrated design case study is sensitive to variation in biomass fractions, 

even at design stage. 

Also, similar procedure was implemented for yearly analysis of the newly integrated design, as for 

the retrofit case study. However, in this case, newly obtained solar field area and TES size were 

implemented in eq. (3.2), depending on adopted hybridization approach and biomass fraction. To 

obtain hourly thermal power production from the solar field, Meteonorm software [38] was equally 

used for determining the meteorological data needed in eq. (3.2), for each hour of the reference 

study year. Also for determining the heat source mass flow rate in this case, imposed TES 

efficiency and TES capacities obtained at design stage were implemented simultaneously.  

3.3 Results and Discussion  

3.3.1 ORC simulation and validation 

3.3.1.1 Off-design behaviour of ORC components 

While the overall heat transfer coefficient in recuperator and evaporator reacted to deviation of 

ORC organic fluid mass flow rate from design conditions, the effect was observed insignificant in 

condenser, for off-design variations of mass flow rate of heat sink (water). Mass flow rate of the 

heat source was observed to be directly proportional to organic fluid mass flow rate through the 

process, for both evaporator and recuperator. 
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The behaviours of pump and turbine at off-design conditions are reflected in Figure 3.3. For the two 

components, deviation of heat source mass flow rates from design conditions decreases isentropic 

efficiencies. This trend is quite in agreement with what obtains in practical ORC power plants. The 

use of the turbine off-design correlations proposed by Ghasemi et al. [239] is thus justified. This is 

regardless of the fact that boundary conditions in the referenced study by Ghasemi et al. are 

different from those considered in this study, particularly regarding working fluid and plant 

capacity. Furthermore, these trends are congruent with those obtained from experimental studies 

reported in [248], for axial turbines in micro ORC for waste heat recovery, using 

hexamethyldisiloxane (MM) as organic fluid. Again, the differences are in the reduced values of 

isentropic efficiencies in the experimental studies, due to variation in ORC capacity.  

  

Figure 3.3: Off-design isentropic efficiencies of ORC pump and turbine. 

3.3.1.2 Part-load behaviour and comparison with real power plant data 

Either due to insufficient thermal energy input for full-load operation or due to reduced energy 

demands from users, it is common to operate thermal power plants at part-load conditions. This 

situation obviously affects overall thermal efficiency. For the hybrid solar ORC plant presented in 

this study, effects of part-load thermal input on gross efficiency of the ORC is shown in Figure 

3.4(a). In addition, as a way of validating the ORC model, the simulation results have been 

compared with first measured data from the real ORC plant (Ottana Solar Facility). Percentages of 
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the input thermal energy into the ORC were computed, relative to the value at nominal conditions. 

In a similar manner, effects of water temperature at condenser inlet were simulated, and then 

compared with real power plant measured data, the results of which are presented in Figure 3.4(b). 

In addition, to further establish the validity of the implemented ORC off-design models, 

comparisons were made at component level. Therefore, Figure 3.5 shows temperatures of ORC 

working fluid at preheater inlet (TOF,2) and evaporator exit (TOF,4), for simulation and real power 

plant data, at varying temperature of the source HTF. In particular, HTF inlet temperature (THTF_T,i) 

and outlet temperature (THTF_T,o) corresponding to different ORC inlet gross power were used as 

input for off-design calculations. As evident in these figures, simulation results depart just slightly 

relative to data measured from the real power plant. This can be explained by a number of points. 

For instance, the effects of system start-up/shutdown were not considered for simulations, having 

assumed a quasi-steady operating condition. Also, pressure drop and heat loss in heat exchangers 

were not taken into account in the ORC simulation. However, it is worth highlighting that a number 

of points of the simulation results correlate quite well with approximate measured data. For 

instance, only 1% and 5% mean deviations in simulation results were obtained for TOF,4 and TOF,2 

respectively, relative to real plant data. In the case of ORC gross efficiency, 3% mean relative 

deviation was obtained between simulation results and real operational data with respect to Figure 

3.4(b).  
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Figure 3.4: (a) ORC performance at part load conditions and (b) Effect of water inlet into the 

condenser on ORC gross efficiency. 

 

Figure 3.5: Comparison of real plant and simulation temperatures at different values of input 

thermal power. 
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3.3.2 Techno-economic performance of biomass retrofit for the existing CSP-

ORC plant 

The results of techno-economic effects of biomass retrofit for the existing solar-ORC plant, running 

at Ottana (Italy), are presented here. As aforementioned, the actual size of solar field (8400 m
2
) and 

TES (15.2 MWh, corresponding to about 5 equivalent hours) of the running solar ORC plant have 

been implemented for retrofit case study.  

As a first design case, the fixed hybridization approach with a biomass thermal supply of 40% of 

ORC nominal requirement was assumed, with the aim of keeping the ORC in operation throughout 

the year. For this case study, hourly profile of ORC net electrical power production for one year and 

frequency distribution of production ratings are depicted in Figure 3.6. As shown, the ORC is able 

to operate at a minimum load throughout the year, and the net electrical power production is 

controlled never to exceed the nominal value. The nominal electrical power is often reached at the 

hours of the year with high thermal power production from the solar field. In addition, the 

frequency distribution plot shows that the most recurrent ORC net electrical power production 

within the year is close to the minimum load, in the range of 215 kW to 280 kW. It represents about 

65% of hourly ORC power production rating. This is closely followed by peak ORC production in 

the range of 595 kW to 630 kW, representing about 20%. The implication of 65% of plant operation 

close to minimum load is that without biomass hybridization, the ORC plant would be inoperable 

for more than half of the year. This is expected to pose consequential challenge on losses due to 

frequent plant start-up/shutdown, as well as difficulties with dynamical controls. Obviously, 

increasing biomass contribution for the fixed biomass hybridization approach would lead to 

increase in minimum-load electrical power production of the plant, as well as increase in frequency 

distribution of ORC power production rating close to the nominal condition.   
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Figure 3.6: (a) ORC hourly net electrical power production and (b) Frequency distribution of ORC 

power production for fixed 40% biomass contribution 

Figure 3.7 shows the monthly profile during the reference study year, for thermal energy production 

from solar field and biomass, ORC electrical energy production, as well as total energy dissipated 

due to insufficient storage capacity. This figure illustrates a case for 40% biomass contribution, but 

similar trend obtains for other biomass fractions. The results obtained for ORC electrical production 

reflects that a power output higher than 215 kW is guaranteed. This is as a result of continuous 

supply of biomass thermal energy at a specified minimum level. This is because, as envisaged, 

biomass hybridization with the CSP-ORC plant stabilizes electrical energy production at minimum 

load. However, this is with the consequence of wasting some solar thermal energy in summer 

months, as shown in the figure. For instance, about 5% of solar field production in June is lost to 

defocusing of some solar collector lines. 
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 Figure 3.7: Yearly energy production – 40% fixed biomass contribution, real plant data. 

3.3.2.1 Effects of biomass fraction for the retrofit 

As aforementioned, five cases were simulated for hybridization by following the fixed approach, 

corresponding to biomass thermal supply of 40 %, 45 %, 50 %, 60 % and 70 % of ORC nominal 

requirement, in addition to the simulation obtained by following the modular approach. Annual 

performances of the six cases were thus compared with the existing solar-only case. The point of 

minimum load power production with biomass retrofit is further reflected in Figure 3.8, which 

shows the trend of ORC electrical power production for solar-only and retrofit cases, on a typical 

winter day. As shown, increase in biomass fraction leads to higher minimum load power 

production, which is a direct consequence of the implemented hybridization scheme. Implementing 

biomass fraction of 70% kept the ORC working at its nominal condition between 9:00 and 16:00 

hours, regardless of the season. Comprehensive techno-economic performance of the plant for this 

case study is reported in Table 3.5. Annualized operating hours presented in this table refer to the 
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equivalent number of hours in a year when the plant operates at its nominal capacity, obtained as 

fraction of total annual production of the plant to nominal power (630 kW).  

 

Figure 3.8: ORC electrical power production on a typical winter day. 
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Table 3.5: System performance of biomass retrofit for the real Ottana plant configuration. 

 

CSP 

only 

Modular 

Appr. 

Fixed Approach  

Biomass retrofit fraction (bRF) 

40% 45% 50% 60% 70% 

Design stage                                                                      

Solar field collecting area (m
2
) 8400 8400 8400 8400 8400 8400 8400 

Solar field land area (ha) 11.76 11.76 11.76 11.76 11.76 11.76 11.76 

Rated furnace power (MW) - 3.18 1.27 1.43 1.59 1.91 2.23 

TES size (h) 4.9 4.9 4.9 4.9 4.9 4.9 4.9        

Annual energy performance                                                                                                                 

Solar energy input (GWh/y) 4.85 4.85 4.85 4.85 4.85 4.85 4.85 

Biomass energy input (GWh/y) - 23.00 11.14 12.53 13.92 16.71 19.49 

Defocused energy (GWh/y) 0 0 0.06 0.10 0.16 0.30 0.59 

Annual solar contribution (%) 100 17.4 30.0 27.3 25.0 21.1 17.5 

Biomass quantity (t/y) - 8941 4341 4884 5426 6512 7597 

Electricity production (GWh/y) 0.70 5.51 2.92 3.20 3.48 4.03 4.65 

Annual NEE (%) 14.5 19.8 18.3 18.5 18.7 19.0 19.2 

Annualized operating hours (h) 1117 8760 4635 5079 5524 6397 7238 

Economic performance         

Marginal initial costs (M€) - 0.502 0.241 0.265 0.289 0.334 0.378 

Marginal annual costs (M€/y) - 0.455 0.221 0.248 0.276 0.331 0.386 

LCOEM (€/MWh) - 103.5 109.0 108.6 108.2 107.9 108.4 

SPBM (years) - 1.2 1.4 1.3 1.3 1.2 1.2 

NPVM (M€) - 4.286 1.832 2.076 2.320 2.800 3.218 

LCOE - 148.3 192.2 184.6 178.2 168.2 161.7 
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As shown, fixed approach of biomass thermal retrofit would increase annual net electrical 

efficiency of the plant, for all the cases of biomass fraction considered. In particular, constant 

supplies of 40% of ORC nominal thermal requirement would increase annual net electrical 

efficiency of the plant by about 4 percent points. This increase improves steadily for higher biomass 

fractions, and it reaches the peak for the modular biomass hybridization approach, with increase of 

about 5 percent points. However, implementing high biomass fraction would increase wastages in 

the solar system, due to increase in defocused thermal energy. Suffice it to mention that, based on 

the manufacturer’s specification for the studied ORC; the minimum thermal power that would keep 

the plant running is equivalent to 40% of nominal value, below which ORC would not work. This 

influenced the choice of 40% as the minimum biomass fraction in this study, since one of the key 

objectives was to keep the plant running continuously. For clearer illustration, trends of annual solar 

contribution and defocused thermal energy with biomass fraction are shown in Figure 3.9(a), for 

fixed approach. As it can be observed, increasing biomass fraction decreases percentage solar 

contribution, while defocused thermal energy increases drastically from biomass fraction beyond 

50%. Also, it could be observed that annual solar contribution of the modular approach is 

equivalent to that of the fixed approach at 70% biomass fraction. Obviously, a further increase in 

biomass fraction for the fixed approach would reduce solar contribution below that of modular 

approach, in addition to huge defocused thermal energy. In addition, based on the presented 

technical results, one major thermodynamic benefit of biomass retrofit is dramatic increase in yearly 

operating hours of the hybrid plant, for all the retrofit cases, relative to the existing solar-only case.  

Furthermore, the economic implications of biomass retrofit for the solar-ORC plant have been 

quantified. As aforementioned, since the solar ORC is already existing, marginal economic metrics 

(LCOEM, NPVM and SPBM) have been used for assessment for the retrofit case study [249]. In 

particular, the marginal initial costs represent the additional capital investments required for 

retrofitting biomass boiler to the existing plant, while the marginal annual costs are the costs 

associated with operation and maintenance of the biomass boiler, as well as costs of biomass fuels. 
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Also, the annual net energy values implemented in these equations are those produced additionally 

by the biomass boiler, for the different biomass contributions. As shown in Table 3.5, the lowest 

LCOEM for the retrofit is valued at 103 €/MWh, obtained for the modular approach. The poorest is 

obtained for 40% fixed hybridization, valued at 109 €/MWh. This could give the modular 

hybridization approach an advantage, as solar energy produced is also fully utilized, with zero 

dissipation. It is however with attendant implication of higher biomass consumption, alongside its 

sustainability concerns. Conversely, NPVM increases from lowest to highest for the biomass 

fractions studied, as illustrated in Figure 3.9(b). Between fixed and modular approach, economics 

results show that modular approach is more prospective, with higher NPVM in the order of about 

30%, relative to the most prospective fixed approach. In addition, in order to enable economic 

comparison of the implemented biomass retrofit scheme with other scenarios, conventional LCOE 

has equally been quantified, by adopting the cost assumptions reported in Table 3.4 for the whole 

plant. As reported in Table 3.5, results show that modular hybridization approach is equally more 

prospective in this regard, relative to all the fixed approach cases considered. In addition, another 

potential benefit arising by using the modular approach is the ability of the plant post-retrofit to 

modulate the power in the whole range of operation and in each operating time. This flexibility in 

following scheduled profile gives the possibility, not only to supply electric power with nearly zero 

carbon emissions, but also to provide ancillary services at distribution level. 
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Figure 3.9: (a) Effect of biomass fraction on annual solar contribution and defocused energy and (b) 

Effect of biomass fraction on marginal LCOE and NPV. 

Overall, it is worth noting that the marginal costs obtained are lower than feed-in tariff obtainable 

for biomass energy in the Italian market, thereby highlighting the benefit of retrofitting biomass 

with the solar section of the existing plant, for power generation. SPBM values obtained indicate 

that it would only take about 1.2 to 1.4 years to repay the additional investment that would be 

incurred by implementing the retrofit scheme.  

3.3.3 Design sensitivity and techno-economic performance of the newly 

integrated hybrid CSP-biomass plant 

3.3.3.1 Sensitivity of CSP-biomass plant design to biomass contribution  

For the sake of emphasis, this sensitivity analysis concerns just the newly integrated designs, as 

aforementioned. Based on the hybridization approaches adopted, solar field and TES sizes are 

sensitive to biomass fraction implemented, for each design case. To illustrate sensitivity of solar 
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field area to variation in biomass contribution, Figure 3.10 and Figure 3.11 show the solar field 

energy production, state of TES charge and discharge, as well as the share of biomass energy 

production for the two previously proposed (fixed and modular) hybridization approaches. This is 

illustrated at daily biomass contribution b equal to 40%, with respect to the aforementioned chosen 

reference day for design. The same trend is however obtainable for other biomass fractions. As it 

can be observed, a more intensive use of the TES system as well as higher TES capacity are 

required, if the fixed hybridization approach is assumed. Conversely, a lower thermal duty of the 

biomass furnace is required, and the biomass electricity production is independent of the solar 

source. The consequent advantage is in the use of a simpler control system and probably longer 

plant lifetime due to less start-up/shutdown cycle for the biomass section. 

 

Figure 3.10: Energy flow in solar field, biomass furnace and TES at design condition for fixed 

biomass supply, b=40%. 
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Figure 3.11: Energy flow in solar field, biomass furnace and TES at design condition for 

modulating biomass supply, b=40%. 

The variation of solar field collecting area and design TES capacity with biomass contribution is 

shown in Figure 3.12. Obviously, the TES capacity required to satisfy design objective decreases 

with increasing contribution from biomass. As it is expected, the decrease in TES capacity is 

proportional for the fixed hybridization approach, and it becomes zero only when the plant is 

operated as exclusive biomass-ORC plant (100% biomass contribution). However, for the modular 

hybridization approach, no TES would be needed from around 60% biomass thermal contribution. 

In addition, required TES capacity is always lower in modulating approach. From the area 

representing solar field production in the figures, it could be understood that solar field area 

decreases with increasing biomass contribution. The collecting areas required with fixed biomass 

supply are slightly higher than those of the modulating one, for the same biomass contribution 

cases. This is due to higher TES capacity required to satisfy stated design objective, with 

consequent more significant impact of TES thermal losses.  
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As aforementioned, the required capacity for biomass boiler differs for each of the two 

hybridization approaches. In the case of fixed biomass supply, it corresponds to the multiple of 

respective biomass fraction with nominal thermal input requirement of the ORC. However, for the 

modular biomass supply approach, it always corresponds to ORC nominal thermal input 

requirement.  

 

Figure 3.12: Variation of (a) solar field collecting and (b) design TES capacity with biomass 

fraction. 

3.3.3.2 Yearly performance of the hybrid plant for newly integrated design  

For the newly integrated design case study, Table 3.6 and  

Table 3.7 report the summaries of overall plant performance for different biomass fraction, for fixed 

and modular hybridization approach, respectively.  
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Table 3.6: System performance for fixed biomass hybridization approach. 

 

Biomass contribution (b) 

40% 45% 50% 60% 70% 

Design stage                                               

Solar field collecting area (m
2
) 10108 9266 8423 6739 5054 

Solar field land area (ha) 14.15 12.97 11.79 9.44 7.08 

Rated furnace power (MW) 1.27 1.43 1.59 1.91 2.23 

TES size (h) 7.4 6.8 6.2 4.9 3.7        

Annual energy performance                                                                            

Solar energy input (GWh/y) 5.84 5.36 4.87 3.90 2.92 

Biomass energy input (GWh/y) 11.14 12.53 13.92 16.71 19.49 

Defocused energy (GWh/y) 0.06 0.05 0.05 0.04 0.03 

Annual solar contribution (%) 34.2 29.7 25.7 18.7 12.9 

Biomass quantity (t/y) 4341 4884 5426 6512 7597 

Electricity production (GWh/y) 3.11 3.31 3.50 3.89 4.29 

Annual NEE (%) 18.4 18.6 18.7 18.9 19.2 

Annualized operating hours (h) 4937 5254 5556 6175 6810 

Economic performance       

Initial costs (M€) 4.132 3.906 3.680 3.227 2.771 

Annual costs (M€/y) 0.279 0.303 0.327 0.374 0.421 

LCOE (€/MWh) 203 193 184 167 153 

SPB (years) 10.2 9.6 9.0 7.8 6.7 

NPV (M€) 0.587 0.828 1.073 1.567 2.076 
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Table 3.7: System performance for modular biomass hybridization approach. 

 Biomass contribution (b) 

 40% 45% 50% 60% 70% 

Design stage      

Solar field collecting area (m
2
) 10052 9204 8356 6670 5003 

Solar field land area (ha) 14.07 12.89 11.70 9.34 7.00 

Rated furnace power (MW) 3.18 3.18 3.18 3.18 3.18 

TES size (h) 3.4 2.3 1.3 0 0 

Annual energy performance      

Solar energy input (GWh/y) 5.81 5.32 4.83 3.86 2.89 

Biomass energy input (GWh/y) 22.11 22.57 23.04 23.99 24.95 

Defocused energy (GWh/y) 0.02 0.02 0.01 0 0 

Annual solar contribution (%) 20.8 19.0 17.3 13.8 10.4 

Biomass quantity (t/y) 8597 8775 8956 9322 9697 

Electricity production (GWh/y) 5.51 5.51 5.51 5.51 5.51 

Annual NEE (%) 19.8 19.8 19.8 19.8 19.8 

Annualized operating hours (h)  8760 8760 8760 8760 8760 

Economic performance                

Initial costs (M€) 3.745 3.427 3.116 2.600 2.300 

Annual costs (M€/y) 0.486 0.490 0.495 0.505 0.519 

LCOE (€/MWh) 146 142 138 132 130 

SPB (years) 5.9 5.5 5.1 4.5 4.26 

NPV (M€) 3.699 3.840 3.970 4.104 3.985 
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As it would be expected, increasing biomass fraction leads to slight increase in annual net electrical 

efficiency for the fixed approach, while the annualized efficiency is always at the highest for the 

modular approach. Actually, the main technical benefits of biomass hybridization concerns increase 

in plant operating hours during the year, and minimum load plant operation. In addition, it is 

observed that increasing biomass contribution reduces annual solar contribution to the hybrid plant, 

for both fixed and modular approach. Also, from the values of annual solar contribution obtained 

for fixed and modular approach, it could be inferred that solar energy is better utilized in fixed 

approach, relative to modular one. It is however with the consequence of implementing larger TES 

system in fixed approach, a situation that is unfavourable to plant economics. In fact, economic 

results reported in Table 3.6 and  

Table 3.7 clearly show that more prospective economic performance is obtained in the modular 

approach, for all biomass fractions studied. For the two approaches, increasing biomass fraction 

improves all the computed economic metrics, obviously due to lower solar field and TES 

requirements. Overall, modular biomass hybridization approach with 70% biomass fraction 

portends the most prospective economic values for the newly integrated design case study, with 

LCOE, SPB and NPV obtained at 130 €/MWh, 4.3 years and 3.985 M€, respectively. Obviously, 

more economic merits could be derived by further increasing biomass fraction, but concerns 

surrounding biomass fuel availability and sustainability would be higher in that regard.  

In addition, future scenario of economic performance has been quantified for the hybrid plant, in the 

event that current measures being vigorously pursued to reduce investment costs of CSP systems 

are successful. Thus, possible trend of reduction in LCOE has been obtained, for the newly 

integrated design case study, in the event of 30% and 50% reduction in CSP investment costs, as 

shown in Figure 3.13. For the fixed biomass hybridization approach, minimum LCOE of about 126 

€/MWh is achievable at 100% biomass contribution, for both 50% and 30% reduction in CSP 

investment cost. In the case of modular approach, minimum LCOE of 120 €/MWh and 123 €/MWh 
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are achievable at 60% and 100% biomass contribution, for 50% and 30% reduction in CSP 

investment cost, respectively. 

It is important to point out that, for ORC power plant with rated capacity less than 1 MW, the 

LCOE, SPB and NPV values obtained here imply an increase in market competitiveness, relative to 

what obtains in other renewable power plants of comparable ratings. Moreover, for the Italian 

market used as reference here, the LCOE values obtained for all modular approach case studies are 

lower than the feed-in tariffs for both biomass and solar energy, which further reiterates the 

profitability of the hybrid scheme implemented in this study.  

Overall, it is worth highlighting also that the strategy adopted for biomass hybridization in this 

study is particularly versatile, owing to its suitability not only as biomass retrofit for existing solar-

ORC plants, but also for development of new systems, as demonstrated in the newly integrated 

design case study. 

Finally, results showed that newly integrated design case study enables higher plant operating hours 

relative to retrofit case study, with closely matched annualized net electrical efficiency. This is with 

the consequence of increasing solar field size for biomass fractions lower than 60%, as well as high 

biomass consumption in all cases of biomass fraction. However, all of these points do not 

noticeably affect economic prospects of the newly integrated design concept. This is justified by the 

most prospective LCOE obtained as 148 €/MWh for the retrofit case study, which is poorer than all 

the LCOE values obtained for modular approach for the newly integrated design case study. 

Moreover, in terms of biomass fuel availability and sustainability concerns, retrofit case study is 

more promising than newly integrated design case study, since lower biomass fuel is consumed in 

the former. 
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Figure 3.13: Prospective reduction of hybrid plant LCOE with reduced investment cost of CSP. 

3.4 Summary 

Conceptual design of hybrid CSP-biomass ORC plant has been presented in this chapter. Although 

a number of authors have presented different schemes for hybrid solar-biomass plants, particular 

attention has not been given to the case of retrofitting existing CSP-ORC plants with biomass 

combustion process. In this light, a parallel hybridization scheme has been proposed and analysed, 

where both solar field with TES and biomass furnace are able to independently satisfy fractional 

thermal requirement of existing ORC power plant. In addition, in order to expand the scope of the 

study, newly integrated designs were introduced for sizing solar field and TES systems in a separate 

case study. This gives room for the analyses included in this chapter to be equally relevant, if a new 

hybrid solar-biomass ORC plant of this type is planned.   

Some major results derived from the analyses presented in this chapter are highlighted as follows: 



79 

 

- Supposed biomass retrofit can lead to an increase in electrical efficiency in the order of 5 

percent points compared to CSP-ORC plant. Also, the implemented modular approach for 

biomass retrofit can enable scheduled power profile to be followed, thereby enhancing plant 

dispatchability. 

- Retrofit can increase annualized plant operating duration by about 3,500 hours, with 

marginal LCOE and NPV of 109 €/MWh and 1.83 M€, respectively. Additional investment 

cost incurred due to retrofit can be offset in 1.4 years of plant operation. 

- Validity of the applied ORC off-design methods is satisfied. This is based on the obtained 

relative deviation of ORC gross efficiency between simulation results and real power plant 

data, which is below 3%. 

- For the newly integrated design, modular hybridization approach leads to most prospective 

economic performance and higher plant utilization, compared to fixed approach. This is 

however at the expense of increased biomass consumption and attendant sustainability 

issues. 

- In comparison with retrofit case study, newly integrated design leads to a more 

economically-prospective hybrid plant, with LCOE, SPB and NPV obtained at 130 €/MWh, 

4.3 years and 3.99 M€, respectively. Also, relative to stand-alone solar ORC power plants of 

equivalent ratings, these economic values portend market competitiveness [250],[251].  
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Chapter 4  

Exergy and Exergoeconomic Assessment of the 

Proposed Hybrid CSP-Biomass ORC Plant  

4.1 Preamble 

The importance of exergy-based assessment of energy systems has been underscored in Chapter 2. 

Amongst others, it quantifies thermo-economic losses in each system component, thereby providing 

relevant information on the components to be optimized for technical and economic enhancements. 

When exergy and exergoeconomic analyses are extended to quantify exergy and economic losses in 

each components that could not be avoided, better optimization potentials of each system 

components are obtained. Thus, detailed exergy, exergoeconomic, enhanced exergy and enhanced 

exergoeconomic analyses had been carried out for the hybrid CSP-biomass ORC plant under 

investigation, as presented in this chapter. The enhanced analyses bother on separating avoidable 

lost exergy and exergy cost from the unavoidable ones, following classical and established 

procedures.  The chapter specific objectives are: 

 Quantification of exergy rate in each thermodynamic state, and irreversibility in each 

component of the hybrid plant, as well as assessment of overall exergetic performance of the 

plant; 

 Estimation of exergy cost rates for all thermodynamic states and components of the plant, as 

well as assessment of exergoeconomic performance of components and the whole plant; 

 Comparative analysis of the impacts that integrating energy quality levels of streams to cost 

formation process would have on exergoeconomic performance of the hybrid plant; and  

  Determination of avoidable and unavoidable irreversibility and lost exergy cost in each 

component, and suggestion of adequate measures to improve the respective components. 
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The methods applied for the exergy, exergoeconomic, enhanced exergy and enhanced 

exergoeconomic analyses are presented in section 4.2, while the results and discussions derived 

therefrom are contained in section 4.3. Section 4.4 summarizes the main issues discussed in this 

chapter.   

4.2 Methodology 

4.2.1 Exergy analysis 

As aforementioned, the system under investigation here is a fall out from experience with a real 

solar-ORC power plant, and the energetic performance of the ORC had been validated by real data 

from the existing plant, as presented in Chapter 3. However, mass balance and energy balance of 

each component of the hybrid plant are also established in this section, prior to the intended 

component-based exergy analysis of the system. The modified hybrid plant scheme is shown in 

Figure 4.1, for adequate identification and numbering of different thermodynamic states. The 

classical mass, energy and exergy rate balance equations at steady state were implemented for each 

component, as follows [183]: 

∑ ṁ𝑖 = ∑ �̇�𝑜                      (4.1) 

∑ ṁihi +  Q̇ = ∑ ṁoho  +  Ẇ                   (4.2) 

∑ ṁiei +  Q̇ (1 −
𝑇𝑎

𝑇𝑐
) = ∑ ṁoeo  + Ẇ +  İ               (4.3) 

where ṁ is mass flow rate of the stream substance, h is the specific enthalpy, Q̇ is heat flow through 

component boundary, 𝑇𝑎 is the temperature of the environment (average taken as 25 
o
C for exergy 

analysis), 𝑇𝑐 is the temperature at component boundary, at which heat is transferred with the 

environment, e is the specific exergy of the stream, �̇� is work rate of the component, and 𝐼 ̇ is the 

rate of exergy destroyed in the component (irreversibility). Subscripts i and o represent inlet and 

exit to and from the component, respectively. The specific exergy (e) is expressed as: 

𝑒 = 𝑒𝑝ℎ  + 𝑒𝑐ℎ +  𝑒𝑘𝑒 + 𝑒𝑝𝑒                            (4.4) 
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Figure 4.1: Conceptual scheme of the hybrid CSP-biomass ORC plant. 

where 𝑒𝑝ℎ, 𝑒𝑐ℎ, 𝑒𝑘𝑒, and 𝑒𝑝𝑒 represent the physical, chemical, kinetic and potential components of 

the specific exergy, respectively. The kinetic and potential components are inconsequential to the 

performance of most system analysis at steady state, and could mostly be acceptably neglected 

[182]. For streams with notable chemical compositions and interactions with the environment, 

chemical exergy is quite significant. However, in streams without interactions with the 

environment, the chemical exergy cancels out between two state points, such that only the physical 

exergy defines the total specific exergy of such streams [182]. The fundamental equation for 

estimating physical exergy is given as: 

𝑒𝑝ℎ = (ℎ − ℎ𝑎) − 𝑇𝑎(𝑠 − 𝑠𝑎)                       (4.5)          

where s is the specific entropy of the concerned stream, while ℎ𝑎 and 𝑠𝑎 are the specific enthalpy 

and specific entropy of the environment, respectively. Specific chemical exergy of stream depends 

on the stream composition, as well as reference state of the environment. A number of authors have 



84 

 

done extensive studies on methodologies for estimating chemical exergy of different solid, liquid 

and gaseous substances. These have led to development of chemical exergy values for several 

compounds, at specified reference temperature [182,214]. Mathematical correlation also exists, for 

adjusting the estimated chemical values at environmental state of interest [182]. In particular, 

specific chemical exergy (ech) of flue gases was computed in this study, as follows: 

𝑒𝑐ℎ = (∑ 𝑥𝑖𝑖 ȓ𝑖 +  R𝑇𝑎 ∑ 𝑥𝑖𝑖 𝑙𝑛𝑥𝑖)/𝑀𝑀                 (4.6) 

where 𝑥𝑖 and ȓ𝑖 represent molar mass and reference standard exergy of each component of the    

gaseous streams (taken in accordance with [183]), respectively; R is the universal gas constant, and 

MM is the average molar mass of the chemical stream. Also, the chemical exergy of biomass fuel 

(�̇�𝑐ℎ,𝑏𝑖𝑜𝑚 ) was computed as follows [182]: 

�̇�𝑐ℎ,𝑏𝑖𝑜𝑚 = β × 𝐿𝐻𝑉                                         (4.7) 

where β is the index quantifying the chemical exergy in organic fuels, and LHV is the lower heating 

value of the biomass fuel. The expressions adopted for β is as follows [182]: 

β =
1.044 + 0.016

𝐻

𝐶
− 0.34493

𝑂

𝐶
(1 + 0.0531

𝐻

𝐶
)

1 − 0.4124
𝑂

𝐶

  (4.8) 

giving a value of 1.141 by assuming the composition of the considered biomass. 

For the solar field, fuel exergy is exergy associated with the solar radiation (�̇�s), which was 

obtained from [252]: 

�̇�𝑠 = 𝐷𝑁𝐼 ∙ 𝐴𝑠𝑓 [1 −
4

3

𝑇𝑎

𝑇𝑠
+

1

3

𝑇𝑎
4

𝑇𝑠
4]  (4.9) 

where 𝐷𝑁𝐼 is the direct normal irradiation, 𝐴𝑠𝑓 is the solar field collecting area and 𝑇𝑠 is the sun 

temperature (imposed equal to 5770 K). Solar thermal power produced by DNI in excess of what is 

required to maintain energy balance of the system has been regarded as exergy loss in these 

analyses. Also, the exergy content of the solar radiation is strongly devalued by irreversibility 
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(related to the temperature difference between the sun and the receiver) and thermal and optical 

losses (�̇�𝑙𝑜𝑠𝑠,𝑠𝑓). The latter were calculated as: 

�̇�𝑙𝑜𝑠𝑠,𝑠𝑓 = [𝐷𝑁𝐼(1 − 𝜂𝑜𝑝𝑡) + (𝑎1(𝑇𝑎𝑣 − 𝑇𝑎) + 𝑎2(𝑇𝑎𝑣 − 𝑇𝑎)2 + �̇�𝑝𝑙)] ∙  𝐴𝑠𝑓 (4.10) 

where 𝜂𝑜𝑝𝑡 is the total optical efficiency, 𝑇𝑎𝑣 is the average solar field temperature, 𝑎1 and 𝑎2 are 

coefficients related to receiver thermal losses (imposed equal to 0.056 W/m
2
K and 0.213∙10

-3
 

W/m
2
K

2 
respectively, according to [23]) and �̇�𝑝𝑙 represents the piping thermal losses (set equal to 5 

W/m
2
).  

Furthermore, due to imperfect insulation in the TES tanks, the temperature of storage fluid drops 

over time, resulting in thermal losses. This temperature drop was considered in this study, as 

follows [253]: 

𝑇(𝑡) − 𝑇𝑎

𝑇𝑖 − 𝑇𝑎
= 𝑒−(𝑈∙𝐴𝑇𝐸𝑆∙𝑡)/(𝜌𝐻𝑇𝐹∙𝑐𝐻𝑇𝐹∙𝑉𝐻𝑇𝐹) (4.11) 

where T, 𝜌𝐻𝑇𝐹, 𝑉𝐻𝑇𝐹, and 𝑐𝐻𝑇𝐹 are the temperature, density, volume and specific heat capacity of 

heat transfer fluid, respectively; 𝐴𝑇𝐸𝑆 is the heat transfer area of storage thermal oil; t is time; and U 

is the overall heat transfer coefficient, obtained as follows [254]:    

𝑈 =
𝑑𝑖𝑛𝑠

𝑘𝑖𝑛𝑠
+

1

𝛼𝑎𝑖𝑟
 (4.12) 

where 𝑑𝑖𝑛𝑠 (0.5 m) and 𝑘𝑖𝑛𝑠 (0.16 W/m
2
K) are respectively the thickness and thermal conductivity 

of the insulation material. The convection heat transfer coefficient of air (𝛼𝑎𝑖𝑟) was estimated as a 

function of the wind speed (𝑣𝑎), as follows: 

𝛼𝑎𝑖𝑟 = 10.45 − 𝑣𝑎 + 10√𝑣𝑎 (4.13) 
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In addition, having adequately considered design and operational features of each sub-section of the 

hybrid plant, zero-dimensional models were developed for each component, with reference to eqs 

(4.1 - 4.3), for mass, energy and exergy balance. Inlet and exit temperatures of thermal source HTF 

into the ORC were fixed at 275 
o
C and 165 

o
C respectively, in accordance with the existing real 

ORC plant. Thermodynamic calculations were performed in Matlab environment, while stream 

properties were computed using CoolProp [255] as well as based on manufacturer’s datasheet for 

the source HTF. 

4.2.1.1 Exergetic performance parameters  

In order to examine the exergetic performance of each system component k, rational efficiency (휀𝑘), 

efficiency defect (𝛿𝑘) and relative irreversibilities (𝑅𝐼𝑘) were computed as follows: 

휀𝑘 =
�̇�𝑜,𝑘

�̇�𝑖,𝑘

 (4.14) 

𝛿𝑘 =
𝐼�̇�

�̇�𝑖,𝑘

 (4.15) 

𝑅𝐼𝑘 =
𝐼�̇�

∑ 𝐼�̇�

 (4.16) 

where �̇�𝑜,𝑘 and �̇�𝑖,𝑘 are respectively the product and fuel exergy of the k-th component (Table 4.1 

reports the expressions for each component), while 𝐼�̇� is the corresponding exergy destroyed. For 

solar field and combustion chamber, where thermal losses to the ambient were considered, the 

efficiency defect due to losses is the ratio of lost exergy to component fuel.  

For the system as a whole, rational efficiency is the ratio of overall product exergy to fuel exergy. 

The main fuels are the actual solar exergy received by the collectors (�̇�𝑠), as well as biomass exergy 

(�̇�𝑏𝑒𝑐ℎ,𝑏). The main products from the system are the turbine work (�̇�𝑇𝑈𝑅𝐵) and warm water 



87 

 

obtained at condenser exit, which is being used for heating office floor at plant location, signalling 

the possibility of operating the plant in CHP mode.  

4.2.2 Exergoeconomic analysis 

As stated earlier, exergoeconomic analysis of energy systems is a powerful tool, which integrates 

exergy-analysis and cost-analysis principles. It is aimed at providing useful insights into the costs of 

useful and destroyed exergy in each system component, thereby providing vital information on 

components with high potentials for optimization. In this study, the Specific Exergy Costing 

(SPECO) methodology was adopted for implementation, in two different approaches. The first one 

is the conventional approach as proposed originally in [187]. This approach assumes that, for the 

same working substance entering and leaving a component, unit cost of exergy is the same at inlet 

and exit streams, regardless of the quality of energy content of the streams. The second approach 

implemented in this study integrates energy quality of streams to cost formation process in SPECO 

analysis, and it is termed integrated exergoeconomic approach here. The actual formulations of the 

two exergoeconomic approaches are summarized below.  

4.2.2.1 Conventional exergoeconomic approach 

As a prelude to applying SPECO for conventional exergoeconomic analysis, the exergy of each 

stream and destroyed exergy in each component should be quantified from exergy analysis. 

Afterwards, the exergoeconomic analysis consists of the following essential steps: (1) the desired 

exergy output from respective components (product exergy) and net exergy expended in each 

component (fuel exergy) should be defined; (2) cost rate balance equations should be defined for 

each component, generally given as follows [187]: 

∑ 𝑐�̇�𝑖 + 𝑐𝑞�̇�𝑞 + Ż = ∑ 𝑐�̇�𝑜 + 𝑐𝑤�̇� (4.17) 
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with c, �̇� and �̇�𝑞 representing stream cost per unit exergy, stream total exergy rate, and exergy rate 

due to heat transfer with a component, respectively; 𝑐𝑞 and 𝑐𝑤 are cost per unit exergy of heat and 

work exchange with a component, respectively; and �̇� is the cost rate due to investment, operation 

and maintenance of a component, calculated as: 

Ż =  Z ∙
1

𝐻𝐴
∙

𝑖𝑛𝑡(1 + 𝑖𝑛𝑡)𝑁

(1 + 𝑖𝑛𝑡)𝑁 − 1
∙ (1 + 𝑀𝐹) (4.18) 

where Z is the purchase cost of a component, HA is the annual equivalent working hours of the plant 

(taken as 6000 hours in this study), MF is the maintenance factor (assumed equal to 6%), int is 

interest rate (7% here) and N is the plant life time (25 years here). The purchase costs of solar field 

and TES were taken as 160 €/m
2 

and 45 €/kWh, respectively [244]. For ORC and biomass 

components, purchase costs were obtained from Turton et al. [256]. Shell and tube configuration 

was assumed for heat exchangers. Costs associated with engineering, procurement and construction 

(EPC) as well as taxes were factored into Z, at 11%. Based on fuel-product principles of SPECO 

[187], auxiliary equations were defined, to facilitate simultaneous solution of the cost rate balance 

equations, from where values of c for all streams were obtained. 

4.2.2.2 Integrated exergoeconomic approach  

As aforementioned, conventional SPECO methodology as proposed and as it is being widely 

applied today follows fuel-product principle that excludes quality of stream energy in cost 

formation process. Oftentimes, this gives erroneous information regarding the cost required to 

utilize waste heat meant to be rejected to the surrounding, for generation of another product in form 

of cogeneration or polygeneration [257]. In an attempt to ameliorate this effect, the energy level 

methodology developed in [258] had been integrated into cost formation process of SPECO [259]. 

This was achieved by modifying fuel-product principle used in formulating auxiliary equations, 

based on the assertion that unit exergy cost of each stream should be linearly proportional to its 
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energy quality level. Specifically, for the same working substance entering a component from 

stream i and leaving through stream o, the fuel-product cost principle based on the integrated 

exergoeconomic approach is expressed as follows: 

𝑐𝑖

𝐺𝑖
=  

𝑐𝑜

𝐺𝑜
  (4.19) 

where G is the stream thermal energy level, defined as follows [258]:  

𝐺 = 1 − 𝑇𝑎 (
𝑑𝑆

𝑑𝐻
) = |1 −

𝑇𝑎

𝑇
|  

(4.20) 

where dS and dH are entropy change and enthalpy change, respectively. Based on this concept, all 

the auxiliary equations needed to obtain unit exergy cost for each stream were re-formulated, which 

is the only major difference between integrated and conventional exergoeconomic approaches 

implemented in this study. In addition, the unit cost of loss exergy of flue gas is set as zero under 

this approach [214]. Although the best way to treat cost of loss exergy in exergoeconomic analysis 

is an open discourse, it is adequate here to assign zero cost to exergy of the flue gas exiting the 

system for inclusion in costs of other components, since it could otherwise be recovered for further 

use in the system.   

For the two approaches, the exergoeconomic performance of each component was assessed, using 

the cost rate of destroyed exergy (�̇�𝐷), exergoeconomic factor (f) as well as relative cost difference 

(r), defined as follows [214]: 

�̇�𝐷 = 𝑐𝑓 ∙ 𝐼 ̇    (4.21) 

𝑓 =  
Ż

Ż + �̇�𝐷 + �̇�𝐿

 

 

   (4.22) 
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𝑟 =  
𝑐𝑝 − 𝑐𝑓

𝑐𝑓
 

 

   (4.23) 

where 𝑐𝑓, 𝑐𝑝 and  �̇�𝐿 represent cost per unit of fuel exergy (ratio of cost rate of fuel to fuel exergy, 

€/kWh), cost per unit of product exergy (ratio of cost rate of product to product exergy, €/kWh) and 

cost rate of lost exergy (€/h), respectively. Indeed, huge exergy is expected to be lost due to 

inability of solar collectors to fully absorb transmitted solar energy. These losses are somewhat 

natural and unavoidable, due to atmospheric radiation processes, as well as diffusion on impinging 

the focused solar collectors. In essence, it would be inappropriate to insinuate that all losses in such 

unit are due to decrease in exergy transfer as a result of inefficiency of the unit, and distinctions 

between lost and destroyed exergy have thus been made in this regard. However, since solar energy 

is treated as free fuel (zero cost), it is acceptable to disregard cost due to lost exergy for this unit. 

The cost of exergy lost to diffusion of solar irradiation was thus taken as zero.  

For the whole system, f and unit cost of turbine work have been used as main evaluation criteria. 

While the unit cost of turbine work is obtainable directly from SPECO, the definition of f given in 

eq. (4.22) had been applied, with Ż, �̇�𝐷 and  �̇�𝐿 taken as the sum for all system components. For 

each component, expressions for cost rate balance as well as auxiliary equations for conventional 

and integrated exergoeconomic approaches are highlighted in Table 4.2.  
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Table 4.1: Component fuel and product exergy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Component (abbreviation) Fuel exergy Product exergy 

Solar field (SF) �̇�𝑠 �̇�2𝑒2 −  �̇�1𝑒1 

Hot tank (HT) �̇�2𝑒2 �̇�4𝑒4 

Cold tank (CT) �̇�3𝑒3 �̇�1𝑒1 

Air preheater (AP) �̇�9𝑒9 − �̇�23𝑒23 �̇�7𝑒7 − �̇�22𝑒22 

Combustion chamber (CC) �̇�𝑏𝑒𝑐ℎ,𝑏 + �̇�7𝑒7 �̇�8𝑒8 

Furnace heater (FH) �̇�8𝑒8 − �̇�9𝑒9 �̇�6𝑒6 − �̇�5𝑒5 

ORC preheater (PRHT) �̇�11𝑒11 − �̇�12𝑒12 �̇�19𝑒19 − �̇�18𝑒18 

Evaporator (EVAP) �̇�10𝑒10 − �̇�11𝑒11 �̇�13𝑒13 − �̇�19𝑒19 

Recuperator (RECP) �̇�14𝑒14 − �̇�15𝑒15 �̇�18𝑒18 − �̇�17𝑒17 

Condenser (COND) �̇�15𝑒15 − �̇�16𝑒16 �̇�21𝑒21 − �̇�20𝑒20 

Pump (PUMP) �̇�𝑃𝑈𝑀𝑃 �̇�17𝑒17 − �̇�16𝑒16 

Turbine (TURB) �̇�13𝑒13 − �̇�14𝑒14 �̇�𝑇𝑈𝑅𝐵 

Valve 1 (V1) �̇�4𝑒4 + �̇�6𝑒6 �̇�10𝑒10 

Valve 2 (V2) �̇�12𝑒12 �̇�3𝑒3 + �̇�5𝑒5 
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Table 4.2: Component fuel, product, cost rate balance and auxiliary equations. 

Component (abbreviation) Cost rate balance equation Auxiliary 

equation 

(conventional) 

Auxiliary 

equation 

(integrated) 

Solar field (SF) �̇�1 +  �̇�𝑆𝐹 = �̇�2 𝑐𝑠 = 0 𝑐𝑠 = 0 

Hot tank (HT) �̇�2 +  �̇�𝐻𝑇 = �̇�4   

Cold tank (CT)   �̇�3 +  �̇�𝐶𝑇 = �̇�1   

Air preheater (AP) 
�̇�22 + �̇�9 + �̇�𝐴𝑃 = 

�̇�23 + �̇�7       𝑐9 = 𝑐23 

𝑐22 = 0;  

     𝑐23 = 0 

𝑐22 = 0;  

Combustion chamber (CC) �̇�7 + �̇�𝑏 + �̇�𝐶𝐶 = �̇�8 𝑐𝑏 = 1.1
c€

kWh
  𝑐𝑏 = 1.1

c€

kWh
 

Furnace heater (FH) �̇�8 + �̇�5 + �̇�𝐹𝐻 = �̇�9 + �̇�6 𝑐8 = 𝑐9 
 𝑐8

 𝐺8
=

𝑐9

𝐺9
 

ORC preheater (PRHT) 
�̇�11 + �̇�18 + �̇�𝑃𝑅𝐻𝑇 = 

�̇�19 + �̇�12 

𝑐11 = 𝑐12 
 𝑐11

 𝐺11
=

𝑐12

𝐺12
 

Evaporator (EVAP) 
�̇�10 + �̇�19 + �̇�𝐸𝑉𝐴𝑃 = 

�̇�11 + �̇�13 

𝑐10 = 𝑐11 
𝑐10

𝐺10
=

𝑐11

𝐺11
 

Recuperator (RECP) 
�̇�14 + �̇�17 + �̇�𝑅𝐸𝐶𝑃 = 

�̇�15 + �̇�18 

𝑐14 = 𝑐15 
  𝑐14

  𝐺14
=

𝑐15

𝐺15
 

Condenser (COND) 
�̇�15 + �̇�20 + �̇�𝐶𝑂𝑁𝐷 = 

�̇�16 + �̇�21        𝑐15 = 𝑐16 

𝑐20 = 0;  

   𝑐15

    𝐺15
=

𝑐16

𝐺16
 

 𝑐20 = 0;  

Pump (PUMP) �̇�16 + �̇�𝑤,𝑝 + �̇�𝑃𝑈𝑀𝑃 = �̇�17 𝑐𝑤,𝑝 = 𝑐𝑤,𝑇 𝑐𝑤,𝑝 = 𝑐𝑤,𝑇 

Turbine (TURB) �̇�13 + �̇�𝑇𝑈𝑅𝐵 = �̇�𝑤,𝑇 + �̇�14 𝑐13 = 𝑐14 
𝑐13

𝐺13
=

𝑐14

𝐺14
 

Valve 1 (V1) �̇�4 + �̇�6 + �̇�𝑉1 = �̇�10   

Valve 2 (V2) �̇�12 + �̇�𝑉2 = �̇�3 + �̇�5 𝑐12 = 𝑐3 =  𝑐5 𝑐12 = 𝑐3 =  𝑐5 
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4.2.3 Enhanced exergy analysis 

The assessment of optimization potentials in each component using exergy analysis quantifies the 

rate of exergy destruction in each system component, with the erroneous assumption that all these 

irreversibilities could be recovered. In actual fact, some irreversibilities are intrinsic in energy 

system components, due to systemic and economic constraints imposed by thermodynamic laws. In 

essence, this unavoidable exergy destruction should be regarded, when applying exergy analysis for 

assessing optimization potentials in energy systems. To estimate unavoidable part of destroyed 

exergy in a component k, the best possible performance characteristics of component k are imposed 

during exergy analysis, while other system components remain at their real states [184]. The ratio of 

destroyed exergy to product exergy of component k obtained under this circumstance, (
Ė𝐷

Ė𝑃
)

𝒌

𝑈𝑁

, is 

then used for estimating unavoidable part of exergy destruction in component k, as follows [184]: 

�̇�𝐷,𝑘
𝑈𝑁 = �̇�𝑜,𝑘 × (

Ė𝐷

Ė𝑃

)
𝑘

𝑈𝑁

  (4.24) 

This leaves the part of destroyed exergy in k that could be eliminated by optimization efforts 

(avoidable part of destroyed exergy) as: 

�̇�𝐷,𝑘
𝐴𝑉 = 𝐼�̇� −  �̇�𝐷,𝑘

𝑈𝑁  (4.25) 

The enhanced exergy efficiency (휀∗) under this condition is given by: 

휀∗ =
�̇�𝑜,𝑘

�̇�𝑖,𝑘 − �̇�𝐷,𝑘
𝑈𝑁 

  (4.26) 

Assumptions for the best performance characteristics applied for obtaining unavoidable 

irreversibilities in this study are based both on empirical judgement and literature, as highlighted in 

Table 4.3. 
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Table 4.3: Assumptions for unavoidable conditions of system components. 

4.2.4  Enhanced exergoeconomic analysis 

Similar to the avoidable and unavoidable irreversibility estimated with enhance exergy analysis, 

avoidable and unavoidable cost rates were also determined, due to both destroyed exergy and 

investment made on the system, using the enhanced exergoeconomic analysis. In particular, the 

avoidable cost rate due to destroyed exergy (ĊD
AV) was obtained for each component, as follows: 

�̇�𝐷
𝐴𝑉 = c𝑓 ∙ �̇�𝐷

𝐴𝑉                   (4.27) 

In order to split the investment cost rate (Ż) for each component into avoidable (�̇�𝐴𝑉) and 

unavoidable (�̇�𝑈𝑁) parts, unavoidable investment cost per unit of product exergy (�̇� Ė𝑃⁄ )
𝑼𝑵

was 

obtained for each component, by assuming exceedingly inefficient thermodynamic parameters for 

the respective components. Then, the unavoidable investment costs for the components were 

calculated as:  

�̇�𝑈𝑁 = �̇�𝑃 ∙ (�̇� Ė𝑃⁄ )
𝑼𝑵

                  (4.28) 

where �̇�𝑃 is product exergy for the component under real thermodynamic conditions. Avoidable 

investment costs were obtained by subtracting unavoidable costs from the total costs in the 

respective components: 

Component Unavoidable conditions Component Unavoidable conditions 

Solar field (
Ė𝐷

Ė𝑃
)

𝒔𝒇

𝑈𝑁

= 0.7638 [194] Furnace heater ΔTmin = 3 K 

Hot tank Perfect insulation ORC preheater ΔTmin = 3 K 

Cold tank Perfect insulation Evaporator ΔTmin = 5 K  
 

Air preheater ΔTmin = 12 K Recuperator effectiveness = 0.9 

Combustion chamber 

Adiabatic condition; air-

fuel ratio = 1 (high gas 

temperature)  

Condenser ΔTmin = 3 K 

Pump ηis = 0.95;  ηmech = 1 

Turbine ηis = 0.97;  ηmech = 1 
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�̇�𝐴𝑉 = Ż − �̇�𝑈𝑁                    (4.29) 

The performance of the hybrid solar-biomass ORC plant in this case was assessed using the 

enhanced exergoeconomic factor (𝑓𝑒) and relative avoidable cost rates (𝑅𝑐𝑟), given by: 

𝑓𝑒 =  
�̇�𝐴𝑉

�̇�𝐴𝑉+�̇�𝐷
𝐴𝑉                   (4.30) 

𝑅𝑐𝑟 =  
�̇�𝐴𝑉+�̇�𝐷

𝐴𝑉

Ż+(c𝑓∙�̇�𝐷)
                    (4.31) 

Based on eq. (4.20) and eq. (4.28), informed comparative analysis was made to underscore the 

additional importance of enhanced exergoeconomic analysis. The assumed conditions implemented 

for obtaining unavoidable investment cost rates in this study are highlighted in Table 4.4. 

Table 4.4: Assumptions for unavoidable conditions for investment cost rates. 

4.3 Results and Discussion 

4.3.1 Conventional exergy, conventional and integrated exergoeconomic 

analysis 

4.3.1.1 Conventional exergy analysis 

The flows of exergy (kW) in different streams and components are illustrated in Figure 4.2. The 

values in brackets represent destroyed exergy in each component. For solar field and combustion 

chamber, these values include exergy losses to the environment. Figure 4.2 is self-revealing of the 

Solar field �̇�𝑈𝑁 = 0.98 ∙ Ż Furnace heater ΔTmin = 80 K 

Hot tank 10% heat loss  ORC preheater ΔTmin = 45 K 

Cold tank 8% heat loss Evaporator ΔTmin = 50 K  
 

Air preheater ΔTmin = 200 K Recuperator effectiveness = 0.70 

Combustion chamber 

Ambient properties at 

inlet; Exit gas 

temperature = 750 K  

Condenser ΔTmin = 20 K 

Pump ηis = 0.70  

Turbine ηis = 0.70 



96 

 

components with highest and lowest destroyed exergy. For the whole system, exergetic efficiency 

of 7.1 % was obtained. Furthermore, for comparing dissimilar components in exergy analysis of 

energy systems, it is established that efficiency defect and relative irreversibility are better metrics 

than exergy efficiency [182,214]. Thus, Figure 4.3 shows these metrics for different components of 

the hybrid plant. As shown, the efficiency defect is highest in the solar field, as with relative 

irreversibility. 

 

Figure 4.2: Block diagram for exergy flow in the hybrid plant (kW). 

This is consequent to high loss of exergy of the sun to the environment, due to transmission and 

radiation processes, as well as diffusion on impinging the focused solar collectors. This suggests 

that it requires adequate attention for overall system improvement. This trend is however not a 

general rule. Although the efficiency defect in air preheater is higher than that of the combustion 

chamber, relative irreversibility is lower in air preheater, meaning that its absolute irreversibility is 

quite small, after all. A successful improvement of combustion chamber, furnace heater, evaporator, 
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condenser and turbine would result in better optimization of the whole system, relative to air 

preheater, TES tanks, ORC preheater and pump. 

 

Figure 4.3: Efficiency defect and relative irreversibilities of system components. 

4.3.1.2 Conventional exergoeconomic analysis  

The flows of cost rate, �̇� (€/h) in different streams and components are illustrated in Figure 4.4 for 

conventional exergoeconomic approach. The values in brackets are the levelized cost rate due to 

investment, operation and maintenance (�̇�) of the respective components. Here too, the figure is 

self-revealing of the cost implications of purchasing and operating different components of the 

hybrid plant. For instance, in furnace heater, the sum of cost rates of fuel streams into the 

component (30.27 €/h and 13.33 €/h) and cost rate due to investment (1.69 €/h) is equal to the sum 

of cost rates of product streams emanating from the component (40.12 €/h and 5.17 €/h). The same 

analysis holds for other components. Table 4.5 shows the fuel and product costs of system 

components, as well as their performance based on conventional exergoeconomic approach. The 

total exergoeconomic cost rates are obtained for each component by the sum of cost rates of 

destroyed and lost exergy as well as investment and operation cost rates, reported in Table 4.5. 
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Exergoeconomic performance of system components is thus ranked using this sum. It is desired to 

be as low as possible for all components, for optimal exergoeconomic performance of the system. 

For components with high total cost rates, substitution with other cheaper devices with comparable 

exergetic performance should be considered. In this regard, system improvement requires that due 

attention be focused on solar field, combustion chamber, furnace heater, ORC heat exchangers, 

turbine, furnace heater and TES tanks, for possible replacement with cheaper components. For f, the 

values obtained for each component is a trade-off between the capital investment cost and exergetic 

performance of the component. High values imply that exergoeconomic cost rates is substantially 

due to investment costs, while low values indicate that total cost rates are due majorly to 

irreversibility and exergy losses. In this regard, investment costs play substantial role in 

exergoeconomic underperformance of solar field, TES tanks and ORC preheater. Conversely, for 

other components with relatively low f values, the significance is that large chunk of their 

investment costs results in losses due to thermodynamic irreversibilities, and optimization efforts 

should therefore be focused on improving exergetic performance. Moreover, r values in system 

components signify the relativity of unit product cost to unit fuel cost, and particular attention 

should be given to components with high r as reported in Table 4.5. One result of interest obtained 

in this study is the cost of producing electrical energy by the hybrid plant, which is valued at 10.50 

c€/kWh. For the overall system, f value of 47.05 % was obtained, implying that more than half of 

the total investment costs result in thermodynamic losses. 
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Figure 4.4: Block diagram for cost rate flow in the hybrid plant for conventional approach (€/h). 

Table 4.5: Conventional exergoeconomic results for system components. 

Components 
cf 

(€/kWh) 

cp 

(€/kWh) 

�̇�𝑫 

(€/h) 

�̇�𝑳    

(€/h) 

�̇� 

(€/h) 

�̇� +
�̇�𝑫 +
�̇�𝑳   (€/h) 

f      

(%) 

r        

(%) 

Solar field 0 0.0363 0 0 22.62 22.62 100 Infinity 

Hot tank 0.0492 0.0566 0.85 0 5.76 6.61 87.16 15.07 

Cold tank 0.0559 0.0774 0.36 0 5.76 6.12 94.15 38.35 

Air preheater 0.0295 0.1293 1.50 0 0.87 2.37 36.68 338.19 

Combustion 

chamber 
0.0122 0.0295 15.42 0.18 2.14 17.74 12.06 141.52 

Furnace heater 0.0295 0.0547 10.64 0 1.69 12.33 13.70 85.24 

ORC preheater 0.0559 0.1187 0.84 0 2.03 2.87 70.75 112.14 

Evaporator 0.0559 0.0711 8.30 0 5.06 13.36 37.87 27.13 

Recuperator 0.0857 0.1391 5.82 0 4.89 10.71 45.66 62.21 

Condenser 0.0857 0.3642 6.69 0 2.88 9.57 30.05 324.82 

Pump 0.1050 0.1403 0.31 0 0.094 0.40 23.03 33.67 

Turbine 0.0857 0.1050 9.69 0 2.71 12.4 21.85 22.47 

Valve 1 0.0559 0.0559 0 0 0 0 0 0 

Valve 2 0.0559 0.0559 0 0 0 0 0 0 
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4.3.1.3 Integrated exergoeconomic analysis 

Similar to the conventional approach, flows of cost rates in different streams and compnents are 

illustrated for the integrated exergoeconomic approach, as shown in Figure 4.5. This is in order to  

show that the cost rate balance equations are equally satisfied using the integrated approach. In 

addition, when juxtaposed with Figure 4.4, Figure 4.5 reveals how the cost-rate build-up process 

differs in each state for conventional and integrated exergoeconomic methodologies. While the cost 

rate values are higher in some states for conventional approach, the reverse is the case for many 

other states of the hybrid plant. For instance, the cost rate of organic fluid entering turbine from 

evaporator exit increases by about 4 % in integrated approach, relative to the conventional 

approach, while that entering recuperator form turbine exit decreases by about 20 %. These cost rate 

variations are obviously as a result of the distinction in cost allocation to each stream based on the 

quality of its energy content, as implemented under the integrated approach. The cumulative effects 

of these variations are reflected in the unit exergy costs of products, which are electricity and warm 

water in this study. The difference in these product costs for the two exergoeconomic approaches 

could be gleaned from the cost rates of electricity and water exit stream from the condenser, based 

on Figure 4.4 and Figure 4.5. However, for clearer illustration, unit exergy cost values for the two 

products have been plotted side by side for the two approaches, as shown in Figure 4.6. As can be 

seen, the cost of producing electricity increases from 10.50 c€/kWh in conventional approach to 

12.09 c€/kWh in integrated approach, representing about 15 % increase. Conversely, if the plant 

would be employed for co-generation of power and warm water, the cost of producing warm water 

would decrease from 36.42 c€/kWh in conventional approach to 15.97 c€/kWh in integrated 

approach, representing about 56 % decrease. The credibility of integrated exergoeconomic approach 

implemented in this study is apparent in the unit cost of warm water, which is far more acceptable 

than what obtains following the conventional approach. Expending as much as 36 c€ to produce just 

1 kWh of warm water at 35 
o
C doesn’t seem to be economically attractive. In essence, such report 

as conveyed erroneously by the conventional SPECO methodology could dissuade potential 
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investors from committing economic resources to the kind of cogeneration plant under investigation 

in this study.  

Furthermore, comprehensive exergoeconomic results have been computed for the integrated 

exergoeconomic approach, as reported in Table 4.6. Here too, juxtaposing Table 4.5 and Table 4.6 

reveals the distinctions in the main exergoeconomic results based on integrated and conventional 

approaches. Taking f as an example, the values increase in integrated approach relative to 

conventional approach, for hot tank, cold tank, ORC preheater and condenser. The effect is highest 

in condenser, with about 30 % increase. The implication of this is that, contrary to the belief that 

condenser should be improved by focusing majorly on the capital cost as depicted by conventional 

approach, efforts should actually be made to improve its thermodynamic performance by reducing 

irreversibility, following the integrated approach. Conversely, with the exception of solar field 

whose f value is the same for the two approaches, the values decrease marginally in all other 

components of the hybrid cogeneration plant being studied. Moreover, f value of 48.6 % was 

obtained for the overall system using the integrated approach, which is more than what obtains in 

the conventional approach by about 1.5 percent points. This implies that the loss of investment costs 

is marginally lower by adopting integrated approach. 
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Figure 4.5: Block diagram for cost rate flow in the hybrid plant for integrated approach (€/h). 

Table 4.6: Integrated exergoeconomic results for system components 

Components 
cf 

(€/kWh) 

cp 

(€/kWh) 

�̇�𝑫 

(€/h) 

�̇�𝑳    

(€/h) 

�̇� 

(€/h) 

�̇� +
�̇�𝑫 +
�̇�𝑳   (€/h) 

f      

(%) 

r        

(%) 

Solar field 0 0.0363 0 0 22.62 22.62 100 Infinity 

Hot tank 0.0428 0.0501 0.74 0 5.76 6.50 88.65 17.04 

Cold tank 0.0359 0.0569 0.23 0 5.76 5.99 96.17 58.54 

Air preheater 0.0380 0.1561 1.94 0 0.87 2.81 31.02 310.40 

Combustion 

chamber 
0.0125 0.0301 15.77 0.18 2.14 18.09 11.82 141.14 

Furnace heater 0.0330 0.0607 11.90 0 1.69 13.59 12.43 84.00 

ORC preheater 0.0494 0.1100 0.74 0 2.03 2.77 73.27 122.72 

Evaporator 0.0592 0.0750 8.78 0 5.06 13.84 36.55 26.56 

Recuperator 0.0892 0.1437 6.06 0 4.89 10.95 44.67 61.10 

Condenser 0.0232 0.1597 1.81 0 2.88 4.69 61.32 587.45 

Pump 0.1209 0.1603 0.36 0 0.094 0.45 20.63 32.65 

Turbine 0.0992 0.1209 11.22 0 2.71 13.93 19.45 21.80 

Valve 1 0.0512 0.0512 0 0 0 0 0 0 

Valve 2 0.0359 0.0559 0 0 0 0 0 0 
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Figure 4.6: Unit exergy costs of products for conventional and integrated approaches. 

Enhanced exergy analysis  

Table 4.7 contains the avoidable and unavoidable parts of destroyed exergy in system components, 

which provide a more realistic order of importance of components for system thermodynamic 

improvement. For instance, results of conventional exergy analysis gave an erroneous impression 

that furnace heater is deserving of great optimization effort, due to its high rate of destroyed exergy. 

Actually, only 8.6 % of this destroyed exergy is recoverable by technical optimization. In this 

regard, more optimization efforts should be channeled to all ORC heat exchangers, relative to 

furnace heater, for improved performance of the overall system. Also, Figure 4.7 compares the 

exergetic efficiency under conventional and enhanced analyses. As expected, deducting the 

unavoidable part of destroyed exergy from fuel exergy increases efficiency slightly, for all 

components. 
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Table 4.7: Results of enhanced exergy analysis. 

Components �̇�𝒇(kW) �̇�𝒑 (kW) �̇�𝑫 (kW) �̇�𝒍𝒐𝒔𝒔 (kW) �̇�𝑫
𝑼𝑵 (kW) �̇�𝑫

𝑨𝑽 (kW) 

Solar field 7039.2 622.4 5259.0 1157.8 475.41 4783.60 

Hot tank 907.3 990.1 17.2 0 0 17.22 

Cold tank 291.3 284.8 6.4 0 0 6.39 

Air preheater 74.7 23.8 50.9 0 0.44 50.45 

Combustion 

chamber 
2301.9 1025.6 1261.8 14.6 269.52 992.24 

Furnace heater 850.4 489.9 360.4 0 318.46 41.94 

ORC preheater 60.6 45.6 15.0 0 0.64 14.33 

Evaporator 1028.2 879.8 148.3 0 17.60 130.71 

Recuperator 268.8 200.9 67.9 0 30.61 37.29 

Condenser 112.4 34.4 78.1 0 19.93 58.13 

Pump 14.5 11.5 3.0 0 0.56 2.42 

Turbine 756.7 643.7 113.0 0 14.10 98.93 

   

 

Figure 4.7: Conventional and enhanced exergy efficiencies of system components. 
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4.3.2 Enhanced exergoeconomic analysis  

The cost rates due to destroyed exergy for enhanced exergoeconomic analyses of the hybrid plant 

are highlighted in Table 4.8. Also, the comparison between exergoeconomic performance of the 

hybrid solar-biomass ORC plant based on conventional and enhanced analyses is provided in Table 

4.9. A valuable insight into the importance of enhanced exergoeconomic analysis is provided by 

comparing the sum (�̇�𝐷
𝐴𝑉+�̇�𝐴𝑉) with the sum (�̇�𝐷+�̇�), as depicted in Table 4.9. The former 

(avoidable cost rates) evaluates the cost reduction opportunities in each component of the hybrid 

solar-biomass ORC plant. The components with high values of avoidable cost rates are more 

prospective to enhance economic performance of the hybrid plant, and should logically be 

prioritized for efforts aimed at overall system improvement. In this regard, more attention should be 

directed at the combustion chamber, turbine, evaporator, recuperator and condenser, amongst 

others. Premised on the assumptions made for enhanced exergoeconomic analysis in this study, 

relative avoidable cost rates obtained for the hybrid plant show  that between 2 % and 69 % of total 

cost rates can be theoretically avoided. Furthermore, comparison of conventional and enhanced 

exergoeconomic factors for each component is shown in Figure 4.8. The contribution of cost of 

investment to total cost is shown by conventional exergoeconomic factor, for each component, 

while the enhanced exergoeconomic factor illustrates contribution of avoidable investment cost to 

total avoidable cost. Except for solar field where both values are equal to 100 % (due to zero cost of 

solar energy), conventional exergoeconomic factors for all the components are higher than the 

enhanced ones, for corresponding components. What this implies is that the actual cost 

improvement that could be achieved for the respective components is partly due to reduction in 

investment costs, but mostly due to reduction in destroyed exergy and associated costs. In 

particular, results of enhanced exergoeconomic analysis place emphasis on the need to reduce 

investment costs of solar field, thermal energy storage tanks, furnace heater recuperator and ORC 

preheater. Exemplarily for recuperator, conventional exergoeconomic factor shows that about 46 % 



106 

 

of the total costs associated with the component are due to investment expenses. However, 

enhanced exergoeconomic factor shows that about 27 % of the total avoidable costs associated with 

the recuperator are due to investment costs. Analyzing this comparison for each system component 

reveals the best approach to achieve cost improvement for the whole system, either by adopting 

cheaper components or by optimizing thermodynamic performance for lower irreversibility costs. 

Thus, the application of enhanced exergoeconomic analysis aids the decision on how to improve 

performance with more certainty, thereby providing the designer with better iterative cost 

minimization procedure.  

 

Figure 4.8: Comparison of conventional and enhanced exergoeconomic factors for the hybrid solar-

biomass plant. 
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Table 4.8: Cost rates of destroyed exergy for enhanced exergoeconomic analyses. 

Component 
cf (€/kWh) �̇�𝐷  (kW) 

�̇�𝐷 

(€/h) 

�̇�𝐷
𝐴𝑉 

(kW) 

�̇�𝐷
𝐴𝑉 

(€/h) 

�̇� (€/h) 

Solar field 0 5259.0 0 4783.6 0 22.62 

Hot tank 0.0492 17.2 0.85 17.2 0.85 5.76 

Cold tank 0.0559 6.4 0.36 6.4 0.36 5.76 

Air preheater 0.0295 50.9 1.50 50.5 1.49 0.87 

Combustion 

chamber 

0.0122 1261.8 15.42 992.2 12.13 2.14 

Furnace heater 0.0295 360.4 10.64 41.9 1.24 1.69 

ORC preheater 0.0559 15.0 0.84 14.3 0.80 2.03 

Evaporator 0.0559 148.3 8.30 130.7 7.31 5.06 

Recuperator 0.0857 67.9 5.82 37.3 3.20 4.89 

Condenser 0.0857 78.1 6.69 58.1 4.98 2.88 

Pump 0.1050 3.0 0.31 2.4 0.25 0.094 

Turbine 0.0857 113.0 9.69 98.9 8.48 2.71 
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Table 4.9: Results of enhanced exergoeconomic analysis. 

Component 
(�̇� Ė𝑃⁄ )

𝑼𝑵
 

(€/kW) 

�̇�𝑈𝑁 

(€/h) 

�̇�𝐴𝑉 

(€/h) 

�̇�𝐷
𝐴𝑉 

(€/h) 

�̇�𝐷
𝐴𝑉+�̇�𝐴𝑉  

(€/h) 

�̇�𝐷+�̇� 

(€/h) 

𝑅𝑐𝑟 

(%) 

Solar field 0.0356 22.16 0.45 0 0.45 22.62 2.0 

Hot tank 0.0062 5.52 0.23 0.85 1.08 6.61 16.2 

Cold tank 0.0190 5.41 0.35 0.36 0.70 6.12 11.4 

Air preheater 0.0293 0.70 0.17 1.49 1.66 2.37 65.0 

Combustion 

chamber 

0.0190 0.99 1.15 12.13 13.28 17.56 69.1 

Furnace heater 0.0028 1.35 0.34 1.24 1.58 12.33 9.6 

ORC preheater 0.0383 1.75 0.28 0.80 1.08 2.87 35.9 

Evaporator 0.0047 4.18 0.88 7.31 8.19 13.36 57.5 

Recuperator 0.0185 3.72 1.17 3.20 4.37 10.71 36.1 

Condenser 0.0795 2.73 0.14 4.98 5.13 9.57 32.5 

Pump 0.0049 0.06 0.04 0.25 0.29 0.40 67.5 

Turbine 0.0038 2.44 0.27 8.48 8.75 12.40 65.9 

4.3.3 Parametric study 

4.3.3.1 Effects of ambient temperature on system exergetic and        

exergoeconomic performance 

The sensitivities of system exergy and exergoeconomy to change in ambient temperature are 

illustrated in Figure 4.9. The solar field, air preheater and combustion chamber interact directly with 

the environment, and change in atmospheric conditions has cumulative effects on the entire system. 

As expected, increasing ambient temperature increases efficiency defects due to irreversibility in 

the system, thereby decreasing exergy efficiencies. The decrease in exergy efficiency is however 

barely significant, having a similar trend with defects due to losses. Thus, the more the insulation 
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achieved in the components with direct interaction with the environment, the better the system 

exergetic performance. 

 

Figure 4.9: Effects of ambient temperature on system exergetic and exergoeconomic performance. 

4.3.3.2 Effects of part load on system exergetic and exergoeconomic   

performance 

Variations in turbine and pump efficiencies at off-design conditions had been estimated previously, 

as presented in Chapter 3. Similar procedure had been followed for off-design performance of heat 

exchangers. As it can be seen in Figure 4.10, operating the hybrid plant at part load reduces its 

exergetic performance, due to slightly higher defects of irreversibility and losses. Consequently, the 

cost of producing electrical energy increases dramatically with decreasing inlet gross power of the 

hybrid plant, while the exergoeconomic factor increases drastically, thereby keeping most of the 

investment cost of the system redundant.  

 

Figure 4.10: Effects of part load on system exergetic and exergoeconomic performance. 
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4.3.3.3 Effects of DNI on solar field and system exergetic performance 

Since the solar field is directly concerned with solar irradiation, its sensitivity to change in DNI is 

illustrated alongside that of the system, as shown in Figure 4.11. As expected, the more the 

irradiation concentrated on the solar collectors, the higher the destroyed exergy in the solar field, 

and thus the less the exergetic efficiency. This trend holds also for the system, albeit with lower 

degree of sensitivity. Also, the deficiencies due to exergy losses decreases slightly in solar field, 

with increasing DNI, but this decrease barely has any significance on the whole system. 

 

Figure 4.11: Effects of DNI on solar field and system exergetic performance. 

4.4 Summary 

Detailed exergy-based methodologies have been employed in this chapter to assess the proposed 

hybrid CSP-biomass ORC plant under discussion. Classical and well-established models were 

implemented for conventional exergy, conventional exergoeconomic, enhanced exergy and 

enhanced exergoeconomic analyses of the hybrid plant. The main findings are highlighted as 

follows: 

- Exergy flow rates were quantified for all thermodynamic states, and irreversibilities in 

different components were obtained and illustrated, using Sankey flow diagram. Exergetic 

efficiency of 7.1 % was obtained for the overall hybrid plant; 



111 

 

- Similarly, flows of exergy cost rates were obtained and illustrated for all thermodynamic 

states, including investment cost rates for the components and cost rates due to 

irreversibility. Overall, results showed that the fully-renewable hybrid energy system being 

studied is capable of producing electrical energy at the rate of between 10.50 to 12.10 euro 

cents per kWh, depending on the adopted exergoeconomic approach; 

- The cost of producing electricity increases in integrated exergoeconomic approach by about 

15 %, relative to  the conventional approach. Conversely, the cost of producing warm water 

decreases by about 56 % in integrated approach, which portends a more reasonable analysis, 

if the plant would be operated for co-generation. Overall, loss of total investment cost of the 

hybrid plant is marginally lower by adopting integrated approach, relative to the 

conventional approach; 

- The studied enhanced exergy and exergoeconomic analyses facilitated the decision on the 

best approach to apply thermodynamic and cost improvement measures to each component 

of the hybrid plant, and thus to the system as a whole. Results showed that relative 

avoidable cost rates of between 2 % and 69 % of total cost rates could be theoretically 

avoided. Also, it was obtained that investment costs of solar field, thermal energy storage 

tanks, furnace heater, recuperator and ORC preheater should be reduced, for acceptable 

economic performance of the hybrid plant. Efforts should be made to improve 

thermodynamic performance of all other components, for optimized hybrid power plant. 

This type of information is highly essential for improved design and quicker market 

penetration of fully-renewable energy plants. 
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Chapter 5  

Thermo-economic Assessment of Siloxane Mixtures as 

ORC Working Fluid in the Proposed Hybrid Plant 

5.1 Preamble 

The foregoing exergy and exergoeconomic analyses revealed amongst others, that efforts should be 

made to improve thermodynamic performance of the ORC components, for potential optimization 

of the hybrid plant. One method that has been identified to be adequate for this in literature is 

application of mixtures as ORC working fluid. In this regard, several studies have been conducted 

on this topic, and substantial research efforts are still ongoing, as underscored in the literature 

survey on this topic reported in Chapter 2. Based on the state of the art, the potential 

thermodynamic gains of mixture applications in ORC plants is a function of type and temperature 

range of the adopted heat source. For this reason, advantages of mixture applications should be 

investigated distinctly for different heat sources and temperature ranges. While studies are available 

for such investigations for medium-temperature and high-temperature solar and biomass heat 

sources, no study was found for hybrid solar-biomass heat sources in this respect, thereby providing 

a knowledge gap on this topic. Another knowledge gap on this topic concerns integration of off-

design analysis for investigating techno-economic benefits of ORC working fluid mixtures. As also 

reported in Chapter 2, previous studies have concentrated mostly on thermodynamic and thermo-

economic assessment at design conditions, regardless of type of heat source. However, for solar-

based heat sources with transient characteristics, ORC plant exploiting them would work mostly at 

off-design conditions, and it is thus important to equally investigate potential thermo-economic 

benefits of applying mixtures as working fluid under these conditions. Thus, the applied methods in 

this study for investigating potential benefits of mixtures as ORC working fluid incorporate both 
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design and off-design models, which is one other major contribution of this thesis. The specific 

objectives of this chapter are: 

 Preliminary active selection of potential working-fluid mixtures belonging to siloxane 

family, based on thermo-physical, transport and other properties; 

 Exergy-based performance evaluation of selected mixtures relative to pure MM, for the 

hybrid solar-biomass ORC application; 

 Evaluation of economic implications of applying the selected mixtures under design 

operating conditions;  

 Comparison of off-design behaviours of selected mixtures and pure MM; 

 Thermo-economic implications of the selected mixtures under off-design operating 

conditions. 

The methodologies employed for these analyses are detailed in section 5.2, including: active 

selection of siloxane mixtures, sizing of various heat exchangers, off-design modelling for ORC 

components, as well as thermodynamic and economic evaluations under design and off-design 

conditions. Results obtained based on the highlighted methods are presented and discussed in 

section 5.3. Main chapter findings are summarized in section 5.4.   

5.2 Methodology 

5.2.1 Active selection of siloxane mixtures 

The criteria proposed by Miao et al. [260] were adapted for active selection of siloxane mixtures in 

this study. First, siloxane class of fluid was considered because it is employed in the 

aforementioned real solar-ORC plant, which currently uses pure MM. Then, the selection procedure 

implemented is termed ‘active’ because it is directed at specific and known characteristics of ORC 

design conditions. In their study, the authors showed that mixture compositions suitable for each 

application can be determined directly from thermo-physical properties of pure fluid components. 

This way, the burden of applying thermodynamic assessment methodologies to several fractional 
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compositions of different working fluid mixtures is greatly reduced. Adequate temperature match 

between heat source and working fluid as well as proper temperature glide in the condenser were 

reported to be the main factors in favour of fluid mixtures in ORC applications. Particularly, 

mixture compositions with condensation temperature glide equal to temperature rise of cooling 

medium are reportedly the most efficient ones from thermodynamic points of view. In that case, for 

ORC systems with known design conditions, comprehensive fluid database such as REFPROP 

could be used directly to predict prospective mixture compositions. In a separate study, Zhai et al. 

[261] equally made a similar submission, that fluid database could be used exclusively to obtain 

thermodynamically efficient mixtures for ORC applications. Suffice it to highlight here that these 

two studies compared predictions from REFPROP with analyses from simulations for several fluid 

compositions, including siloxane mixtures. Given the obtained agreement reported independently 

by the two studies, the proposed methodology based on REFPROP predictions is valid and can be 

applied with confidence. 

Premised on the foregoing, REFPROP 10 [262] was employed for active selection of siloxane 

mixtures in this study. Vapour pressure, vapour-liquid equilibrium, density and other fluid 

properties were obtained from REFPROP based on the approach reported in [170], which had been 

validated by comparison with experimental data from literature for several zeotropic fluids. For 

each mixture composition, condensation temperature glide was obtained as difference between dew 

point and bubble point temperatures. Bubble point temperature (Tbubble) was obtained as: 

𝑇𝑏𝑢𝑏𝑏𝑙𝑒 = 𝑇𝑖,𝑠𝑘 + ∆𝑇𝑝𝑝,𝑐𝑜𝑛𝑑  (5.1) 

where 𝑇𝑖,𝑠𝑘 and ∆𝑇𝑝𝑝,𝑐𝑜𝑛𝑑 represent inlet temperature of cooling medium and minimum pinch point 

temperature difference in the condenser, respectively. The built-in functions of REFPROP makes it 

possible to obtain dew point temperature as a function of pressure and mixture concentration. 

Considering that the temperature difference of cooling water amounts to 10 
o
C in this study, fluid 

mixture compositions with thermo-physical property-based condensation temperature glide in the 
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range 5-15 
o
C were considered for further thermo-economic analyses. In addition, the critical 

pressure of the selected mixtures should be greater than that of the pure fluid, and should match 

relatively well with the heat source temperature range. 

5.2.2 Thermodynamic performance evaluation of pure fluid and fluid  

mixtures 

Steady-state process simulations were performed for the ORC with different working fluids, using 

Aspen Plus V8.8 [234]. The same heat source and heat sink conditions were used for comparative 

analysis, which coincide with the features of the existing ORC plant as presented earlier. Also, 

minimum temperature difference in heat exchangers, and pump and turbine design characteristics 

were assumed constant, based on the real plant information. In this respect, internal cycle pressures 

were adapted using sequential quadratic programing (SQP) optimization subroutines embedded in 

Aspen Plus. For the optimization process, the objective was to maximize electrical power output, 

constrained by the aforementioned heat source and sink conditions, as well as design characteristics 

of ORC components. Effects of composition shift for working-fluid mixtures were neglected. 

Exergy rate balance equation was established for each ORC component based on the analysis 

presented in Chapter 4. The net electrical output Ẇ𝑛𝑒𝑡 and exergy efficiency (ε) were employed for 

comparative evaluation of ORC with different working fluid compositions. The exergetic efficiency 

of the ORC unit was calculated here as: 

휀 =  
Ẇ𝑛𝑒𝑡

ṁiei − ṁoeo
 , (5.2) 

where mass flow rate (�̇�) and exergy parameters (𝑒) represent that of hybrid solar-biomass heat 

transfer fluid at inlet to and exit from the ORC, respectively. 

5.2.3 Sizing of ORC heat exchangers 

Shell and tube heat exchanger with counter-flow configuration was assumed, constructed from 

carbon steel with thermal conductivity of 51 𝑊 (𝑚𝐾)⁄  [172]. With the aim of obtaining turbulent 

flow regimes at lower velocities relative to maximal values, outer tube diameter of 19.05 mm and 
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wall thickness of 2.11 mm were adopted for calculations. Also, a triangular tube pitch was assumed, 

with pitch to diameter ratio of 1.25. Heat exchanger with one-pass shell (TEMA type E) was 

considered. Single segmental baffle types with horizontal cut orientation were considered for 

modelling. For all heat exchangers, it was assumed that organic working fluid flows inside the tube, 

while the heat source transfer fluid and cooling medium are led in the shell side. These assumptions 

were applied in the Log Mean Temperature Difference (LMTD) method of heat exchanger design. 

In order to obtain overall heat transfer coefficient, different heat transfer correlations were 

implemented. The correlations depend on composition and phase state of heat transfer fluid, and 

they provided local heat transfer coefficients in each exchanger side. For single phase flows, the 

Dittus-Boelter Nusselt number (𝑁𝑢) correlation was considered, given by: 

𝑁𝑢 =  0.023𝑅𝑒0.8 ∙ 𝑃𝑟𝑛  (5.3) 

where 𝑅𝑒 is the Reynolds number, Pr is the Prandtl number and n is an index, taken as 0.3 for fluids 

undergoing cooling process and 0.4 for heating process [7]. For evaporation of pure working fluids 

in a plain tube, the correlation for flow boiling applied in [171,263] was adopted for the calculation 

of the convective heat transfer coefficient (α): 

𝛼(𝑧)

𝛼𝑙
=  {(1 − 𝑥)0.01 ∙ [(1 − 𝑥)1.5 + 1.9 ∙ 𝑥0.4 ∙

𝜌𝑙
0.37

𝜌𝑔
]

−2.2

+  𝑥0.01

∙ [
𝛼𝑔

𝛼𝑙
∙ (1 + 8 ∙ (1 − 𝑥)0.7 ∙

𝜌𝑙
0.67

𝜌𝑔
)]

−2

 }

0.5

 

(5.4) 

where ρ and x are density and vapour quality, respectively, and subscripts l and g stand for liquid 

phase and gaseous phase, respectively. Corresponding heat transfer coefficients 𝛼𝑙 and 𝛼𝑔 were 

obtained from eq. (5.3). For evaporation of fluid mixtures, reduction in heat transfer was accounted 

using the model of Schlünder [264]: 

𝛼𝑖𝑑

𝛼
=  1 +

𝛼𝑖𝑑

�̇�
∙ (𝑇𝑠2 − 𝑇𝑠1) ∙ (𝑦1 − 𝑥1) ∙ (1 − 𝑒𝑥𝑝 (−𝐵0 ∙

�̇�

𝜌𝑙∙𝛽∙∆ℎ𝑓𝑔
))  (5.5) 
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where 𝛽 and 𝐵0 are experimentally fitted constants, taken here as 𝛽 = 2 ×  10−4 𝑚/𝑠 and 𝐵0 = 1. 

𝑇𝑖 is the saturation temperature of mixture component, while 𝑥𝑖 and 𝑦𝑖 are mole fractions of liquid 

and gaseous phase of component i.  

The correlation proposed by Shah [265] was implemented to obtain local heat transfer coefficient of 

working fluid in condenser, as follows: 

𝑁𝑢 =  0.023𝑅𝑒𝑙
0.8 ∙ 𝑃𝑟𝑙

0.4 ∙ [(1 − 𝑥)0.8 +
3.8∙𝑥0.76∙(1−𝑥)0.04

𝑝∗0.38 ]  (5.6) 

where 𝑝∗ corresponds to the ratio of process pressure to critical pressure. Similar to what obtains in 

evaporation process, reduction in heat transfer as a result of additional mass transfer for zeotropic 

mixtures was accounted, using the method of Silver [266] as well as Bell and Ghaly [267]: 

1

𝛼𝑒𝑓𝑓
=  

1

𝛼(𝑥)
+  

𝐿𝑔

𝛼𝑔
  (5.7) 

where 𝛼𝑒𝑓𝑓 represents the effective local heat transfer coefficient of fluid mixture and 𝛼(𝑥) is 

obtained from eq. (5.6) using the properties of fluid mixture. The gaseous phase heat transfer 

coefficient (𝛼𝑔) and ratio between the sensible and latent part of the condensation of fluid mixture 

(𝐿𝑔) were obtained as follows: 

𝑁𝑢 =  0.023𝑅𝑒𝑔
0.8 ∙ 𝑃𝑟𝑔

0.4  (5.8) 

𝐿𝑔 = 𝑥 ∙ 𝑐𝑝,𝑔 ∙
𝑇𝐺,𝐶𝑜𝑛𝑑

∆ℎ
  (5.9) 

where 𝑐𝑝,𝑔 is the heat capacity at gaseous phase, 𝑇𝐺,𝐶𝑜𝑛𝑑 is temperature glide at condensation, and 

∆ℎ is the corresponding enthalpy difference. As factor of safety, local heat transfer coefficients of 

shell sides were reduced by combined correction factors according to Bell-Delaware method, taken 

as 0.65. Then, the overall heat transfer coefficient was obtained for each heat exchanger, using the 

local heat transfer coefficients of shell and tube sides, as well as thermophysical and geometric 

properties. 
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5.2.4 Economic analysis 

Comparative economic performance of pure fluid and siloxane mixtures for ORC design was 

assessed, using energy and exergy-based cost analysis. For exergoeconomy, the specific exergy 

costing (SPECO) approach [187] was also adopted here, based on the methodology presented 

earlier in Chapter 4. Since the conditions of hybrid solar-biomass heat source are the same for all 

cases of ORC working fluids considered, a uniform value of c (taken equal to 0.0532 €/kWh, based 

on the results obtained in Chapter 4) was adopted for analysis here. This cost factor is obtained with 

the assumption that ORC works at nominal condition, with biomass satisfying 40% of its thermal 

input requirement. However, improved economic models were implemented in this Chapter, for 

reliable thermo-economic assessment of potential benefits of mixtures. In particular, the logarithmic 

correlations of purchased equipment costs (PEC) presented by Sieder et al. [268] were adopted for 

obtaining base cost (𝑍𝐵) for ORC components for different working fluids, based on year 2006 

data, as follows: 

Z𝐵 = ( F)exp{𝐾0 + 𝐾1[𝐼𝑛 𝑆] + 𝐾2[𝐼𝑛 𝑆]2}  (5.10) 

where S is component size factors, while F and K are cost coefficients, highlighted in Table 5.1. For 

pump, actual 𝑍𝐵 value includes base cost for pump motor (𝑍𝑝𝑚), obtained as follows: 

Z𝑝𝑚 = exp {5.83 + 0.134[𝐼𝑛 �̇�𝑝𝑢𝑚𝑝] + 0.0533[𝐼𝑛 �̇�𝑝𝑢𝑚𝑝]
2

+ 0.0286[𝐼𝑛 �̇�𝑝𝑢𝑚𝑝]
3

− 0.00355[𝐼𝑛 �̇�𝑝𝑢𝑚𝑝]
4

} 

 

(5.11) 

where �̇�𝑝𝑢𝑚𝑝 is pump consumption expressed in horse power (hp) units. The base cost values 

obtained with eq. (5.10) were adjusted to obtain actual purchase cost (𝑍) based on current realities, 

as follows: 

𝑍 =  Z𝐵 ∙
𝐼

𝐼𝐵
 , (5.12) 

where 𝐼 and 𝐼𝐵 are Chemical Engineering Plant Cost Indices (CEPCI) for 2018 and 2006, given as 

603.1 and 500, respectively. 
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Table 5.1: Cost coefficients for ORC components used in eq. (5.10). 

Component S  F K0 K1 K2 

Preheater/Recuperator A (m
2
)  1.0 10.106 -0.4429 0.0901 

Evaporator/Condenser A (m
2
)  1.0 9.5638 0.5320 -0.0002 

Turbine �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒(kW)  1.0 6.5106 0.8100 0.0000 

Pump �̇�√𝐻 (𝑚3 ∙ 𝑠−1 ∙ 𝑚1 2⁄ )  2.7 9.0073 0.4636 0.0519 

 

Then, energy-based specific investment costs (SIC), specific exergy costs, net costs of ORC 

production and exergoeconomic factors (f) were adopted for economic comparison of different 

working-fluid compositions. Specific exergy cost was obtained directly from cost rate balance 

equations, at turbine production stream. For net costs of ORC production, costs due to exergy loss 

in the ORC were charged to turbine, and average specific exergy costs of power production was re-

calculated. Energy-based SIC and f were obtained as follows: 

SIC =  
𝑍𝑂𝑅𝐶

�̇�𝑛𝑒𝑡
, (5.13) 

𝑓 =  
Ż

Ż+(𝑐𝑓∙İ)
   (5.14) 

where 𝑍𝑂𝑅𝐶 represents total costs of investment of ORC (summation of all components), �̇�𝑛𝑒𝑡 is net 

ORC power production and 𝑐𝑓 is cost per unit of fuel exergy (ratio of cost rate of fuel to fuel 

exergy, €/kWh). This is with the assumption that all ORC components are thermally insulated to the 

environment. 

5.2.5 Off-design models 

The ORC off-design model proposed by Manente et al. [237] was equally used here for heat 

exchanger analysis, while the model of Ghasemi et al. [239] and real plant efficiency curve were 

implemented for off-design analysis of turbine and pump, respectively. The details of these models 

have been presented earlier in Chapter 3 and are therefore not repeated here. Also, the validity of 
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the models had been ascertained by comparing simulation results with operational data obtained 

from the real ORC plant currently running at Ottana, as reported in Chapter 3.   

5.2.6 Annual performance analysis 

Similar to what was presented for annual analysis in Chapter 3, annual net electricity production 

from ORC was simulated for each of the working fluids being evaluated in this chapter, following 

the aforementioned approach. Furthermore, yearly economic performance was assessed for each 

ORC working fluid, using levelized cost of electricity (LCOE), net present value (NPV) and 

specific payback period (SPB) as evaluation criteria, which have also been presented earlier in 

Chapter 3.  

5.3 Results and Discussion 

5.3.1 Active selection of siloxane mixtures 

Variations of condensation temperature glides of siloxane mixtures with mass fraction of MM are 

presented in Figure 5.1, as obtained from REFPROP database. As shown, only MM/MDM mixtures 

have condensation temperature glides within the range 5-15 
o
C. In particular, mixtures with 

0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM fall within this range. Also, their critical 

pressure values are greater than those of pure fluids, which are given as 9.61 bar, 10.93 bar, 11.44 

bar, 13.47 bar, 14.38 bar, and 19.31 bar for MD3M, D5, MD2M, D4, MDM and MM, respectively. 

Moreover, they match quite well with temperature range considered for heat source. Thus, these 

mixture compositions satisfy the pre-set active selection criteria, and they were adopted for detailed 

thermo-economic analyses in this study, in comparison with performance of pure MM. 
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Figure 5.1: Condensation temperature glide of siloxane mixtures. 

5.3.2 Thermodynamic performance of selected mixtures relative to pure fluid 

In order to assess thermodynamic benefits of using the selected siloxane mixtures relative to pure 

MM, net power and exergetic efficiencies of the ORC plant were determined for each fluid 

composition. When using pure MM as ORC working fluid, net power of 629 kW was obtained. For 

the considered mixture compositions, net ORC power of 621 kW, 638 kW and 641 kW were 

obtained for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM, respectively. A similar 

trend was observed for exergetic efficiency of the ORC (휀). For pure MM, it results equal to about 

54.1 %. In the case of the selected mixture compositions, results showed that the exergetic 

efficiency decreases by about 0.8 percent points for 0.1MM/0.9MDM, while it increases by about 

0.8 and 1 percent points for 0.8MM/0.2MDM and 0.9MM/0.1MDM, respectively. The optimized 

cycle design parameters for the selected fluids are highlighted in  

Table 5.2. 
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Table 5.2: Optimized design parameters for selected ORC working fluids. 

 MM 0.1MM/0.9MDM 0.8MM/0.2MDM 0.9MM/0.1MDM 

Working fluid mass flow 

rate (kg/s) 

9.3 10.6 9.5 9.4 

Maximum cycle pressure 

(bar) 

10.0 3.0 7.7 8.8 

Maximum working fluid 

temperature (
o
C) 

204.5 194.4 202.5 203.5 

 

Furthermore, flow of exergy in different streams and components of the ORC are shown in Figure 

5.2 to Figure 5.5, for pure MM, 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM, 

respectively. In these figures, the values in bracket in respective labelled components represent 

destroyed exergy in the components, as done earlier. The essence is to allow objective comparison 

of thermodynamic performance in different streams and components of the ORC, for the pure and 

mixture fluid cases considered. Exemplarily, the figures show that exergy of the ORC fluid at 

turbine entry is higher for pure MM than for all mixture compositions considered. Thus, higher 

ORC net power obtained for mixtures is due mainly to the internal operations of the ORC, 

particularly the volumetric expansion capability of the turbine. In addition, it can be observed from 

the figures that destroyed exergy is reduced in the condenser, preheater and pump for all mixtures, 

relative to the pure fluid. Conversely, adopting fluid mixture increases destroyed exergy for 

recuperator and evaporator. Again for turbine, the optimized pressure and molecular weight of 

mixture compositions are key factors that influence exergy destruction rate, and no common trend is 

observed. By summing destroyed exergy values in each component, results showed that adopting 

0.1MM/0.9MDM increases destroyed exergy in the ORC unit by 9 kW, relative to pure MM. 
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Conversely, the use of 0.8MM/0.2MDM and 0.9MM/0.1MDM reduce ORC destroyed exergy by 

17.7 kW and 19.8 kW respectively, relative to pure MM. This trend is consistent with the net power 

and exergy efficiency obtained for different fluid cases. Clearly, these results show that adopting 

fluid mixtures in ORC for hybrid solar-biomass application could marginally improve 

thermodynamic performance of the plant.  

 

Figure 5.2: Block diagram for exergy flow in the ORC using MM (kW). 
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Figure 5.3: Block diagram for exergy flow in the ORC using 0.1MM/0.9MDM (kW). 

 

Figure 5.4: Block diagram for exergy flow in the ORC using 0.8MM/0.2MDM (kW). 
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Figure 5.5: Block diagram for exergy flow in the ORC using 0.9MM/0.1MDM (kW). 

5.3.3 Effects of mixture working fluid on ORC heat exchange surface 

By adopting fluid mixtures in ORC plants, the heat transfer coefficients are reduced in heat 

exchangers, especially during phase change processes. Consequently, there are significant effects on 

the heat exchange surface required to achieve set thermodynamic objective. In this regard, the heat 

exchanger surface area, logarithmic mean temperature difference and heat transfer rate have been 

quantified for all ORC heat exchangers in this study, as presented in Table 5.3. As it can be 

observed, a similar trend is obtained for heat exchange surface in condenser and evaporator, where 

required surface areas for mixtures are higher than those of pure fluid. For heat exchangers with 

single-phase heat transfer processes, no common trend is observed. In particular, adopting fluid 

mixtures decreases surface areas in preheater, relative to pure fluid. In the case of recuperator, it is 

interesting to observe that heat exchange surface reduces for the most thermodynamically efficient 

mixture (0.9MM/0.1MDM), relative to pure MM, while the contrary is the case for other mixture 
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compositions. In addition, it can be seen that total heat exchange area increases for all mixture ORC 

considered, relative to pure MM. In particular, total ORC heat transfer area increases by 18.5 %, 

21.3 % and 17.3 % for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM respectively, 

relative to pure MM. Again, the increase in total surface area is lowest in the most 

thermodynamically efficient mixture. Moreover, increase in condenser surface for mixture fluids 

contribute the most to increase in total heat exchange surface areas, obviously due to reduced values 

obtained for log mean temperature difference.  

Clearly, the increase in heat exchange surface area by using mixtures as ORC working fluid would 

have negative effects on economic performance of the system, and this necessitates the comparative 

study from economic perspective.  

Table 5.3: Effects of mixture on heat transfer surface. 

  MM 0.1MM/0.9MDM 0.8MM/0.2MDM 0.9MM/0.1MDM 

APRHT (m
2
) 293.1 242.1 266.8 280.0 

ΔTlog,PRHT (
o
C) 43.3 43.2 43.5 43.6 

�̇�𝑃𝑅𝐻𝑇 (kW) 2091 1627 1858 1973 

AEVAP (m
2
) 79.9 151.5 101.4 90.4 

ΔTlog,EVAP (
o
C) 50.7 54.2 52.0 51.4 

�̇�𝐸𝑉𝐴𝑃 (kW) 1083 1550 1318 1203 

ARECP (m
2
) 74.7 80.3 76.0 73.5 

ΔTlog,RECP (
o
C) 36.9 36.7 37.2 37.1 

�̇�𝑅𝐸𝐶𝑃 (kW) 1161 1324 1269 1224 

ACOND (m
2
) 833.6 1044.2 1109.5 1058.7 

ΔTlog,COND (
o
C) 16.6 15.7 13.6 13.8 

�̇�𝐶𝑂𝑁𝐷 (kW) 2488 2502 2481 2479 

Atotal (m
2
) 1281.3 1518.1 1553.7 1502.6 

5.3.4 Economic performance of selected mixtures relative to pure fluid 

As aforementioned, energy and exergy-based economic assessments were employed for 

comparative performance evaluation of the different fluid compositions studied. Here, results of 
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economic performance at design conditions are presented, using mainly exergoeconomic criteria. 

Flows of exergy cost rates in different streams of the ORC power plant are presented in Figure 5.6 – 

Figure 5.9, for pure MM and all the selected mixture compositions. Again, the values in brackets 

inside components are the investment and maintenance cost rates for the respective components. As 

illustrated in the exergoeconomic cost balance equations, adding the investment and maintenance 

cost rates to cost rates of streams entering the respective components (fuel) should be equal to the 

sum of cost rates of streams leaving the components (products). For instance, for evaporator in 

Figure 5.6, (76.07-14.20) + 2.67 = (86.36 – 59.47). As it would be expected consequent to increase 

in heat transfer surface for mixture ORC, cost rates due to investment and maintenance increase for 

condenser and evaporator, for all mixture compositions. For all other components, the change in 

cost rates due to investment and maintenance are barely distinguishable between pure fluid and 

mixtures. The specific exergy costs of producing power is obtainable for each fluid case, by the 

ratio of cost rates of electricity production by the turbine, to turbine power production represented 

in Figure 5.2 – Figure 5.5. For clearer representation of economic comparisons of the studied fluid, 

energy-based specific investment costs, specific exergy costs, net costs of ORC production and 

exergoeconomic factors for respective components are shown in Table 5.4. Results show that 

energy-based specific investment cost of ORC unit increases by 15 %, 10.3 % and 7.3 % for 

0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM respectively, relative to pure MM. 

Similarly, specific exergy costs of power production increases by 3.7 %, 1.9 % and 1 % for 

0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM respectively, relative to pure MM.  
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Figure 5.6: Block diagram for cost rate flow in the ORC using MM (€/h). 

 

Figure 5.7: Block diagram for cost rate flow in the ORC using 0.1MM/0.9MDM (€/h). 
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Figure 5.8: Block diagram for cost rate flow in the ORC using 0.8MM/0.2MDM (€/h). 

 

Figure 5.9: Block diagram for cost rate flow in the ORC using 0.9MM/0.1MDM (€/h). 
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Table 5.4: Specific investment cost and exergoeconomic results. 

Parameter MM 0.1MM/0.9MDM 0.8MM/0.2MDM 0.9MM/0.1MDM 

SICORC 

(€/kWh) 

1621.90 1865.90 1788.60 1739.90 

cP (c€/kWh) 8.87 9.20 9.04 8.97 

cnet (c€/kWh) 12.52 12.88 12.58 12.50 

fPRHT (%) 15.74 18.39 16.67 16.00 

fEVAP (%) 50.92 47.29 48.12 49.36 

fRECP (%) 5.12 4.41 4.53 4.70 

fCOND (%) 49.38 53.56 57.72 56.82 

fPUMP (%) 40.85 64.32 45.41 43.00 

fTURB (%) 18.80 18.35 18.49 18.57 

fORC (%) 32.24 34.13 34.87 34.55 

 

By charging all the cost rates due to exergy losses at condenser exit to turbine fuel stream, results 

show that net specific exergy costs of ORC production are about the same for pure fluid and the 

most efficient mixture (0.9MM/0.1MDM). In this regard, economic comparison that captures the 

operational life of the plant would be valuable to examine the fluid with most prospective economic 

performance at off-design conditions. With respect to the parts of investment costs that lead to 

useful products in each component, reported exergoeconomic factors imply that mixtures better 

utilize investment costs in preheater and condenser. For other components, reverse is the case. 

Overall for the ORC unit, results show that higher percentage of investment costs leads to useful 

product by using mixtures, relative to pure fluid. 
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5.3.5 Off-design comparative analysis 

5.3.5.1 Variation of thermal source mass flow rate 

In this section, the variation of mass flow rate of heat transfer fluid feeding the ORC is compared, 

for pure MM and selected mixture compositions. Figure 5.10 shows the effects of heat source mass 

flow rate on ORC net power and exergetic efficiency.  

 

Figure 5.10: Effects of source HTF mass flow rate on ORC net power production and exergetic 

efficiency. 

As shown, the rise of net power with increase in heat source mass flow rate is moderate and similar 

for all fluids. It can be observed that increase in net power of mixtures (0.8MM/0.2MDM and 

0.9MM/0.1MDM) relative to pure fluid is only significant at high mass flow rate of HTF, say 

beyond 8 kg/s. In fact, net power obtainable for pure MM is marginally higher for mass flow rate 

lower than 5 kg/s. In this regard, it is essential to compare annual off-design ORC electrical energy 

production for pure fluid and selected mixtures. This is to verify the assertion of thermodynamic 

benefits of the working-fluid mixtures identified under design operating conditions. Furthermore, it 

can be seen also from Figure 5.10 that similar trends are obtained for variation of exergetic 

efficiency with HTF mass flow rate, for all fluids. In particular, exergetic efficiency grows steadily 

from low HTF mass flow rate and reaches an optimum point, where it takes a downward turn with 
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further increase in HTF mass flow rate. This behavior is understood to be a consequence of the 

irregular variation of destroyed exergy in ORC components, especially in the evaporator, turbine 

and condenser. Specifically, increasing HTF mass flow rate leads to increase in irreversibility in the 

evaporator, while irreversibilities decrease in turbine and condenser at the same time. For all fluids, 

the optimum exergetic efficiency point is at about the same mass flow rate, around 7 kg/s. As with 

net power, it is also observed here that exergy efficiency of pure fluid is higher at lower HTF mass 

flow rate. Actually, exergetic efficiency of 0.8MM/0.2MDM only exceeds that of pure fluid from 

the optimum point at 7 kg/s. This underscores the importance of incorporating off-design economic 

analysis into study of working fluid mixtures in ORC applications. This is even more important for 

solar-related applications, since high mass flow rate of HTF used for design is only obtainable at 

high solar irradiation conditions, which fluctuates with time in reality.  

5.3.5.2 Variation of thermal source temperature 

Here, off-design behaviours of the ORC unit with varying heat source temperature are examined, 

for all the fluid cases. As depicted in Figure 5.11, increasing heat source temperature leads to 

increase in ORC net power, for all fluids. It can be observed that the fluid with highest net power is 

not the same for all the inlet temperature range considered. For instance, from 230 
o
C to about 250 

o
C, 0.1MM/0.9MDM performs better than other fluids studied. Beyond 270 

o
C, it turns out with 

worst performance in terms of net power produced, and 0.9MM/0.1MDM becomes a better option. 

Similarly, for exergetic efficiency, the growth is inconsistent for different fluid at temperature 

below 250 
o
C, beyond which 0.9MM/0.1MDM shows better performance than other mixtures and 

pure MM. Thus, for heat sources with varying temperature, off-design analysis is essential for true 

assessment of working fluid performance.  
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Figure 5.11: Effects of source HTF temperature on ORC net power production and exergetic 

efficiency. 

5.3.5.3 Variation of cooling water inlet temperature 

Here, effects of cooling water inlet temperature on net power and exergetic efficiency are presented, 

as shown in Figure 5.12. As it can be seen, responses of both net power and exergetic efficiency to 

increase in cooling water inlet temperature are the same for all fluid. In particular, increasing 

cooling water inlet temperature decreases both net power and exergetic efficiency almost linearly, 

as it would be expected. Having the same trend in net power and exergetic efficiency is because the 

available energy input into the ORC from heat source does not vary with cooling water inlet 

temperature.  
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Figure 5.12: Effects of cooling water inlet temperature on ORC net power production and exergetic 

efficiency. 

5.3.6 Yearly performance evaluation 

Results of comparative annual performance evaluation of pure MM and selected working-fluid 

mixtures are presented in Table 5.5. As shown, total annual ORC electrical energy obtained with all 

considered fluid mixtures are higher than that of pure MM. In particular, increase in annual net 

energy of 2.3 %, 3.2 % and 5.2 % were obtained for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 

0.9MM/0.1MDM respectively, relative to pure MM. For 0.8MM/0.2MDM and 0.9MM/0.1MDM, 

this trend is the same as obtained under design condition. However, for 0.1MM/0.9MDM, off-

design analysis shows that its thermodynamic performance is also better than that of pure MM, 

contrary to what was insinuated under design comparative analysis. 

What’s more, results showed that the thermodynamic advantages that could be obtained by adopting 

fluid mixtures as ORC working fluid do not translate to better economic performance of the plant. 

In fact, all economic metrics adopted for comparative evaluation in this study show that pure MM is 

more prospective than all the studied mixture compositions. Exemplarily for the most 

thermodynamically efficient fluid mixture (0.9MM/0.1MDM), LCOE and SPB increase by 8 % and 

13 % respectively, while NPV reduces by 15.7 %, relative to pure MM. Economic performances of 
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the other working-fluid mixtures considered are even worst, in comparison with pure fluid. Suffice 

it to mention that of the selected mixtures in this study, the one with highest thermodynamic 

benefits is also the most economically prospective choice. This is true both at design and off-design 

conditions, for different exergy and energy costing methodologies implemented in this study.  

Table 5.5: Yearly performance of studied fluids at off-design conditions. 

Parameter MM 0.1MM/0.9MDM 0.8MM/0.2MDM 0.9MM/0.1MDM 

Electrical energy 

(GWh/y) 
3.48 3.56 3.59 3.66 

LCOE (€/MWh) 161 180 178 174 

NPV (M€) 2.314 1.628 1.721 1.950 

SPB (years) 7.0 8.4 8.3 7.9 

5.4 Summary 

Techno-economic performance of some selected siloxane mixtures as ORC working fluids in hybrid 

solar-biomass applications have been evaluated in this chapter. Potential working fluid mixtures 

were initially identified based on thermo-physical and transport properties obtained directly from 

REFPROP database. Then, the thermodynamic and economic implications of using the selected 

mixtures were quantified and compared with those of pure fluid, at both design and off-design 

operating conditions. Although a number of studies have investigated thermo-economic 

implications of applying mixtures in ORCs before now, none of them considered a whole range of 

yearly performance at off-design conditions. Moreover, consideration has not been given to 

mixtures as ORC working fluids for hybrid solar-biomass applications, even though it has been 

affirmed that mixture performance is sensitive to heat source characteristics. Both energy and 

exergy approaches were used for comparative thermo-economic analyses of mixtures and pure 

fluid. For comprehensive economic analysis, ORC heat exchangers were sized based on process 

conditions that are different for pure fluid and mixtures.  
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Some main findings derived from the study presented in this chapter are highlighted as follows: 

- Out of several combinations of siloxanes considered, the mixtures 0.1MM/0.9MDM, 

0.8MM/0.2MDM and 0.9MM/0.1MDM were actively selected for detailed thermo-

economic analysis. This is based on close proximity of condensation temperature glide of 

mixtures to temperature difference of cooling fluid, as well as temperature match of heat 

source with critical properties of mixtures.  

- At design conditions, the use of 0.9MM/0.1MDM and 0.8MM/0.2MDM increase net ORC 

power by 2 % and 1.4 % respectively, while 0.1MM/0.9MDM reduces net power by 1.3 %, 

relative to pure MM. Similarly, for exergetic efficiency, increase of 1 and 0.8 percent points 

were recorded for 0.9MM/0.1MDM and 0.8MM/0.2MDM respectively, while decrease of 

0.8 percent point was obtained for 0.1MM/0.9MDM, relative to pure fluid. The potential of 

efficiency increase by zeotropic mixtures regarding the selected application with heat 

source temperature higher than 200 °C is limited due to the few suitable pure siloxane 

components. In consequence, relatively high condensation temperature glides result which 

are unfavorable for the proposed ORC system. The obtained trend of efficiency is observed 

to be a consequence of reduction and/or increase of total irreversibility obtained in ORC 

system for different fluids. The fluid with lowest total irreversibility recorded highest net 

power and exergy efficiency, and vice-versa, as it would be expected. 

- Total ORC heat transfer area was found to increase by 18.5 %, 21.3 % and 17.3 % for 

0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM respectively, relative to pure 

MM. Consequently, energy-based specific investment cost of ORC unit increases by 15 %, 

10.3 % and 7.3 % for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM 

respectively, relative to pure MM. Similarly, specific exergy costs of power production 

increases by 3.7 %, 1.9 % and 1 % for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 

0.9MM/0.1MDM respectively, relative to pure MM. However, reported exergoeconomic 
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factors imply that higher percentage of investment costs leads to useful product by using 

mixtures, relative to pure fluid. 

- Effects of varying heat source transfer fluid mass flow rate and temperature, as well as 

cooling fluid inlet temperature on ORC off-design performance were obtained to be similar 

for mixtures and pure fluid. Also, it was obtained that thermodynamic advantages of 

mixtures are obtained at somewhat high mass flow rate and temperature of heat source 

fluid, below which pure fluid would be more advantageous.  

- With the implementation of off-design models, increase in annual net energy of 2.3 %, 3.2 

% and 5.2 % were obtained for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM 

respectively, relative to pure MM. However, results showed that these thermodynamic 

advantages do not translate to better economic performance of the plant by adopting 

mixtures. In fact, all economic metrics adopted for comparative evaluation in this study 

showed that pure MM is more prospective than all the studied working-fluid mixtures, at 

off-design conditions.  

In sum, researchers and designers of ORC plants should exercise caution when considering the use 

of siloxane mixtures as ORC working-fluids in real applications with heat source temperature 

higher than 225 
o
C. These could badly impact economic performance over the range of plant life. 

For investors looking for ways to improve profit, this is not a favourable point.  
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Chapter 6  

Multi-objective Thermo-economic Optimization of 

Biomass Retrofit for the Existing CSP-ORC Plant 

6.1 Preamble 

The study directed at obtaining design parameters of biomass furnace that would simultaneously 

optimize thermo-economic performance of the CSP-ORC plant post biomass retrofit is presented in 

this chapter. This is sequel to the importance of incorporating design optimization to development 

of energy systems, as underscored by a literature review presented earlier in Chapter 2. The specific 

objectives of this chapter are: 

 Obtainment of the Pareto frontier for maximum exergetic efficiency and minimum 

investment cost rate of the existing plant sequel to biomass hybridization; 

 Determination of optimal design parameters of the biomass retrofit system that would satisfy 

the aforementioned dual objectives for the hybrid plant; 

 Investigation of the sensitivity of optimal design solutions to selected thermo-economic 

parameters.   

6.2 Methodology 

Reference is made to the proposed CSP-biomass hybridization scheme, as presented earlier in 

Chapter 2. All the design and analyses models presented earlier are preserved here as well. 

However, modelling of the adopted biomass unit has been extended in this chapter, for clearer 

formulation of the optimization problems.  
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6.2.1 Retrofitted biomass furnace modelling 

6.2.1.1 Combustion zone 

The simulation of the biomass furnace requires estimation of the hot combustion gas temperature 

(TGAS). The furnace mass and energy balance are given as follows: 

�̇�𝐵 + �̇�𝐴𝐼𝑅 = �̇�𝐺𝐴𝑆 + �̇�𝐴𝑆𝐻   (6.1) 

𝐿𝐻𝑉𝜂𝐹𝑈𝑅 = (𝛼 + 1)(1 − 𝑦𝐴𝑆𝐻)𝑐𝑃,𝐺𝐴𝑆(𝑇𝐺𝐴𝑆 − 𝑇0) + 𝑦𝐴𝑆𝐻𝑐𝐴𝑆𝐻(𝑇𝐺𝐴𝑆 − 𝑇0)

+ 𝑦𝐻20𝜆𝐻20 

  (6.2) 

where 𝜂𝐹𝑈𝑅 is the combustion zone efficiency (related to convection and radiation losses), 𝐿𝐻𝑉 is 

the lower heating value of biomass fuel, 𝛼 is the ratio of air mass flow rate to ash-free biomass mass 

flow rate, 𝑦𝐻20 is the water produced during the biomass combustion (without considering the 

biomass moisture), 𝜆𝐻20 is the water evaporation heat (2.273 kJ/kg at ambient pressure), 𝑦𝐴𝑆𝐻 is the 

ash content in the biomass (%weight), 𝑐𝑃 represents specific heat capacity at constant pressure and 

T0 is the ambient temperature. Thus, with known furnace efficiency and air-fuel ratio, it was 

possible to estimate gas temperature from the energy balance. The overall combustion reaction had 

been expressed as:  

𝐶𝑚 𝐻𝑛 𝑂𝑥 𝑁𝑦 𝑆𝑧 + 𝑥𝑊 𝐻2𝑂 +  𝛼𝑆𝑡(1 + 𝑒)(𝑤𝑂2 + 𝑦𝑁2 + 𝑧𝐻2𝑂)

→ 𝑚𝐶𝑂2 + (𝑛/2 + 𝑥𝑊 + 𝛼𝑆𝑡 (1 + 𝑒𝑥)𝑧) 𝐻2𝑂 + (𝑦/2 + 𝛼𝑆𝑡  (1

+ 𝑒𝑥)𝑦) 𝑁2 + 𝑧𝑆𝑂2 + (𝛼𝑆𝑡  (1 + 𝑒)𝑤 + 𝑥 − 𝑚 − 𝑛/4 − 𝑧) 𝑂2 

     

(6.3) 

where 𝛼𝑆𝑡 is the stoichiometric air-fuel ratio and 𝑒𝑥 is the excess air, which is a decision variable in 

this study.  

6.2.1.2 Boiler heat exchangers 

Counter-flow heat exchanger type was assumed for modelling and analysis. By assuming the heat 

losses toward the environment negligible, the energy balance of the heat exchanger was used for 

calculating the required �̇�𝐺𝐴𝑆 under nominal conditions: 
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�̇�𝐻𝑇𝐹(ℎ𝐻𝑇𝐹,𝑜 − ℎ𝐻𝑇𝐹,𝑖) = �̇�𝐺𝐴𝑆(ℎ𝐺𝐴𝑆 − ℎ𝐺𝐴𝑆,𝑜) (6.4) 

where �̇�𝐻𝑇𝐹 is the HTF mass flow rate, h is enthalpy, and subscripts i and o represent inlet and 

outlet, respectively. The HTF inlet and outlet temperatures were taken to coincide with exit and 

entry temperatures of the ORC at design conditions, and based on the thermal power required from 

biomass furnace, HTF mass flow rate was thus obtainable. The gas outlet temperature from furnace 

heater (𝑇𝐺𝐴𝑆,𝑜) relates with inlet HTF temperature (𝑇𝐻𝑇𝐹,𝑖) through furnace heater pinch point 

temperature difference (∆𝑇𝑚𝑖𝑛,𝐹𝐻𝑇𝑅), which is a design variable in this study, as follows:  

𝑇𝐺𝐴𝑆,𝑜 = 𝑇𝐻𝑇𝐹,𝑖 + ∆𝑇𝑚𝑖𝑛,𝐹𝐻𝑇𝑅 (6.5) 

Moreover, the required heat exchange area in the furnace heater (𝐴𝐹𝐻𝑇𝑅) was obtained from:  

�̇�𝐻𝑇𝐹(ℎ𝐻𝑇𝐹,𝑜 − ℎ𝐻𝑇𝐹,𝑖) = 𝑈𝐹𝐻𝑇𝑅𝐴𝐹𝐻𝑇𝑅∆𝑇𝑚𝑙,𝐹𝐻𝑇𝑅 (6.6) 

where 𝑈𝐹𝐻𝑇𝑅 is the overall heat transfer coefficient and ∆𝑇𝑚𝑙,𝐹𝐻𝑇𝑅 is the mean logarithmic 

temperature difference. By assuming the conductive thermal resistance negligible, the overall heat 

transfer coefficient was obtained as: 

𝑈𝐹𝐻𝑇𝑅 =
1

1

ℎ𝐻𝑇𝐹,𝐷
+

1

ℎ𝐺𝐴𝑆,𝐷

   (6.7) 

where ℎ𝐻𝑇𝐹,𝐷 and ℎ𝐺𝐴𝑆,𝐷 are the convective heat transfer coefficients under design conditions for 

the HTF and hot combustion gases, taken as 900 W/m
2
K and 150 W/m

2
K, respectively [269]. 

Similarly, temperature of pre-heated air (𝑇𝑎𝑖𝑟,𝑜) relates with 𝑇𝐺𝐴𝑆,𝑜 through the air pre-heater pinch 

point temperature difference (∆𝑇𝑚𝑖𝑛,𝐴𝑃), which is also a design variable, as follows: 

𝑇𝑎𝑖𝑟,𝑜 = 𝑇𝐺𝐴𝑆,𝑜 − ∆𝑇𝑚𝑖𝑛,𝐴𝑃 (6.8) 

Consequently, the exchange area in the air pre-heater (𝐴𝐴𝑃) was calculated from the correlation:  

�̇�𝑎𝑖𝑟𝑐𝑃,𝑎𝑖𝑟(𝑇𝑎𝑖𝑟,𝑜 − 𝑇0) = 𝑈𝐴𝑃𝐴𝐴𝑃∆𝑇𝑚𝑙,𝐴𝑃   (6.9) 
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where 𝑈𝐴𝑃 is the overall heat transfer coefficient of the air pre-heater, calculated according to eq. 

(6.7) and by assuming convective heat transfer coefficient for air to be 150 W/m
2
K. 

6.2.2 Optimization approach 

The non-dominated sorting genetic algorithm (NSGA-II) multi-objective optimization approach 

proposed originally by Deb et al. [270] was implemented in this study. The evolutionary algorithm 

possesses a number of highly desirable features, such as fast methodology for estimating crowding 

distance, relatively simple comparison operator for crowding, as well as speedy non-dominated 

sorting technique. Consequently, it is common to find this approach implemented in many detailed 

and recent optimization studies in literature [271–273].   

In order to optimize thermo-economic performance of biomass retrofit for the existing CSP-ORC 

plant intended in this chapter, maximization of exergetic efficiency (휀) and minimization of 

investment cost rate (�̇�) were set as objective functions, defined as follows: 

휀 =
�̇�𝑛𝑒𝑡

�̇�𝑠𝑓 +  (�̇�𝐵 ∙ 𝑒𝑏)
 (6.10) 

 

�̇� = ∑ Z𝑘 ∙
1

H
∙

𝑖(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
∙ (1 + 𝑀𝐹)

𝑘

 (6.11) 

where �̇�𝑛𝑒𝑡 is the net electrical power produced by the power plant, �̇�𝐵 is the mass flow rate of 

biomass fuel, Z𝑘 is the purchase and maintenance cost of component k, 𝐻 is the annual operating 

hours of the plant (taken as 6000 hours), 𝑀𝐹 is the maintenance factor (imposed equal to 6%), 𝑁 is 

the lifetime of plant operation (assumed equal to 25 years) and 𝑖 is the interest rate (taken as 7%). 

The exergy of solar irradiation entering the system (�̇�𝑠𝑓) and specific exergy of biomass fuel (𝑒𝑏) 

were obtained based on the classical models earlier presented in Chapter 4. 

Given that this scheme concerns a retrofit to a real and operational plant, design specifications of 

the existing units were preserved in the study being reported, as aforementioned, thereby 
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introducing equality optimization constraints for �̇�𝑛𝑒𝑡, �̇�𝑠𝑓 as well as investment cost functions of 

the existing units. In essence, the main optimization variables lie with the newly introduced biomass 

furnace. Moreover, by imposing the aforementioned equality constraints, exergetic efficiency 

maximization would be satisfied by minimizing biomass consumption rate, based on eq. (6.10). 

Therefore, the optimization problem is reduced to seeking design variables of main components of 

the biomass furnace that would minimize biomass mass flow rate and investment cost rate 

simultaneously, when retrofitted to the existing units. In more specific terms, and for the sake of 

emphasis, combustion excess air supplied to the biomass furnace (ex), pinch point temperature 

difference in the air preheater (∆𝑇𝑚𝑖𝑛,𝐴𝑃) and pinch point temperature difference in the furnace 

heater (∆𝑇𝑚𝑖𝑛,𝐹𝐻𝑇𝑅) were investigated for the multi-objective optimization problem studied in this 

chapter, based on the relations expressed in section 6.2.1 above. The lower and upper boundaries 

imposed for the optimized design variables were selected empirically, as highlighted in Table 6.1. 

Cost relations used here are as presented in previous chapters. By optimizing ∆𝑇𝑚𝑖𝑛,𝐹𝐻𝑇𝑅 and 

∆𝑇𝑚𝑖𝑛,𝐴𝑃, heat transfer processes in furnace heater and air preheater are improved, thereby reducing 

required surface areas and consequently purchase costs of the heat exchangers. Population size of 

50 was implemented in the NSGA-II algorithm, with termination criterion set as 60 generations. 

The main optimization output is the Pareto frontier, which comprises optimal design variables for 

each population.  

Table 6.1: Imposed values for optimization decision variables. 

Parameter Unit 

 Lower 

bound 

Upper 

bound 

Excess air (%) 50 200 

ΔTmin,FHTR 
o
C 25 100 

ΔTmin,AP 
o
C  20 

 

200  
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6.3 Results and Discussion 

6.3.1 Pareto frontier and optimized design variables 

The solutions obtained for the studied optimization problem are presented as a Pareto frontier, 

shown  in Figure 6.1. As aforementioned, the optimization scheme sought to minimize mass flow 

rate of biomass consumed by the hybrid plant (with the original intention of maximizing exergy 

efficiency of the overall hybrid plant), while also minimizing investment cost rate of the hybrid 

plant. It should first be pointed out that each solution point shown in Figure 6.1 could give optimal 

biomass retrofit to the existing solar-ORC plant. Any of the solution points could be selected by the 

designer, based on empirical and/or technical criteria. As it can be confirmed from Figure 6.1, the 

solution points that minimize biomass mass flow rate also maximize investment cost rate, and vice 

versa, giving conflicting effects to the set objectives. Exemplarily for the conflicting effects, 

increasing pinch point temperature differences of heat exchangers lower required heat exchange 

surface areas, in favour of cost objective function, but it also lowers exergetic efficiency, against 

thermodynamic objective function. However, reduction in biomass mass flow rate from 0.150 kg/s 

to about 0.135 kg/s increases investment cost rate of the hybrid plant only marginally, while further 

reduction in biomass mass flow rate leads to more significant increase in investment cost rate. This 

signals the fact that the optimum solution lies around biomass flow rate of 0.135 kg/s. More 

specifically, this assertion was confirmed by another decision-making analysis. The minimum mass 

flow rate represented in Figure 6.1 corresponds to point PX, and it is the best solution that satisfies 

the single objective of minimizing biomass mass flow rate. Conversely, the minimum investment 

cost rate corresponds to point PY in Figure 6.1, and it is also the best solution that satisfies single 

objective of minimizing investment cost rate of the hybrid solar-biomass power plant. By drawing a 

straight line towards horizontal axis from PX and a straight line towards vertical axis from PY, an 

intersection point of the straight lines is obtained, termed here as imaginary optimal point (IOP). At 

IOP, the two optimization objectives are well satisfied, and it would ordinarily provide the best 

design. However, this point is out of the Pareto frontier, and it cannot provide real solution to the 
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multi-objective optimization problem. In this regard, the next best solution is to be selected, which 

is the point on the Pareto frontier that is closest to IOP. The selected optimal design point is boxed 

in Figure 6.1, with biomass mass flow rate and investment cost rate of about 0.133 kg/s and 57 €/h, 

respectively. The design variables at the selected optimal point, as well as those satisfying 

individual single objectives (points PX and PY), are highlighted in Table 6.2. In addition, positions of 

∆𝑇𝑚𝑖𝑛,𝐹𝐻𝑇𝑅 and ∆𝑇𝑚𝑖𝑛,𝐴𝑃 are illustrated by heat-exchange-characteristic diagram, for the three 

optimization solution points, as shown in Figure 6.2. Furthermore, design variables that produced 

each optimized solution on the Pareto frontier are represented in form of scatter distribution, as 

shown in Figure 6.3. Specifically, distribution of excess air, pinch point temperature difference of 

furnace heater as well as pinch point temperature difference of air pre-heater on the Pareto frontier 

are illustrated in the first, second and third layers of Figure 6.3, respectively. 

 

Figure 6.1: Pareto frontier of the optimized biomass retrofit. 
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Table 6.2: Design variables at single and selected multi-objective optimal points. 

Point Excess air (%) 

ΔTmin,FHTR 

(
o
C) 

ΔTmin,AP 

(
o
C) 

PX 153 25.9 20 

PY 50 77.3 123.5 

Multi-objective choice 56 28.8 38.5 

 

 

Figure 6.2: Heat exchange characteristics in the biomass boiler for different optimization solution 

points.  

As it can be seen, about 80% of solution points on the  Pareto frontier have their excess air value 

between 50% and 100%. The implication of this is that the desired excess air value that satisfies the 

dual-objective optimization problem investigated in this study is less than 100%. This contradicts 

the insinuation that high excess air of 153% best optimizes the thermodynamic performance of the 

biomass retrofit, as obtained in point PX and  
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Table 6.2 for single objective optimization. The importance of such multi-objective optimization as 

studied in this chapter is thus underscored. Also, it is observed in the second layer of Figure 6.3 that 

values of pinch point temperature difference of furnace heater on Pareto frontier are evenly 

distributed, with highest density observed between 20 and 80 
o
C, making it the preferred range. 

Similarly, third layer of Figure 6.3 shows that about 60% of values of pinch point temperature 

difference for air pre-heater on the Pareto frontier are between 20 and 80 
o
C, which makes the 

desired value for the dual-objective optimization to fall within this range. 

 

Figure 6.3: Scatter distribution of design variables at Pareto frontier. 

6.3.2 Sensitivity analyses 

Either due to imperfect design or inevitable variation of adopted design parameters during actual 

operation, real-time workings of energy systems often deviate from predictions at design conditions. 

It is thus a good practice to evaluate performance of system designs with changes in selected design 

parameters. In this chapter, sensitivity of the obtained optimal solutions to both thermodynamic and 

economic parameters have been investigated. In particular, Figure 6.4 shows the behavior of Pareto 

frontier with change in overall heat transfer coefficient of furnace heater (UFHTR) and air pre-heater 
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(UAP). As it would be expected, increasing UFHTR shifts the Pareto frontier downwards, thereby 

reducing investment cost rate at optimal points, albeit with marginal increase in biomass mass flow 

rate. It is however worthwhile to note that the downward shift in the optimal solutions is less 

significant with UFHTR of more than 125 W/m
2
K, relative to a lower value. A similar effect is 

obtained for air pre-heater, however with less absolute significance. The reason for this is obvious; 

enhancing heat transfer performance of a heat exchanger reduces required surface area, and 

consequently the investment cost. In addition, Figure 6.5 shows the sensitivity of the optimal 

solutions to interest rate value (i) and annual operating hour of the plant (H). Similar patterns are 

observed for the Pareto frontier for all interest rates implemented, with optimal solutions shifting 

upwards as interest rate increases, as expected. More so, increase in annual operating hours of the 

hybrid plant shifts the Pareto frontier downwards, due to consequent reduction in investment cost 

rates. In essence, the clamour for hybridization of transient renewable energy sources such as solar 

and wind to enhance dispatchability and annual operating hours is justified.   

 

Figure 6.4: Sensitivity of optimal solutions to heat exchanger overall heat transfer coefficient. 
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Figure 6.5: Sensitivity of optimal solutions to interest rate (i) and annual operating hours (H). 

6.4 Summary 

NSGA-II evolutionary algorithm had been employed to obtain design parameters of biomass 

furnace that would optimize thermo-economic performance of the existing CSP-ORC plant upon 

which this study is based, post biomass retrofit. Design parameters of the currently operating units 

were adopted as equality constraints in the optimization problem, leaving the possible decision 

variables to biomass furnace parameters. In particular, the combustion excess air value, as well as 

pinch point temperature difference of the air pre-heater and furnace heater were set as decision 

variables. The actual objective was to simultaneously minimize biomass consumption rate 

(equivalent to maximizing exergetic efficiency of the retrofitted hybrid plant at nominal conditions) 

as well as investment cost rate of the hybrid plant post retrofit. The main findings are highlighted 

below: 
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- Amongst several possible optimal solutions represented at the Pareto frontier, the design point 

with biomass mass flow rate of 0.133 kg/s and investment cost rate of about 57 €/h was 

adjudged the most adequate for the studied biomass retrofit. At this point, excess air was 

obtained as 56%, furnace heater pinch point temperature difference as 28.8 
o
C and air pre-heater 

pinch point temperature difference as 38.5 
o
C. 

- For the optimization of biomass retrofit studied, excess air value of less than 100 %, furnace 

heater pinch point temperature difference of less than 80 
o
C, and air pre-heater pinch point 

temperature difference of less than 80 
o
C were found to satisfy the set objectives the most. 

- Lower investment cost rate would be achieved for the hybrid plant post biomass retrofit, with 

lower interest rate and peradventure the hybrid plant operates for longer hours annually. Also, 

the optimal design solutions for the biomass retrofit scheme reported in this study are less 

sensitive to overall heat transfer coefficient of furnace heater higher than 125 W/m
2
K, as well as 

the range implemented for the air pre-heater (75 W/m
2
K). 
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Chapter 7  

Conclusions, Thesis Contributions and 

Recommendations for Further Studies 

7.1 Conclusions 

Conceptual design and thermo-economic optimization of hybrid solar-biomass ORC power plants 

have been carried out in this study. The main aim was to propose and analyse biomass hybridization 

scheme that could improve dispatchability and thermo-economic performance of CSP-ORC plants. 

In pursuit of this aim, four tangential objectives were defined, as contained in Chapter 1. For clarity 

and completeness of this chapter, the tangential objectives are highlighted here again, as follows: 

 Conceptual design and techno-economic assessment of a novel biomass hybridization 

scheme, which could be applied both as retrofit to upgrade existing CSP-ORC plants as well 

as in newly-designed hybrid CSP-biomass ORC plants; 

 Investigation of sources of thermo-economic losses in the proposed hybrid CSP-biomass 

ORC plant through second-law analysis; 

 Assessment of thermo-economic effects of using siloxane mixtures as working fluid in the 

ORC unit of the proposed hybrid CSP-biomass plant; 

 Determination of selected design parameters of the biomass system that would 

simultaneously optimize thermodynamic and economic performance of the hybrid plant for 

a retrofit case study.   

The applied methodologies are in four distinct phases, as contained in Chapters 3, 4, 5 and 6 of the 

thesis, respectively. Each of these methodologies/chapters addressed each of the highlighted 

tangential study objectives, as summarized in the following.  

Firstly, in consonance with the first tangential objective, a real CSP-ORC plant that had been built 

and is currently running at Ottana (NU), Italy was used as study reference in Chapter 3, to evaluate 
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potential thermo-economic benefits of retrofitting biomass systems to plants of such kind around 

the world. Specifically, the design and operational features of this existing ORC plant were adopted 

for analyses, and the simulated ORC off-design behaviour was validated using operational data of 

the real plant. However, as aforementioned, the scope had been expanded to give room for new 

designs of such fully-renewable plants, thereby introducing novel strategies for sizing heat source 

systems in a different study scenario. The main results obtained with respect to this objective are 

summarized as follows:  

- Supposed biomass retrofit can lead to an increase in electrical efficiency in the order of 5 

percent points compared to CSP-ORC plant;  

- Retrofit can increase annualized plant operating duration by about 3,500 hours, with 

marginal LCOE and NPV of 109 €/MWh and 1.83 M€, respectively. Additional investment 

cost incurred due to retrofit can be offset in 1.4 years of plant operation; 

- Validity of the applied ORC off-design methods is satisfied. This is based on the obtained 

relative deviation of ORC gross efficiency between simulation results and real power plant 

data, which is below 3 %; 

- In comparison with retrofit case study, newly integrated design leads to a more 

economically-prospective hybrid plant, with LCOE, SPB and NPV obtained at 130 €/MWh, 

4.3 years and 3.99 M€, respectively. Also, relative to stand-alone solar ORC power plants of 

equivalent ratings, these economic values portend market competitiveness [250],[251].  

Secondly, detailed conventional and enhanced exergy and exergoeconomic analyses were employed 

to investigate the sources of thermo-economic losses in the proposed hybrid plant, and to propose 

necessary schemes for improvement, as contained in Chapter 4. This is in agreement with the 

second tangential objective highlighted above. The main results obtained with respect to this 

objective are summarized as follows:  
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- Exergy flow rates were quantified for all thermodynamic states, and irreversibilities in 

different components were obtained and illustrated, using Sankey flow diagram. Exergetic 

efficiency of about 7 % was obtained for the overall hybrid plant; 

- Similarly, flows of exergy cost rates were obtained and illustrated for all thermodynamic 

states, including investment cost rates for the components and cost rates due to 

irreversibility. Overall, results showed that the fully-renewable hybrid energy system being 

studied is capable of producing electrical energy at the rate of between 10.50 to 12.10 euro 

cents per kWh, depending on the adopted exergoeconomic approach; 

- The cost of producing electricity increases in integrated exergoeconomic approach by about 

15 %, relative to  the conventional approach. Conversely, the cost of producing warm water 

decreases by about 56 % in integrated approach, which portends a more reasonable analysis, 

if the plant would be operated in co-generation mode. Overall, loss of total investment cost 

of the hybrid plant is marginally lower by adopting integrated approach, relative to the 

conventional approach; 

- The studied enhanced exergy and exergoeconomic analyses facilitated the decision on the 

best approach to apply thermodynamic and cost improvement measures to each component 

of the hybrid plant, and thus to the system as a whole. Results showed that relative 

avoidable cost rates of between 2 % and 69 % of total cost rates could be theoretically 

avoided. Also, it was obtained that investment costs of solar field, thermal energy storage 

tanks, furnace heater, recuperator and ORC preheater should be reduced, for acceptable 

economic performance of the hybrid plant. Efforts should be made to improve 

thermodynamic performance of all other components, for optimized hybrid power plant. 

This type of information is highly essential for improved design and quicker market 

penetration of fully-renewable energy plants. 

Thirdly, sequel to the information obtained from exergy analysis that thermodynamic performance 

of ORC components should be improved, the impacts of adopting siloxane mixtures as working 
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fluid in the ORC plant were assessed for the hybrid solar-biomass heat source. This is also in 

agreement with the third tangential objective highlighted above. The main results obtained with 

respect to this objective are summarized as follows:  

- Out of several combinations of siloxanes considered, the mixtures 0.1MM/0.9MDM, 

0.8MM/0.2MDM and 0.9MM/0.1MDM were actively selected for detailed thermo-

economic analysis;  

- At design conditions, the use of 0.9MM/0.1MDM and 0.8MM/0.2MDM increase net ORC 

power by 2 % and 1.4 % respectively, while 0.1MM/0.9MDM reduces net power by 1.3 %, 

relative to pure MM. A similar trend was obtained for exergetic efficiency, obviously in 

direct response to reduction and/or increase of total irreversibility obtained in the ORC 

system for different fluid;  

- Total ORC heat transfer areas were found to increase by 18.5 %, 21.3 % and 17.3 % for 

0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM respectively, relative to pure 

MM;  

- Effects of varying heat source transfer fluid mass flow rate and temperature, as well as 

cooling fluid inlet temperature on ORC off-design performance were obtained to be similar 

for mixtures and pure fluid;  

- With the implementation of off-design models, increase in annual net energy of 2.3 %, 3.2 

% and 5.2 % were obtained for 0.1MM/0.9MDM, 0.8MM/0.2MDM and 0.9MM/0.1MDM 

respectively, relative to pure MM. However, results showed that these thermodynamic 

advantages would not translate to better economic performance of the plant by adopting 

mixtures.  

Lastly, based on the need to reduce exergoeconomic losses in the biomass system as obtained under 

the second tangential objective, some design parameters of the biomass furnace that would 

simultaneously optimize thermodynamic and economic performance of the hybrid plant were 
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investigated for the retrofit case study. This is also in agreement with the fourth tangential objective 

highlighted above. The main results obtained with respect to this objective are summarized as 

follows:  

- Amongst several possible optimal solutions represented at the Pareto frontier, the design 

point with biomass mass flow rate of 0.133 kg/s and investment cost rate of about 57 €/h 

was adjudged the most adequate for the studied biomass retrofit. At this point, excess air 

was obtained as 56 %, furnace heater pinch point temperature difference as 28.8 
o
C and air 

pre-heater pinch point temperature difference as 38.5 
o
C; 

- For optimization of the biomass retrofit system studied, excess air value of less than 100 %, 

furnace heater pinch point temperature difference of less than 80 
o
C, and air pre-heater 

pinch point temperature difference of less than 80 
o
C were found to satisfy the set 

optimization objectives the most; 

- Lower investment cost rate would be achieved for the hybrid plant post biomass retrofit, 

with lower interest rate and peradventure the hybrid plant operates for longer hours 

annually. Also, the optimal design solutions for the biomass retrofit scheme reported in this 

study are less sensitive to overall heat transfer coefficient of furnace heater higher than 125 

W/m
2
K, as well as the range implemented for the air pre-heater (75 W/m

2
K). 

It is clear from the foregoing that the tangential objectives set for this study were succinctly 

achieved, and thus the overall aim. The main contributions of the thesis to the body of knowledge 

are highlighted separately in the following section. 

7.2 Thesis Contributions  

The main points of research novelties contributed by this thesis are highlighted as follows: 

 It is the first to propose parallel biomass hybridization scheme that can be applied in reality 

to upgrade existing CSP-ORC plants, for improved dispatchability and thermo-economic 
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performance. Also, the proposed scheme can be adapted to design new hybrid CSP-biomass 

ORC power plants; 

 It is the first to incorporate off-design analysis into thermo-economic evaluation of working 

fluid mixtures in ORC plants, irrespective of nature of heat source; 

 It is the first to study working fluid mixtures for ORC application in hybrid solar-biomass 

plants; 

 It underscores the importance of integrating energy quality level of thermodynamic states 

into exergy cost formulation process, for improved exergoeconomic assessments. 

7.3 Recommendations for Further Studies 

The following topics, related to the focus of this thesis, are recommended for further studies: 

 Dynamic models of the complete hybrid CSP-biomass ORC plant should be incorporated 

into thermo-economic analysis, for improved assessment and better control strategy of the 

hybrid plant operation. Software such as Dymola or TRNSYS would be adequate for this 

task; 

 Exergy and exergoeconomic analyses of the hybrid plant should be extended to include the 

effects of varying availability of solar irradiation and other transient parameters;  

 Also, the suggested steps that could improve exergy and exergy cost performance of the 

plant should be implemented, and the effects on overall exergy and exergoeconomic 

performance of the hybrid plant should be re-examined; 

 A resource-assessment and comparative analyses should be carried out for the existing CSP-

ORC plant at Ottana, to investigate the biomass technology and available biomass fuels that 

would optimize the practical implementation of the proposed hybridization scheme for this 

plant in particular; 
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 The multi-objective optimization study should be expanded to include determination of 

optimal design parameters for all the units of the hybrid plant, assuming that a newly-

designed hybrid power plant is planned;    

 Environmental analysis should be incorporated into multi-objective optimization of the 

hybrid plant, for further minimization of life cycle cost and carbon emissions. 
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