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ABSTRACT 

The increasing concerns regarding the environmental pollution derived from anthropogenic activities, 

such as the use of fossil fuels for power generation, has driven many interested parties to seek different 

alternatives, e.g. use of renewable energy sources, use of “cleaner” fuels and use of more effective 

technologies, in order to minimize and control the quantity of emissions that are produced during the 

life cycle of conventional energy sources. In addition to these alternatives, the use of an integrated 

procedure in which the environmental aspect will be taken into account during the design and planning 

of energy systems could provide a basis on which emissions reduction will be dealt with a life cycle 

approach. The work presented in this paper focuses on the examination of the possibilities of 

integrating the environmental aspects in the preliminary phase of the conventional design and planning 

of energy systems in conjunction with other parameters, such as financial cost, availability, capacity, 

location, etc. The integration of the environmental parameter to the design is carried out within a 

context where Eco-design concepts are applied. Due to the multi-parameter nature of the design 

procedure, the tools that are used are Life Cycle Analysis and Multi-criteria Analysis. The proposed 

optimization model examines and identifies optimum available options of the use of different energy 

sources and technologies for the production of electricity and/or heat by minimizing both the financial 

cost and the environmental impacts, with regard to a multiple objective optimization subject to a set of 

specific constraints. Implementation of the proposed model in the form of a case study for the island of 

Rhodes in Greece revealed that an optimized solution both cost and environmental-wise, would be an 

almost balanced participation of renewables and non-renewable energy sources in the energy mix.   
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1. Introduction 

Energy is one of the most important resources that determine the evolution of economy and 

technology worldwide (Rivers and Jaccard, 2005; Theodosiou et al., 2014). The transition from the 

industrial to the technological revolution emphasizes even more the important role of electric energy, 

because the sum of all the financial and economic activities depends directly on it and any 
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development coincides with an increasing demand of electricity (Kooijman-van Dijk & Clancy, 2010). 

Electric energy as a conversion product of other energy sources highlights in turn the importance of 

primary energy resources. An energy system can be defined as the connection, in a physical way, of 

the energy generation/conversion facilities (e.g. electricity, heat), the storage facilities, the 

transmission and the distribution ones that operate as a complete system (Liu et al., 2010). The design 

of energy systems constitutes a procedure of selecting the energy sources and technologies required 

for the conversion/generation, transmission and distribution processes, in order to meet specific energy 

needs (Andrews and Shabani, 2012; Sieniutycz and Jezowski, 2009). Conventional design of energy 

systems is determined by a number of parameters, such as geographical location, availability and the 

capacity of the energy sources that will be used, generation cost, available technologies, and etc. 

(Pudjianto et al., 2007). Until today, the need for electricity is met mainly from exploitation of 

fossil/conventional energy sources, i.e. coal, natural gas and petroleum (Wang et al., 2007; Boudghene 

Stambouli and Traversa, 2002). During the last years, use of renewable energy sources (RES), cleaner 

fuels and more effective technologies (e.g. cogeneration) for electricity generation is increasing, 

mainly due to depletion of fossil fuels reserves, geopolitical reasons and environmental pollution 

(Chicco and Mancarella, 2009a; Kirubakaran et al., 2009; Kumar et al., 2009; Yusoff, 2006; Barreto et 

al., 2003). Therefore, it seems that the increasing demand for electric energy in conjunction with the 

factors that determine the future of fossil fuels support the necessity for changes in energy policy and 

planning, as well as in the design of power generation systems (Jacobson and Delucchi, 2011).   

The work presented in this paper is oriented towards examining the possibilities of minimizing the 

environmental impacts that derive from use of different energy sources for electricity and/or heat 

generation through the optimization of energy systems design and planning. Based on the conventional 

procedure that is followed when an energy system is designed, the environmental requirements are 

taken into account later on, in the system development process (Vinodh & Rathod, 2010; Dovì et al., 

2009; Kjaerheim, 2005; Kaebernick et al., 2002). The usefulness of incorporating environmental 

performance parameters in the early design and planning phase has been emphasized in several 

research articles (Vinodh & Rathod, 2010; Gehin et al., 2008; Millet et al., 2007; Scheuer et al., 2003). 

In those articles it is supported that sustainable design is important because it promotes proactive 

development of synthesizing abilities (Karlsson & Luttropp, 2006) and it helps designers make 

optimal decisions considering end-of-life strategies (Gehin et al., 2008). It is widely known that 

greenhouse gas (GHG) emissions, pollutants released in water (e.g. nitrogen and phosphorous) and 

various wastes deposited on soil during power production have a major negative impact on global 

climate (Thitakamol et al., 2007; von Blottnitz & Curran, 2007; Driscoll et al., 2003). Therefore, any 

measures or actions taken in order to minimize and control environmental pollution through 

techniques such as Best Available Techniques (Liu & Wen, 2012; Bréchet & Tulkens, 2009; Wilde, 

2008; Georgopoulou et al., 2007), are mainly end-of-the-pipe solutions and are restricted to dealing 

with the problem during the operation of the power plants (Giner-Santonja et al., 2012). Odeh et al. 

(2008) state that in many cases these actions could result in reduction of the amount of emissions and 

pollutants released during the power generation stage of life cycle, but on the other hand they could 

increase the total environmental impacts of the life cycle overall. In addition to this, these efforts could 

prove very costly for implementation (Khan et al., 2001). Graedel and Allenby (1995) state that the 

environmental performance of an energy system is determined at its greatest extent in the design phase 

and from the options that are available in this phase. Thus, although the exclusive use of RES for 
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power generation seems to be the obvious answer to the problem of environmental pollution it does 

not actually constitute a feasible or reliable solution to cover every demand for energy (Li, 2005). This 

is due to the technological restrictions and the financial cost that are related with the use of RES for 

large scale electricity generation, although the financial incentives given for the exploitation of RES 

are becoming more and more attractive (Liming, 2009; Reddy & Painuly, 2004). Therefore, a more 

holistic approach is needed in order to examine the problem of environmental pollution and energy 

systems design (Cashmore, 2004). This can be done by looking at the whole life cycle of the energy 

system, by including concepts such as LCA and Eco-design (Thabrew et al., 2009; Seager & Theis, 

2002). The proposed approach will provide an acceptable and feasible solution that will constitute a 

compromise of the technological restrictions, the financial cost and the minimization of the 

environmental impacts (Knight & Jenkins, 2009). Moreover, it can be adopted by following a specific 

ecological design procedure for energy systems, namely a procedure that will involve the 

environmental aspects to be integrated and applied at the very early stages of conventional design and 

decision making process. On this basis, an energy systems design and planning optimization model 

has been developed and presented in this work that uses the tools of life cycle analysis (LCA) (ISO, 

1997; SETAC, 1993) and multi-criteria analysis in order to provide a framework where the 

environmental aspect can be incorporated in the conventional design (Fig. 1). LCA is a tool that plays 

a major role in the eco-design concept and enables the quantification of all environmental impacts 

related to life cycle of an energy source used in electricity generation, the identification of the sections 

that need the most attention and the assessment and evaluation of the improvement options (Blengini 

& Di Carlo, 2010; Luttropp & Lagerstedt, 2006). Multi-criteria analysis is a suitable methodology for 

solving multi-parameter problems in which the selection of an acceptable solution is depending on the 

optimization criteria chosen for each different case (Dall'O et al., 2013). Therefore, although there are 

available several optimization models published during the last decade (Kowalski et al., 2009; 

Papadopoulos & Karagiannidis, 2008; Giampietro et al., 2006; Polatidis et al., 2006; Lazzaretto & 

Toffolo, 2004; Haralambopoulos & Polatidis, 2003), the proposed multi-criteria analysis model 

combines the LCA tool with a financial analysis tool to provide an optimum feasible and acceptable 

solution for the design of an energy system.      
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Fig.1. Eco-design framework and integration of the environmental aspect as a parameter for minimization. 

 

2. Theory 

Various LCA-related concepts, methods and models have been suggested by researchers covering 

the sustainability dimensions (environment, economic, social, and institutional) in a combined way or 

independently and with different foci (product, project, policy level) (Jeswani et al., 2010; Iribarren 

and Vázquez-Rowe, 2013). Eco-design and LCA have been used in the past mainly in studies of 

environmental assessment of products for the improvement of their design (Karlsson and Luttropp, 

2006). They have progressively started to find application in the field of power generation (Wang et 

al., 2013), while it is quoted in literature that they are suitable to be used for the environmental 

assessment of the life cycle of different energy sources and technologies (Stylos and Koroneos, 2014; 

Bravi and Basosi, 2013; Demir and Taşkin, 2013). Relevant research concerns electricity generation, 

as well as environmental assessment and design of energy systems in general (Clift, 1998; Pesso, 

1993; Lee at al., 1995; Azapagic, 1999; Azapagic and Clift, 1999; Matsuhashi et al., 1996; Benetto et 

al., 2004; Keoleian, 1993; Khan et al., 2002; Lombardi, 2002; Furuholt, 1995; Kyriakis et al., 2004; 

Theodosiou et al., 2005a; Theodosiou et al., 2005b; Sheehan et al., 1996; Golonka and Brennan, 1996; 

Alexander et al., 2000). Some of the research efforts concerning environmental assessment in the field 

of electricity generation are restricted in the operation stage of the power plants and in the creation of 

an inventory of inputs and outputs (mass, energy and emissions) (Pacca & Horvath, 2002). In other 

words, in those cases these inputs and outputs are not associated with the environmental impacts of the 

production process e.g. a total environmental performance score or index.  

Associating the inputs and outputs of the inventory phase of the total life cycle with the 

environmental impacts through suitable factors like the ones proposed in Eco-indicator 99 method 

(Goedkoop et al., 2000; Goedkoop & Spriensma, 2001) can be very useful in order to identify the 

areas where the most improvements need to be made. Using the life cycle approach, i.e. examining the 

complete life cycle of an energy source / energy system, ensures that all inputs and outputs of all the 
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stages of a system are examined and included in the analysis (Huntzinger & Eatmon, 2009; Hutchins & 

Sutherland, 2008). Thus, results are more realistic and comprehensive and it is easier to identify which 

stages of the life cycle contribute more to the total environmental performance and to the individual 

impact and damage categories. A complete description of the LCA methodology can be found in 

SETAC’s and ISO’s guidelines (ISO, 1997; SETAC, 1993) and for the Eco-indicator 99 method in 

PRe’s manual (Goedkoop et al., 2000; Goedkoop & Spriensma, 2001).  

The problem of the rational allocation and use of energy sources is a multi-parameter one (Wang et 

al., 2008). It is directly related to the design and planning of energy systems and energy policies in 

order to meet specific energy needs and to protect the environment at the same time (Greening and 

Bernow, 2004). It includes parameters and restrictions such as the available technologies, legislation, 

availability and capacity of energy sources and systems, environmental impacts and financial cost 

(Jebaraj and Iniyan, 2006). Multi-criteria analysis is a suitable method for solving this type of 

problems and it has been used in many cases for solving problems related to the optimization of design 

and planning of energy systems (Diakoulaki et al., 2005; Beccali et al., 1998; Giannantoni et al. 2005; 

Karaggelis, 2004; Bogetoft and Pruzan, 1997; Belton and Stewart, 2002; Catrinu, 2006; Ribeiro, 

1996). Nevertheless, in many cases the data used in the optimization involve technological and 

financial parameters and do not include the environmental impacts. In case the environmental impacts 

are included, this is done in the restrictions and not as a parameter that has to be minimized along with 

the financial cost (Azar et al., 2003).    

Energy systems design and planning for covering specific energy needs constitute a composite 

procedure where different energy sources are selected in an alternative or supplementary manner, 

depending on local parameters of potential energy supply/demand and environmental impacts 

(Mohammad Rozali et al., 2013; Lim et al., 2013; Faé Gomes et al., 2012; Pękala et al., 2010; de 

Lucena et al., 2010). The formulation of energy models contributes to the design of energy systems 

and it has drawn the attention of many scientists and decision makers over the last 40 years (Taha and 

Daim, 2013; Kaya and Kahraman, 2011; Liu et al., 2009; Santarelli et al., 2004; Böhringer, 1998; 

Ramakumar et al., 1992; Daniel and Goldberg, 1981). During the 70’s all relative efforts were directed 

towards formulating energy models associated with the investigation of relations between energy and 

economy (Hartman, 1979; Manne et al., 1979); those relations were explored in the electricity 

generation sector after the oil crisis (Samouilidis and Mitropoulos, 1982; Meier and Mubayi, 1983; 

Kydes, 1990; Zionts and Deshpande, 1978). The main objectives that were set in that period were the 

exact determination of the future energy demand and the identification of the most effective options of 

energy supply through single criteria approaches that were based in the minimization of the financial 

cost (Wack, 1985; McDougall et al., 1981). During the 80’s, increasing concern for the environmental 

pollution modified somewhat the previous design and decision making framework (Van Liere and 

Dunlap, 1981; Albrecht et al., 1982; Nijkamp and Volwahsen, 1990). Actually, the need for 

incorporating the environmental impacts in energy systems design resulted in the increasing use of 

multi-criteria approaches (Østergaard, 2009). On one hand, linear multiple objectives models have 

been used to determine the field and the effects of feasible actions, to present the interactions between 

economic and environmental parameters and to aid the selection of a compromising solution 

(Kavrakoglu, 1983; Schulz and Stehfest, 1984). On the other, many studies were devoted in the 

evaluation of different energy alternatives regarding multi-criteria problems and succeeded in 
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clarifying the contrasts related with energy decisions (Siskos and Hubert, 1983; Roy and Bouyssou, 

1986; Hartog et al., 1989). 

Energy systems models can be classified in many ways. A common classification is given by 

Hiremath et al. (2007), Markandya (1990) and Jebaraj and Iniyan (2006), where six main categories 

are used: (i) Energy design/planning models, (ii) Energy demand – supply models, (iii) Energy 

forecasting models (commercial and renewable energy), (iv) Energy models based on neural networks 

(fuzzy based multi-objective analysis), (v) Emission abatement models, (vi) Energy systems 

optimization models. From a broader point of view the following alternative types of energy system 

models can be met (Bhattacharyya and Timilsina, 2010): bottom-up optimization-based models, 

bottom-up accounting models, top-down econometric models, hybrid models and electricity system 

models (such as Electricity Generation Expansion Analysis System, EGEAS).  

The research interest of the present work is focused mainly in the energy systems optimization 

models. Many studies can be found in literature where different variations of this type of models have 

been developed in order to aid the design of energy systems used to cover specific energy needs and in 

which the multi-criteria analysis is used (Kydes, 1990; Psarras et al., 1990; Tiris et al., 1994; Lehtila, 

1996; Khella, 1997; Georgopoulou et al., 1998; Kaldellis and Kavadias, 2001; Soloveitchik et al., 

2002; Cormio et al., 2003; Raiko et al., 2003; Koroneos et al., 2004; Koroneos et al., 2005, Diakoulaki 

and Karangelis, 2007).  

The main differences of the various models that have been developed are focused on the following 

(see Table 1): 

 

Table 1 

Criteria for classifying energy systems optimization models and relevant options.  

Criteria General Option 1  General Option 2 

Time horizon Short to medium term (Mueller-

Langer et al., 2007; Metaxiotis et 

al., 2003; Shawwash et al., 2000) 

Medium to Long term (Turton and 

Barreto, 2006; Ghiassi et al., 2006; 

Thorin et al., 2005) 

Energy sources & technologies Efficient Fossil fuel technologies 

(Riaz et al., 2013; Descamps et al., 

2008; Rosen, 2001) 

Renewable energy sources or 

cogeneration with fossil fuel sources 

(Xydis, 2013; Banos et al., 2011; 

Mormirlan and Veziroglu, 2005) 

Restrictions considered Technological, availability of 

resources (Kaldellis et al., 2009; 

Cai et al., 2009; Lund et al., 2007) 

Environmental, social, institutional-

policies (Santibañez-Aguilar et al., 

2013; Bazmi and Zahedi, 2011; Gong 

et al., 2010) 

Range of applications Small scale (Skarlis et al., 2012; 

Chicco and Mancarella, 2009b; 

Dondi et al., 2008) 

Large scale (Djuric Ilic et al., 2014; 

Muñoz and von Spakovsky, 2010; 

Lund, 2005) 

Purpose of applications Policy making (Vikhorev et al., 

2013; Therkelsen et al., 2013; Lin 

et al., 2009) 

Electricity and/or heat demands of a 

specific location (Moradi and Abedini, 

2012; Cucchiella et al., 2013; Ren et 

al., 2010) 

Parameter(s) optimized Financial cost (Delucchi and 

Jacobson, 2011; Rentizelas et al., 

2009; Maceira et al., 2002) 

Financial cost & environmental 

impacts (Debacker et al., 2013; 

Kaldellis et al., 2009; González‐
Monroy and Cordoba, 2002) 

Involvement of environmental parameter As an additional restriction (Wang 

and Singh, 2008;  Muela et al., 

2007; Narodoslawsky and 

Krotscheck, 2004) 

Minimization (Zuwała, 2012; Ochoa 

and Harrison, 2011; Pehnt, 2006) 
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 the energy sources and technologies used for electricity and/or heat generation under examination 

(e.g. only fossil fuels or only RES, and in some cases both) 

 the horizon involved concerning the time frame of deploying the optimized solutions (e.g. short, 

medium or long term)   

 the various restrictions being considered (technological, social, capacity, availability, etc.) 

 the range of applications (small or large scale) and the purpose of applications (e.g. design of an 

energy system of a country and policy making, design of an energy system to cover the electricity 

and/or heat demands of an island or a smaller area) 

 the parameter that is optimized. In most cases the main objective is the financial cost 

minimization, although as already stated, the need of incorporating the environmental aspect is 

becoming more and more imperative, 

 the way that the environmental parameter is incorporated. In most cases where the environmental 

aspect is also included in the model, this is done with a different way. It is mainly incorporated as 

a restriction and not as an objective function that has to be minimized together with the financial 

cost objective function. 

 

3. Materials and methods  

The optimization model presented in this paper aims to associate all the aforementioned 

characteristics within a single methodology and to contribute to the efforts being made towards 

enhancement of environmental protection.   

As already stated, the data required for the environmental evaluation of the total life cycle related 

to an energy system are obtained with the application of the LCA tool (De Benedetto, L. and Klemeš, 

2009). The corresponding financial data needed can be obtained through an economic analysis of the 

alternatives offered in the market. This analysis should include the electricity and/or heat generation 

cost but it can also include two additional costs; the cost for exceeding limitations of emissions 

allowances and the ‘external cost’, which associates the environmental impacts with economic values, 

forms an issue that has been examined in many studies (Georgakellos, 2012; Ladenburg and 

Dubgaard, 2007; Tanzil and Beloff, 2006; Krewitt, 2002; Golonka and Brennan, 1997; European 

Commission, 1995; Huppes, 1996; Boustead, 1995; Golonka, 1996; Kniel, 1996; Baasel, 1985; Delaby 

and Smith, 1995).      

The optimization model is formulated in such a way that it can be used at the preliminary design of 

a new energy system as well as for the assessment of the environmental performance of an existing 

one. The environmental assessment of existing energy systems may be performed in order to 

investigate and evaluate the expansion possibilities or to evaluate the environmental performance and 

replacement of an individual process (Varun et al., 2009; Hur et al., 2005). A simplified design 

procedure of a new power generation system or a revised existing energy system is shown in Fig. 2. 

The integration of LCA as the basic tool of Eco-design does not change the conventional procedure 

but on the contrary it adds the data required for the design of environmentally more friendly energy 
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systems. Fig. 3 shows the basic form of the centralized electricity generation model while Fig. 4 

presents a modification of the model. In order to cover the energy needs of a region, electricity from a 

central network is used as well as electricity and/or heat from energy systems that are installed locally. 
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Fig.2. Simplified design procedure of a new energy system.  
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Fig. 3: Basic electricity generation model representation. 

 

 

The relevant methodology in developing the optimization model is a “black box” approach, 

meaning the analysis is macroscopic (it is not focused in the optimization of a specific process, e.g. in 

a thermodynamic aspect of a power plant) (Chicco and Mancarella, 2009a; Babbitt and Lindner, 2005). 

The general steps of the design of an energy system are presented in Fig. 5. The basic aspects that 

formulate the optimization model are:  

 Availability of energy sources – Depending on the geographic location of a region, the 

corresponding availability for both the energy sources and the electricity and/or heat generation 

technologies that can be used are determined, 

 Electricity generation cost – The electricity generation cost of a specific technology or energy 

source depends on many parameters and is not often fixed. This cost is related directly with the 

energy source cost, the availability of an energy source, the efficiency of an energy system and 

also with the exploitation and to the extent the technology is used. In many cases, the external cost 

and the cost of excess of the limitations of emissions allowances can also be included in the total 

cost, 

 Environmental impacts  – They depend directly on the energy source used and on the type and 

efficiency of the technology embodied in the energy system, 

 Percentage use of RES – Due to legislations, directives, policies and strategies both at a national 

and European Union (EU) level, the use of RES in the electricity generation sector should 

gradually increase during the forthcoming years, and 

 Electricity demand and supply. 
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Fig.4. Variation of the electricity generation model where in order to cover the energy needs of a region or of facilities of smaller scale, 

electricity from a central network is used as well as electricity and/or heat from energy systems that are installed. 

 

The goal of this procedure is the minimization of the two main aspects associated with 

electricity and/or heat generation, which are the financial cost and the environmental impacts. These 

two aspects are directly related. Electricity and/or heat generation from fossil fuels involves lower cost 

but higher quantities of emitted pollutants. On the other hand, the use of cleaner technologies such as 

RES involves lower environmental impacts, but due to the lower energy density in which these energy 

sources are available the cost increases (Hadjipaschalis et al., 2009). In multi-criteria problems, there 

is not a single criterion that can describe adequately the consequences of each alternative (Greening 

and Bernow, 2004). Also, it cannot be claimed a single optimum solution for all objectives, due to the 

fact that in most cases they are in conflict (Van Veldhuizen and Lamont, 2000). The set of optimum 

solutions that result do not correspond to solutions that reflect the minimum environmental impacts 

(minimum quantities of emitted pollutants) or the minimum financial cost (Banos et al., 2011; 

Gebreslassie et al., 2009; Kaldellis and Zafirakis, 2007; Hugo et al., 2005; Pohekar and Ramachandran, 

2004. They correspond to solutions that represent a compromise of these two parameters.  
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Fig.5. General steps for the design of an energy system based on the life cycle analysis methodology and multi-criteria analysis model.  

 

3.1. Calculations  

The general procedure for the multi-criteria optimization model formulation that is accompanied by 

the relevant restrictions, related to the available alternatives, is shown in Fig.6. Also, the objective 

functions that have to be minimized using the data from the environmental and financial analysis are 

described. The symbols that represent all variables participating in the system of equations are 

explained below:   

n …. the available energy sources / energy systems (RES and conventional) for electricity generation  

m …. the available energy sources / energy systems (RES) for electricity generation  

k …. the available energy sources / energy systems for heat generation 

Pi , i = 0, 1, 2, …n, the optimum electricity generation from an energy source / energy system  

Ql , l = 0, 1, 2, …k, the optimum heat generation from an energy source / energy system 

Di , i = 1, 2, …n, the energy demand (electricity or heat)  

Ci , i = 0, 1, 2, …n, the electricity generation financial cost  

Fl , l = 0, 1, 2, …k, the heat generation financial cost 

Ki , i = 0, 1, 2, …n, the cost of excess of the limitations of emissions allowances and the external cost 

of electricity generation  
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Μi , i = 0, 1, 2, …n, the maximum energy generation capacity (electricity and heat) 

Εi , i = 0, 1, 2, …n, the environmental impacts for energy generation that are expressed as total 

environmental evaluation indices of electricity and/or heat generation energy systems  

Si , i = 0, 1, 2, …n, the social acceptance for an energy source / energy system  

Ri , i = 0, 1, 2, …n, the reliability of an energy system  

Zi , i = 0, 1, 2, …n, the objective functions  

L … the use percentage of RES technologies determined by legislation (mainly for large systems) 

Wi … the emissions of the life cycle of an energy source / energy system 

 

Cost variables are expressed in euros (€), energy in the forms of primary energy carriers, 

electricity, and heat are measured in kWh and reliability is measured in mean operating time between 

failures (MTBF). 

   

3.2. Environmental management aspect integration   

The environmental aspect is integrated in the multi-criteria optimization model as an objective 

function that has to be minimized together with the objective function of the financial cost. The 

general form of this function is given in equation 1:  

n

i

 f(x)= i iP E        0,1,2...i n          (1) 
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OPTIMUM SOLUTION / 
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Fig.6. General procedure of the mathematical problem and multi-criteria optimization model formulation.  
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The Ei refers to the environmental evaluation index resulting from the application of LCA and the 

association of the emitted pollutants with their environmental impacts.  Depending on the particularity 

of each problem and the preferences of the designer, Ei can represent the quantity of pollutants emitted 

either overall from the total life cycle of the energy system / source or from each stage of the life cycle 

individually expressed as Wi. The conversion of the quantity of emitted pollutants Wi to the 

environmental evaluation indices Ei is performed through the classification, characterization, 

normalization and evaluation factors of the Eco-Indicator 99 methodology. When the emissions 

(quantities not indices) are used in the model, Wi could be referring to either the total quantities of 

pollutants emitted for a time period, and for a specific amount of electricity (kg / MWh or kg / MJ) or 

to the heat and electricity generated. It could also refer to the quantity of pollutants emitted from the 

total life cycle or from the individual stages of the life cycle. Figure 7 presents the life cycle stages of 

different energy sources and technologies used for electricity and/or heat generation as well as the 

emissions of each stage. The total emissions Wi for the life cycle of each energy source are given in 

equations 2 – 9: 

 

0 0 0 0 0A MW W W W W      …. Coal/Lignite        (2) 

1 1 1 1 1 1A MW W W W W W        …. Petroleum       (3) 

2 2 2 2 2A MW W W W W      …. Natural gas        (4) 

3 3 3 3 3 3A MW W W W W W        …. Wing energy       (5) 

4 4 4W W W    …. Hydroelectric energy       (6) 

5 5 5 5AW W W W     …. Geothermal energy        (7) 

6 6 6 6 6A MW W W W W      …. Biomass        (8) 

7 7 7 7 7 7A MW W W W W W        …. Solar energy / Photovoltaics & Solar Collectors  (9) 

where, 

WiA = pollutants released during extraction or acquisition of i energy form (i=0, 1, 2, 3, 5, 6, 7)    

WiE = pollutants released during manufacturing and processing for i energy form (i=1, 3, 7)  

WiM = pollutants released during transportation to generation facilities for i energy form (i=0, 1, 2, 6) 

WiK = pollutants released during facilities construction & dismantling and termination of operation for i 

energy form (i=0, 1, 2, 3, 4, 5, 6, 7) 

WiΛ = pollutants released during system operation / electricity generation for i energy form (i=0, 1, 2, 3, 

4, 5, 6, 7) 

The distinction between total life cycle emissions and emissions produced during each stage of the 

life cycle of the energy sources could be useful. The usefulness could be seen in case the design goal is 

the reduction of specific pollutants that stem from specific stages of the life cycle; it is associated with 
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the importance and contribution of these pollutants to the energy systems’ environmental profile 

during a specific time period and within a definite geographical region. The objective function that 

expresses the environmental aspect in this case is given in equation 10: 

n

i

 f(x)= i iP W        0,1,2...i n          (10) 
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Fig.7. Life cycle stages for different energy sources and technologies used for electricity, heat generation and emissions of each stage. 

 

When the Ei symbol refers to the environmental evaluation indices, either the total environmental 

evaluation indices of every energy system can be used, or the indices of every impact or damage 

category for every energy system (impacts and damage categories are defined in Eco-indicator method 

(Goedkoop et al., 2000). Figure 8 presents the procedure of acquiring environmental evaluation 

indices for energy systems and the association of emissions with the impacts and damage categories 

through the Eco-indicator 99 method (Goedkoop & Spriensma, 2001).  

The objective functions that have been proposed must be modified accordingly if the 

environmental evaluation indices of the impacts or damage categories are used, and if more than one 

impacts or damage categories are examined at the same time. Table 2 presents a list of symbols for the 

environmental evaluation indices of the impact or damage categories. The set of equations that 

determine the proposed model follow. 
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Mathematical equations of the optimization model  

Objective functions of cost: 

n

1

i

Z = i iP C , 0,1,2...i n          (11) 

k

3

l

Z = *l lQ F , 0,1,2...l k          (12) 

 
n

1

i

Z = i i iP C K  , 0,1,2...i n         (13) 

 
k

4

l

Z = l l lQ F K  , 0,1,2...l k         (14)

  

Objective functions of environmental impacts: 

n

2

i

Z = i iP E , 0,1,2...i n          (15) 

k

5

l

Z = l lQ E , 0,1,2...l k          (16) 

Note: The functions’ indices (Ζ1, Ζ2,…) are referring to the number of equations and do not 

correspond to an energy source or technology like in the restrictions. 

 Restrictions: 

 Electricity demand / generation  

1

n

i

i

P D , 0,1,2...i n         (17) 

 Heat demand / generation  

2

k

l

l

Q D , 0,1,2...l k         (18) 

 Maximum electricity and heat generation capacity  



1 1 1 1

2 2 2 2

( )

,

,

,

.....

.....

,

k n

i l

l i

i i l l

n n k k

P Q M

P M Q M

P M Q M

P M Q M

P M Q M

 

 

 


 






 



      , 0,1,2...i n , 0,1,2...l k         (19) 
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 Use percentage of RES (if applicable) 

m m

i l

i l

P Q L    , 0,1,2...i m , 0,1,2...l m      (20)               

 Environmental impacts (if applicable) 

k

l

*
n

i i l l

i

P E Q E B    , 0,1,2...i n , 0,1,2...l k        (21)               

 Reliability 

1 1n k

i l

i li l

P Q M
R R

   , 0,1,2...i n , 0,1,2...l k            (22)               

 Social acceptance 

* *
n k

i i l l

i l

P S Q S D   , 0,1,2...i n       (23)               

Additional details on the previous set of equations are provided in Appendix.  
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Fig.8. General procedure of acquiring environmental evaluation indices using Eco-Indicator 99 methodology (Goedkoop et al., 2000;  

Goedkoop & Spriensma, 2001). 

 

The selection of impact or damage related environmental evaluation indices, instead of the total 

indices is advisable when there is contribution of some pollutants to a specific impact or damage 

category. When the environmental evaluation indices of the impacts categories are used, the Ei symbol 

is modified as follows: 

Eij , i = 0, 1, 2, 3 …. n, where i represents the energy systems  

 j = 1, 2, 3 ……. n, where j represents the impact categories  
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When the environmental evaluation indices of the damage categories are used, the Ei symbol is 

modified as follows: 

Eij , i = 0, 1, 2, 3 …. n , where i represents the energy systems 

 j = 1, 2, 3 , where j represents the damage categories 

 

 

Table 2  

Impact and Damage categories EcoIndicator 99 for the environmental evaluation indices applied. 

   Environmental evaluation indices  

Impact category  Coal / 

Lignite 

Petroleum Natural 

gas 

Wind 

energy 

Hydro-

power 

Geothermal 

energy 

Biomass Solar 

energy 

Carcinogenic effects humans Ε01 Ε11 Ε21 Ε31 Ε41 Ε51 Ε61 Ε71 

Respiratory effects (inorganics)    
on humans  

Ε02 Ε12 Ε22 Ε32 Ε42 Ε52 Ε62 Ε72 

Respiratory effects (organics)       

on humans 
Ε03 Ε13 Ε23 Ε33 Ε43 Ε53 Ε63 Ε73 

Human Health Damages due to 

Climate Change 
Ε04 Ε14 Ε24 Ε34 Ε44 Ε54 Ε64 Ε74 

Human Health effects by Ionizing 
Radiation  

Ε05 Ε15 Ε25 Ε35 Ε45 Ε55 Ε65 Ε75 

Human Health effects Ozone 

Layer Depletion  
Ε06 Ε16 Ε26 Ε36 Ε46 Ε56 Ε66 Ε76 

Damage Ecosystem Quality by 
Ecotoxic Emissions  

Ε07 Ε17 Ε27 Ε37 Ε47 Ε57 Ε67 Ε77 

Damage Ecosystem Quality by 

Acidification / Eutrophication 
Ε08 Ε18 Ε28 Ε38 Ε48 Ε58 Ε68 Ε78 

Damage Ecosystem Quality Land 

Occupation & Conversion 
Ε09 Ε19 Ε29 Ε39 Ε49 Ε59 Ε69 Ε79 

Damage Resources by extraction 

of Minerals 
Ε010 Ε110 Ε210 Ε310 Ε410 Ε510 Ε610 Ε710 

Damage Resources by extraction 

of Fossil Fuels 
Ε011 Ε111 Ε211 Ε311 Ε411 Ε511 Ε611 Ε711 

TOTAL  E0 E1 E2 E3 E4 E5 E6 E7 

Damage Category 
Coal / 

Lignite 
Petroleum 

Natural 

gas 

Wind 

energy 

Hydro-

power 

Geothermal 

energy 
Biomass 

Solar 

energy 

Human Health  Ε01 Ε11 Ε21 Ε31 Ε41 Ε51 Ε61 Ε71 

Ecosystem Quality  Ε02 Ε12 Ε22 Ε32 Ε42 Ε52 Ε62 Ε72 

Resources  Ε03 Ε13 Ε23 Ε33 Ε43 Ε53 Ε63 Ε73 

TOTAL ENVIRONMENTAL 

EVALUATION INDEX 
E0 E1 E2 E3 E4 E5 E6 E7 

 

 

3.3. Case study   

At this point an application of the multi-criteria optimization model for the island of Rhodes is 

presented. Rhodes covers an area of 1,407.9 km
2
 (544 sq. mi) with a total population of 115,490 

inhabitants (Hellenic Statistical Authority, 2013). The existing interconnected power system of 

Rhodes – Chalki produces a total of 716,169,409 kWh, of which 676,780,091 kWh by an autonomous 

conventional power station (APS) and 39,389,318 kWh by RES, mainly using solar water heating 

collectors and a small wind park. Wind energy has been confirmed to have a great potential in South 

Aegean region and particularly in Rhodes (Center of Renewable Energy Sources, 2013b), as it is 

shown in Fig. 9. In more detail, the energy potential of Rhodes is considered to be very high in 

renewable energy sources with an estimated wind energy potential of 246 MW and 1.6 × 10
11

 kWh/y 

of solar energy potential (Oikonomou et al., 2009; Koroneos et al., 2005; Kaldellis, 2004). As of 

today, there is a small-size wind park constructed in Rhodes with a total power of 3 MW (5 W/T of 
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600kW), which is planned to expand up to 31 MW, and a second one that is currently under 

construction with a total projected power of 18 MW (The Wind Power, 2013). 

As far as solar energy is concerned, there are broadly two available types for power generation, 

namely photovoltaic parks and solar thermal power plants. A third solution for saving electricity is 

extensive use of solar water heating collectors, which is appropriate for tourism destinations, e.g. 

island of Rhodes (Daskalaki and Balaras, 2004; Li et al., 2007). In our case, there are already 53,725 

m
2
 of solar collectors installed in Rhodes, on the roofs of hotels and residences, thus heating water 

without consumption of electricity. On the other hand, parallel installations of wind parks and 

photovoltaics on an island surface would probably cause disturbance to the local environment 

(Katsaprakakis, 2012; Cavallaro and Ciraolo, 2005).  

 

 

Fig. 9. Map of wind energy potential areas for the island of Rhodes (Center of Renewable Energy Sources, 2013b). 

 

Another interesting renewable source is geothermal energy. The geothermal field of Nisyros island 

will probably provide electricity to small islands around and Nisyros itself, through a geothermal 

power plant of 10 MW in the years to come (a 5MW project has already begun) (Geothermal 

Electricity, 2013). It would not be advisable to transfer power with a submarine cable from Nisyros 

geothermal power plant to Rhodes, especially for such a limited power installed, mainly due to the 130 

km distance in-between and corresponding investment. Therefore, the proposed scenario of an 

alternative power system for the island of Rhodes will include large wind parks and installation of 

extra solar water heating collectors, apart from the operation of APS that ensures stability of the 

system. 
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The electricity generation financial cost, Ci, for each system i under consideration as a function of 

time Xi in years, consists of a fixed cost, Cf, and a cost that varies with the energy amount produced by 

the source, Cvar, i.e.: 

𝐶𝑖 = 𝐶𝑓 + 𝐶𝑣𝑎𝑟 ∙ 𝑋𝑖          (24) 

The cost of power generation by the autonomous power station, C1, is a function of fixed 

production cost, C11, and the variable cost, C12, associated with the fuel cost. According to Public 

Power Corporation of Greece (2013), the cost for operating APS-Rhodes is: 

            𝐶1 = 27,467,862 + 0.192 ∙ 𝑋1        (25) 

The cost for the wind park depends on the type of the wind turbines that will be installed. 

According to Fingersh et al. (2006), the cost of a wind turbine, C3 in €/year, comprised by the fixed 

cost of purchase, transfer, installation and the cost of operation and maintenance, is given as: 

              𝐶3 = 𝐶3𝑓 + 𝐶3𝑜𝑝&𝑚 ∙ 𝑋3         (26) 

 

The fixed cost of a wind turbine is expressed as a function of the machine diameter D (Burton et 

al., 2001): 

            𝐶3𝑓 = 𝐶𝑇(60) ∙ (0.72 (
𝐷

60
)

3
+ 0.1422 (

𝐷

60
)

2
+ 0.1378)      (27) 

,where CT(60) is the total cost for a 1.5 MW, 60 meter diameter wind turbine (baseline machine). The 

total cost per kW typically varies from approximately 900 €/kW to 1,150 €/kW, depending on the 

manufacturer (The European Wind Energy Association, 2014). Therefore, the fixed cost, including 

drive train, nacelle, control, safety system, condition monitoring, foundations, transportation, roads & 

civil work, assembly & installation, electrical interface-connections, engineering and permits, for a 1.5 

MW wind turbine totals about 1,500,000 €.   

Moreover, the variable costs associated with operation and maintenance have been assessed by 

Fingersh et al. (2006) for various types of wind turbines and Table 3 provides representative data in 

€/year for 600 kW, 1.5 MW and 3 MW turbines. 

Considering a triple active inox type-solar water heating collector system with a 200 lt tank, 4m
2
 

collectors’ total surface and 20 years life span for the collectors, the cost of purchase, installation and 

operation, C7, in €/year is given by (Koroneos and Nanaki, 2012; Koroneos et al., 2005): 

  𝐶7 = 1,475 + 9,250 ∙ 𝑋7         (28) 

 

Transportation services of APS are fueled by conventional energy sources based on petroleum, and 

it is assumed that the cost of use of conventional fuels by fuel trucks is included in final fuel costs to 

the power producer. On the other hand, wind turbines (W/T), inverters, batteries and foundations are 

imported from Germany to Greece assuming road transport covering a 1,650 km distance by a 40 

tonnes truck. Solar collectors and auxiliary equipment are manufactured in Greece. All W/T-system 

components and solar collectors will be transshipped to a freighter travelling 635 km from port of 

Piraeus to the island of Rhodes, where the assembly procedures of the systems take place. Cost for 
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delivering equipment from one port to the other by cargo ship using 40FT containers is 288 € per 

container (Sea Freight, 2013). 

 

Table 3  

Operation and Maintenance costs for various types of wind turbines (Fingersh et al., 2006). 

W/T nominal power C3op&m (€/y) 

600 46,800 

1500 99,400 

3000 196,000 

 

 

The energy needs in the island of Rhodes are the sum of the electricity consumption (Fig. 10) and 

the consumption of energy for hot water. Concerning the wind power potential, it is assumed that up to 

150 land based-wind turbines could be possibly installed on the island of Rhodes. For the solar energy, 

it is assumed that the solar collectors can cover an area of 3% maximum, which is not considered to be 

excessive due to the fact that most of the solar water heating systems are roofed on buildings. With the 

previous limitations social acceptance of W/T and SWH installations should be achieved. The 

efficiency of the solar water heaters is about 15% and as far as concerns the power produced by the 

wind turbines, it is assumed that 15% of it is lost. Renewable energy sources, such as wind turbines 

and solar collectors, have been reported to produce zero emissions during power generation and low 

emissions when considering their whole life cycle (Theodosiou et al., 2014; Evans et al., 2009).  

Next, the results from the implementation of the proposed multi-criteria optimization model for the 

case of Rhodes are presented and a benchmarking report of the associated environmental impacts 

between the existing and the optimized power system is provided. 

 

 

Fig. 10. Consumption of electricity in the island of Rhodes. 
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4. Results 

The existing power production system of Rhodes is comprised by an APS that produces the vast 

majority of power needed supplemented by extensive use of solar water heating systems and a small 

wind park. Table 4 shows the capacity and energy sources of the power system of Rhodes in 2012. 

After the mathematical solution of the proposed multi-criteria model took place, a new power 

system emerged with 35 wind turbines (W/T) of 600 kW and 69 turbines with a nominal power of 3 

MW. In addition, solar water heating collectors are proposed in excess of those already installed, thus 

finally amounting 57,346 m
2
. Finally, power generation from the APS burning heavy fuel oil is 

reduced to a percentage that is critical for the balance of the power system, as shown on Table 5. The 

optimal participation of the three energy sources in the electricity system of Rhodes is depicted in Fig. 

11, where it appears that energy from renewables would in total surpass the corresponding from non-

renewables, if this case scenario would be implemented.  

 

Table 4  

Existing participation of energy sources to the power production system of Rhodes (year 2012). 

Energy Source Power produced (kWh) Installed Power and Number of 

APS, W/T or Solar Collectors 

Percentage of 

participation 

Autonomous power station (APS) 676,780,091 1 APS, 206 MW, Heavy Fuel Oil 94.5 

Wind power 5,841,903 5 W/T of 600 kW 0.8 

Solar energy 33,547,415 53,725 m2 4.7 

Total 716,169,409 - 100 

  

 

 

Fig. 11. Optimal participation of each energy source for Rhodes case scenario. 
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Concerning the environmental aspect of the solution, life cycle assessment has been applied in 

order to identify and quantify the environmental performance of the existing and the proposed 

optimized power systems. For this reason Eco-Indicator 99 tool was chosen as being reliable and 

practical (Wursthorn et al., 2011; Blengini, 2008) for determining the impact categories, 

categorization, normalization and finally weighted damage report. The hierarchist version of Eco-

Indicator 99 and the weighting set of H/A resulted in the damage scores related to the eleven impact 

categories that correspond to the existing power system of the island and the optimized solution, as 

shown on Tables 6 and 7. The results included in these tables present the impact during a 20-year-

period that is typically considered as a good estimation of the life-span for the renewable energy 

systems (Ardakani et al., 2010)
.
 the last column on Tables 6 and 7 provide the weighted damage scores 

per kWh produced by the power systems for the assumed useful life of 20 years. As it is clearly 

depicted in Fig. 12 there would be a large reduction in the damages caused by the existing power 

system, if the optimized solution were put in use.         

 

Table 5  

Optimal participation of energy sources to the power production system for the Rhodes case scenario. 

Energy Source Power produced (kWh) Installed Power and Number of 

APS, W/T or Solar Collectors 

Percentage of 

participation 

Autonomous power station (APS) 343,761,316 1 APS, 206 MW, Heavy Fuel Oil 48 

Wind power 336,599,622 35 W/T of 3000 kW, 69 W/T of 

600 kW 

47 

Solar energy 35,808,471 57,346 m2 (3621 m2 new) 5 

Total 716,169,409 - 100 

 

In ten out of eleven impact categories the reported reduction in weighted damage per category 

ranges from 21.45% in minerals extraction to 49.01% in fossil fuels extraction. The only exception to 

the rule concerns carcinogenic effects, presenting a slight increase by 2.69% in the damage caused if a 

transition from the present system to the optimized would take place. Overall, the results support a 

wide improvement of the environmental profile of the power generation system in Rhodes, as it is 

further presented in Fig. 13. The cumulative damage assessment groups the eleven impact categories 

in three damage categories, namely Human Health, Ecosystem Quality and Resources. In Fig. 13 it is 

apparent that damage per kWh produced is shrunk across all three categories and the largest 

improvement concerns Resources extraction.    

 

Table 6  

Weighted environmental damage scores per impact category for the existing system in island of Rhodes (EI 99 H/A). 
Impact category Unit Existing system*  

Impact in 20 years 

Existing system*  

per kWh power produced 

Carcinogenic effects DALYs 7.4621E+08 5.2098E-02 

Respiratory Inorganics DALYs 7.4285E+08 5.1863E-02 

Respiratory Organics DALYs 2.4802E+05 1.7316E-05 
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Climate Change DALYs 4.5786E+08 3.1966E-02 

Ionizing Radiation DALYs 1.5135E+05 1.0567E-05 

Ozone Layer Depletion DALYs 7.8299E+04 5.4665E-06 

Ecotoxic emissions PDF×m2×yr 1.1937E+09 8.3342E-02 

Acidification / Eutrophication PDF×m2×yr 1.2039E+08 8.4054E-03 

Land Use  PDF×m2×yr 1.0978E+07 7.6641E-04 

Minerals Extraction MJ surplus energy 8.8574E+05 6.1839E-05 

Fossil Fuels Extraction MJ surplus energy 2.0590E+09 1.4375E-01 

*Existing system = 94.5% APS power plus 5.5% Renewables 

 

Table 7  

Weighted environmental damage scores per impact category for the system resulting after optimization takes place (EI 99 H/A). 
Impact category Unit OPS*  

Impact in 20 years 

OPS*  

per kWh power produced 

Carcinogenic effects DALYs 7.6629E+08 5.3499E-02 

Respiratory Inorganics DALYs 3.8879E+08 2.7143E-02 

Respiratory Organics DALYs 1.3164E+05 9.1905E-06 

Climate Change DALYs 2.3558E+08 1.6448E-02 

Ionizing Radiation DALYs 8.3423E+04 5.8243E-06 

Ozone Layer Depletion DALYs 4.0553E+04 2.8313E-06 

Ecotoxic emissions PDF×m2×yr 7.7586E+08 5.4167E-02 

Acidification / Eutrophication PDF×m2×yr 6.1964E+07 4.3261E-03 

Land Use  PDF×m2×yr 5.7587E+06 4.0205E-04 

Minerals Extraction MJ surplus energy 6.9577E+05 4.8576E-05 

Fossil Fuels Extraction MJ surplus energy 1.0500E+09 7.3305E-02 

OPS = Optimized Power System, 48% APS power, 47% wind energy, 5% solar energy 
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Fig. 12. Weighted environmental damage scores per impact category for the existing and proposed optimized power systems. 

 

 

 
Fig. 13. Representation of Cumulative damage assessment per kWh of power produced for the existing and proposed optimized power 

systems.  
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5. Discussion 

In the published literature, there is a wealth of models concerning multi-criteria or multi-objective 

optimization for decision-making in energy applications, based on weighted sum, priority setting, 

outranking, and fuzzy set methodologies (San Cristóbal, 2011; Alarcon-Rodriguez et al., 2010; Ren et 

al., 2010; Wang et al., 2008; Kahraman, 2008; Løken, 2007; Cloquell-Ballester et al., 2007; Pohekar & 

Ramachandran, 2004). As Wang et al. (2009) state, the need for new optimization techniques has 

arisen from the pressure of meeting multiple goals, as well as, the complexity of socio-economic and 

dynamic physical systems. The proposed multi-criteria optimization model aims to contribute in the 

field of energy systems design and environmental protection. The life cycle concept adopted in the 

model development ensures that a more holistic approach is followed in the design, while the use of 

environmental evaluation tools like LCA can help in integrating the environmental aspect in the 

conventional design. Previous work on the field of energy systems design was concentrated mainly on 

economic cost minimization while the environmental aspect in many cases was not included in the 

analysis (Lozano et al., 2010; Bernal-Agustín & Dufo-López, 2009; Yang et al., 2009). In those cases 

that the environmental aspect was included in the preliminary design, this was done mainly in the form 

of restrictions with the relative data to include an input – output inventory analysis, i.e. the emissions 

were not associated with the environmental impacts. Due to the increasing concerns relating to the 

environmental pollution that derives mainly from anthropogenic activities, with the electricity 

generation sector comprising the most typical example, the efforts for finding measures and ways to 

minimize the environmental pollution problem at source are becoming more and more imperative.  

An implementation of the proposed model for an island economy revealed its usefulness in finding 

an optimum solution from both a financial and an environmental point of view. The model supported a 

solution that increases participation of renewables in power generation, thus reducing damages to 

humans and the environment, while at the same time minimizing cost of operation and/or purchase, 

installation, electrical connections, engineering and permits. At the same other parameters such as 

social acceptance of wide installations of land-based renewable systems were taken into account in 

formulating the optimum solution. A balanced power system that ensures its viability and cost 

efficiency and at the same time satisfies the need for cleaner power generation has been proposed. 

Wind parks with an aggregate nominal power of 146,4 MW exploiting an estimated wind energy 

potential of 246 MW on the island of Rhodes, as well as extended use of solar energy in the form of 

solar water heating systems are key contributors in changing to the better the profile of the existing 

power system. An LCA using the hierarchist version of Eco-Indicator 99 framework has shown that 

the proposed energy mix is advantageous from an environmental aspect comparatively to the existing 

power system, which is dominated by an APS burning heavy fuel oil. During the 20-year-period of 

operation, which will possibly be longer, the proposed system will definitely achieve an even larger 

improvement of the local environmental conditions, since the renewable systems are not manufactured 

on the island of Rhodes but transportation of all equipment either from Germany or continental Greece 

is involved.   

 

 

 

http://www.sciencedirect.com/science/article/pii/S1364032110004430
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6. Conclusions         

As particular knowledge generated in this paper, the environmental aspects of design and planning 

characteristics of energy systems are integrated with parameters such as financial cost, availability, 

capacity, location in a single optimization methodology. The concept has been formulated by 

including Life Cycle Analysis in the conventional optimization process. The implementation of our 

model creates energy mixes that overcome the problem of applying LCA or financial optimization on 

a unilateral basis; the proposed way for combining LCA with financial & location-specific objectives 

in the minimization process of multi-criteria analysis produces environmentally balanced and cost 

efficient energy system solutions. The equality in managing the environmental and cost-related factors 

is the actual advantage of this specific model in comparison to others that have been previously 

published.  

The produced theoretical framework that minimizes environmental damages along with energy 

related financial costs has been applied to an island economy. The multi-criteria analysis revealed an 

optimized participation of energy sources (i.e. heavy fuel oil, wind, solar) in the local energy mix. The 

implementation of that mix of energy carriers would cause a significant improvement for the local 

economy and environment, since energy from renewables would in total surpass the corresponding 

from non-renewables. Hence, the positive effects of that change in the energy mix of the island would 

greatly contribute to achieving environmental sustainability and economic viability at local level; it 

would, also, serve as a successful case for repetition to other islands or local territories.    

As it is well known, there are national and EU policies that support sustainable energy mixes across 

EU member states through related energy policies, e.g. subsidies for constructing renewable energy 

projects. The proposed multi-criteria analysis model can probably prove useful for addressing energy 

related problems that are characterised by conflicting assessments and interests. In specific, it can 

serve as a useful tool for national authorities, policy makers and territorial decision making bodies for 

planning sustainable energy systems that incorporate multiple energy carriers.       

Future development of the multi-criteria optimization model proposed in this paper should focus on 

examining the possibilities of including energy and exergy analysis in the model so that they are 

integrated and used together with the environmental evaluation (LCA). In addition to this, it would be 

of particular interest to investigate the way exergetic life cycle analysis (ELCA) could be used in the 

optimization model together or replacing LCA. Furthermore, a sensitivity analysis could be useful in 

order to examine the effects that various directives, legislations, strategies and policies have on the 

optimization model – and therefore on the energy systems design procedure – as well as, the effects of 

various incentives provided at a local, regional, national or international level.   

 

Appendix 

General notes: 

i. In equations 11 and 13, the symbol C refers to the generation cost. The total cost may include 

the external cost and the cost of excess of the limitations of emissions allowances of electricity 

generation (symbol Κ). It is included here in order to provide a more global and complete 
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view with respect to total impacts (environmental, social and financial) that are related with 

electricity generation; it constitutes a totally subjective estimation.  

ii. The total cost is given in € / ΜWh. In general, this cost is comprised of the capital/fixed cost 

(€) and the operational cost (€ / ΜWh). The conversion of the fixed cost in € / ΜWh is 

performed based on a life span horizon for every system. Alternatively, equations 29 – 32 can 

be used:  

For fossil fuels: 

1 2 3*i iC C C P C   , 0,1,2...i n       (29) 

1 2 3*i iC C C Q C   , 0,1,2...i n       (30)  

Where: C1 is the investment cost in €, C2 is the cost of the fuel in € / ΜWh and C3 is the cost 

of other expenses in € , or  

1 2* *i i iC C P C P  , 0,1,2...i n       (31) 

1 2* *i i iC C Q C Q  , 0,1,2...i n       (32) 

Where: C1 is the investment cost and C3 is the cost of other expenses in € / ΜWh if a 

conversion in a life span horizon is performed and C2 is the fuel cost in or € / ΜWh. 

For RES similar equations can be used. 

 

iii. Equation 13 can be used in case the designer wishes to include the external cost and the cost 

of excess of the limitations of emissions allowances of electricity generation in the analysis. 

iv. In equation 15, Εi refers to the total environmental evaluation indices for every energy system 

or to the environmental evaluation indices of the impacts and damage categories when only 

one category is examined. 

v. In the RES use percentage restriction, L is determined by legislation or proposed EU’s 

directives. 

vi. The restriction that refers to the environmental impacts (eq. 21) is applicable when reference 

for specific pollutants is required, e.g. CO2, SΟx, etc. and there is a maximum allowed limit of 

emission B that should not be exceeded.  

vii. The reliability factor R varies between 0 – 100 % and is used to express the problems of the 

technological reliability that take place during the generation and transfer of energy as well as 

the fact that the RES do not constitute a permanent and constant energy source. Typical values 

of the reliability factor can be found in Mamlook et al. (2001). 

viii. The social acceptance factor S varies between 0 and 100%, and it expresses the level of 

consent on behalf of the community, regarding the use of a specific energy system or energy 

source for a specific end use. In order to determine the social acceptance factor a statistical 

measurement instrument is usually used (e.g. self-administered questionnaires). 
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CAPTIONS 

 
FIGURES 

 

Fig. 1. Eco-design framework and integration of the environmental aspect as a parameter for minimization. 

Fig. 2. Simplified design procedure of a new energy system. 

 
Fig. 3. Basic electricity generation model representation. 

 

Fig. 4. Variation of the electricity generation model where in order to cover the energy needs of a region or of facilities of smaller scale, 
electricity from a central network is used as well as electricity and/or heat from energy systems that are installed. 

 
Fig. 5. General steps for the design of an energy system based on the life cycle analysis methodology and multi-criteria analysis model. 
 
Fig. 6. General procedure of the mathematical problem and multi-criteria optimization model formulation. 

 

Fig. 7. Life cycle stages for different energy sources and technologies used for electricity, heat generation and emissions of each stage. 
 

Fig. 8. General procedure of acquiring environmental evaluation indices using Eco-Indicator 99 methodology (Goedkoop et al., 2000; 

Goedkoop & Spriensma, 2001). 

 
Fig. 9. Map of wind energy potential areas for the island of Rhodes (Center of Renewable Energy Sources, 2013b). 

 
Fig.10. Consumption of electricity in the island of Rhodes. 

 

Fig.11. Optimal participation of each energy source for Rhodes case scenario. 

 

Fig. 12. Weighted environmental damage scores per impact category for the existing and proposed optimized power systems. 

 

Fig. 13. Representation of Cumulative damage assessment per kWh of power produced for the existing and proposed optimized power 
systems. 

 

 
TABLES 

 

Table 1 Criteria for classifying energy systems optimization models and relevant options. 

 

Table 2 Impact and Damage categories EcoIndicator 99 for the environmental evaluation indices applied. 
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Table 3 Operation and Maintenance costs for various types of wind turbines (Fingersh et al., 2006). 

 

Table 4 Existing participation of energy sources to the power production system of Rhodes (year 2012). 
 

Table 5 Optimal participation of energy sources to the power production system for the Rhodes case scenario. 

 
Table 6 Weighted environmental damage scores per impact category for the existing system in island of Rhodes (EI 99 H/A). 

 

Table 7 Weighted environmental damage scores per impact category for the system resulting after optimization takes place (EI 99 H/A). 

 

 


