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 I 

Abstract 
 

The cornerstone of our production system is based on the concept “take, make, waste”. 
Moreover, the manufacture of a product requires the input of energy and raw materials 
which produce waste and products. The latter ultimately end up becoming wastes. In other 
words, the root problem of this production system is that is designed on a linear, one-way 
cradle-to grave model (McDonough, W. and Braungart, M., 2002). This approach coupled 
with the population explosion and our thirst for growth has led to an unprecedented 
pressure to the environment. The consequences are multiple; climate change, dwindling 
energy resources and waste generation.  
 

This study lies in two pillars: the concept of sustainable development and the waste 
management hierarchy. The idea was how these two fundamental concerns (energy 
generation and waste production) could be tackled. This study assesses the availability of 
biomass residues and wastes in the off-grid island of Crete with the aim to ‘close the loop’ 
by converting waste to an energy resource. In addition, the exploration of the most 
sustainable energy generation solutions was attempted in order to drive forward the 
synergies between biomass waste production and energy generation.  

 

The collected information was extracted from the literature about agricultural, livestock, 
Municipal Solid Waste (MSW) and Industrial & Commercial (I&C) waste. It is also based on 
numerous interviews to waste management associations, the Greek Ministry of Rural 
Development & Food and all the Waste Water Treatment Plants in the island were analysed 
in order to shed light on the potential energy generation from all the aforementioned 
biomass sources and its contribution to the electric energy production system of Crete.  

 

It is considered that the biomass potential in Crete is a sleeping giant. There is considerable 
potential for biomass-to-energy technologies in Crete providing improved rural energy 
services based on agricultural residues. From the findings of this study it appears that the 
biomass potential is more than estimated in previous papers. Based on the findings it is 
concluded that the largest portion of Crete’s biomass potential is agricultural residues and 
animal wastes. The utilisation of low-cost biomass power in Crete could help provide 
cleaner, more efficient energy services and to reduce the island’s economic and 
environmental vulnerability. Biomass can provide both base load power and turn into liquid 
transportation fuels and contributes to reducing energy dependence due to import fuel 
from the mainland. 
 

The overall quantities of biomass residues in Crete from agriculture, livestock, MSW, 
commercial sector and industry are summarised in Table 7-1. 
 

Table 0-1. Summary of the exploitable biomass residues 

Biomass residues Quantity (TPA) 

Agricultural residues 360.000 

Animal manure 1.160.573 

OFMSW 164.475 

Animal by-products 501.093 

Sewage sludge 63.896 

Forestry residues Not available 
 



 II 

In terms of the study’s goal to select the most sustainably viable biomass-to-energy 
technologies, that was based on the multi-criteria methodology. A number of integrated 
biomass-to-energy alternatives were assessed against technical, environmental, financial 
and social criteria with the aim to assist the regional authority’s decision making process of 
energy generation planning. 

 

From the final screening of the integrated biomass-to-energy alternatives it was concluded 
that the best in a descending order technologies from the regional authority’s standpoint 
are: 
 F - Anaerobic digestion & Fuel cell; 
 E – Anaerobic digestion & Gas engine; 
 C - Gasification & Gas engine; 
 A – Combustion & Steam turbine; and 
 B – Gasification & Steam turbine. 

Key words: Biomass residues, biomass waste, renewable energy, power generation 
technologies, sustainable development, off-grid, multi-criteria analysis. 
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1 Introduction 

From the industrial revolution and onwards the development of humanity was based on a linear 
production system which at all times needs two essential inputs; energy, coming primarily from 
fossil fuels and raw materials. Nowadays, humanity is facing the side effects of this production 
system and our thirst for growth;  
 Environmental degradation; 
 Dwindling of energy resources; and  
 Unmanageable waste production. 

The abovementioned consequences can be confronted using bio-waste as our energy supply to 
meet part of our energy needs converting the linear production system to a closed loop. In 
particular, by using the non-recyclable biomass residues such as agricultural residues and 
industrial wastes (e.g. sewage sludge) as energy sources, multiple and versatile benefits can be 
achieved. These include waste energy recovery and reduction, greenhouse gas (GHG) emissions 
reduction, security and diversification of energy supply to economy, decentralised energy 
production and development (Skoulou, V. and Zananiotou, A., 2005) .  

 
The main reason of choosing the biomass residues as the source of electricity generation for this 
study is because it poses no risk for forests and wetlands on the basis though that the logging 
residues in particular origin from sustainably managed forests (Giuntoli, J. et al., 2015). It is 
widely known that a controversy has been raging in the scientific community over competition of 
land use between bioenergy production and food production (Johansson, D.J.A. and Azar C., 
2007; Marland, G. and Obersteiner, M., 2008). In addition, for a number of recent years an open 
discussion is ongoing regarding the carbon efficiency and effective sustainability of forestry 
biomass (European Environment Agency, 2011). Given that at the time of writing this study no 
clear decision has been made over these debates, it was decided that merely the residues, by-
products and waste biomass will be assessed as potential feedstocks for the purposes of this 
study. 

 
This type of alternative energy production would make sense in areas where there is heavy 
dependence on fossil fuels and sufficient feedstock of non-recyclable biomass that can be used to 
substitute fossil fuels. With respect to the aforementioned statements the query that rises is; in 
what extend could bioenergy as an alternative fuel be used for non-interconnected islands like 
the island of Crete. Crete, being the fifth largest island in the Mediterranean Sea coupled with its 
heavily dependence on fossil fuels and its lack of interconnection with the mainland poses a 
unique opportunity to assess the feasibility of bioenergy exploitation as an alternative fuel in a 

medium scale. Crete’s resource paradox is that it produces too much of a resource is does not 
want (waste) and too little of one it desperately needs (energy).  

 

The purpose of this study is twofold: First and foremost to examine the theoretical potential of 
the autochthonous biomass residue sources in the island of Crete and secondly to determine the 
most appropriate energy recovery technologies considering the aforementioned sources taking 
into account environmental, technological, financial and social aspects. This is carried out by 
examining the energy needs, biomass sources and current waste management status of the 
island.  Secondly, given that sustainably harvested biomass as a source of energy is seriously 
overlooked by policymakers the goal is to provide vital information concerning the feasibility of 
such a project to the regional authority in Crete including the Region of Crete and the island’s 
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municipalities.  
 

The chapters of the report are organized as follows; 
 An introduction to the study, project background, aim and objectives (this Section); 
 Section 2: Examination of the feasibility of the study – assesses Crete in terms of 

geographic, demographic and climate characteristics and describes the economic, 
industrial and waste management status of the island. The energy generation and 
consumption is also presented. Finally an overview of the regulations over the waste 
management and renewable incentives is summarized. 

 Section 3: Availability of exploitable biomass residues – the endogenous biomass residues 
of the island are listed and described. 

 Section 4: Technology Review – presents the most commercially available biomass 
conversion and power generation technologies. 

 Section 5: Options Evaluation – presents the configurations investigated for this feasibility 
study and describes the results and outcome of the options screening phase, including the 
selection of the preferred options. In addition, two case studies are presented 
demonstrating the electricity that could potentially be generated as well as a high-level 
assessment of the electricity generation from the biomass residues identified on the island. 

 Section 6: Project Development and Strategy – describes the project development strategy 
of a typical bioenergy power plant. 

 Section 7: Results – summarizes the findings of the study in terms of availability of biomass 
residues and the selected options. 

 Section 8: Discussion, Conclusions – provides conclusions of this study. 

1.1 Background 

There are several articles in literature related to the renewable energy sector in Crete aiming at 
investigating the penetration of Renewable Energy Sources (RES) in the island. The lion’s share of 
those papers deal with energy planning methodology, demonstrating the RES potential, its 
difficulties, challenges and emerging opportunities. Only a few studies have examined the 
biomass potential in Crete with the preponderance of those, being focused on agricultural 
residues (Boukis, I., et al, 2009; Voivontas, D., et al, 2001). Yet, to the best knowledge of the 
author of this report, there are no studies in the literature which illustrate the electricity 
potential of each type of biomass coupled with the best applied technology from a sustainable 
perspective. This thesis intends to fill in this gap. 

 

Crete faces a multi-dimensional challenge which is characterized by three main features: its lack 
of interconnection with the mainland power grid, its high electricity demand growth rates (circa 
7-8% annually) and its heavy dependency to oil imports (Boukis, I., 2009). All these factors have 
placed an increasing strain on the environment, the economy and the power system of the 
island. In addition, the current infrastructure and autonomous power grid is unable to meet the 
increasing demand inter alia during the high energy demands in the touristic summer period. The 
emerging problems include high cost of energy (€2,6 million in 2000) and the transportation costs 
from the mainland, the pollution of the environment caused by the extensive use of fossil fuels 
and the blackouts due to exceptionally high peak power demands (Michalena, E., and Angeon, V., 
2009). 

 

Nevertheless, Crete has ample RES which offer a remarkable potential for power exploitation. It 
is estimated that merely the wind and solar resources have a potential for 1 GW electrical 



 9 

capacity (Karapidakis, E.S., et. al, 2011). In 2009, the energy production from renewable sources 
was circa 25% of the total energy demand. In particular, wind energy covered 13%, whilst 7,5% 
came from biomass installations and 3 % from thermosyphon solar water heaters and central 
solar systems. Photovoltaic systems cover only 0,1% of the total electricity demand while 0,3% 
comes from hydropower stations (Zografakis, N., 2009; Tsioliaridou, E., et al, 2006). 

 

From all the above mentioned renewable sources, only biomass and hydropower can provide an 
uninterrupted source of electricity. Biomass has the additional benefit of being dispatchable. In 
other words biomass is capable of responding to the changing load demand when needed. Other 
benefits related to biomass-to-energy units are the synergies with agriculture and forestry 
sectors and the favourable economics of using existing assets including coal plants and diesel and 
gas engines. 
 

Tsioliaridou, E., et al (2006) estimated the potential electricity from biomass sources in Crete at 
360GWh/y when the total electricity demand in 2006 was 2.140GWh/y. Two years later the 
electricity consumption increased to 3000GWh/y (Panteri, E., 2009). Hence, the utilization of 
biomass as a synergistic RES would be of high added value (given it is also dispatchable) for the 
security of energy supply of the island. The current use of biomass is predominantly for heating 
purposes albeit the high energy potential as already mentioned. Biomass potential creates new 
horizons for the energy mix of Crete, the withdrawal from fossil fuels and the regional 
development (Michalena, E., and Angeon, V., 2009). 

1.2 Aim and objectives 

Aim 
The aim of this thesis is to inform the regional and local authorities of Crete for the biomass 
residues potential of the island and suggest the most sustainably integrated biomass-to-energy 
technologies in view of the existing power generation technologies. 
 
Objectives 
The objectives of the study are as follows: 
 Description of the energy generation and energy consumption on the island; 
 Description of the current waste management status on  the island; 
 Investigation of the available non-recyclable biomass sources (income streams), and annual 

volumes. It is envisaged that the following biomass sources will be identified: agricultural 
residues, Organic Fraction of Municipal Solid Waste (OFMSW) (food waste), Commercial 
and Industrial (C&I) waste (e.g. sewage sludge, animal manure and by-products, and 
industrial food wastes); 

 Technical review of bioenergy conversion and power generation technologies; 
 Selection of the most sustainably viable biomass-to-energy technologies (i.e. from a 

technological, environmental, economic and social perspective); and 
 Description of a development schedule for a typical biomass power plant. 

1.3 Methodology 

The methodology used follows a number of stages with the overall goal being to achieve the aim 
of the study. The methodological steps that are followed are presented in Figure 1-1. 
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Figure 1-1. Methodology 

 

Following an initial research in the literature the aim of the study was formulated followed by the 
development of the objectives. The next step was an extensive literature review about 
agricultural, livestock, Municipal Solid Waste (MSW) and Industrial & Commercial (I&C) waste. 
Moreover, the bibliographic study included information from energy and waste related 
legislation (European and Greek), biomass and energy conversion technologies and 
physicochemical characteristics of the various types of residues. An extensive number and variety 
of articles, papers and website information were collected and studied in order to formulate a 
holistic and comprehensive view of the current situation in the island from an economic, energy 
consumption and production as well as waste management perspective.  

 

In addition, numerous interviews were conducted with waste management associations, the 
Ministry of Rural Development & Food and all the Waste Water Treatment Plants (WWTPs) in the 
island with the aim of obtaining all the necessary data. The collected information was analysed in 
order to assess the potential energy generation from all the aforementioned biomass sources 
and their contribution to the electric energy production system of Crete. 

 

When considering suggesting the most sustainably integrated biomass-to-energy technologies 
which differ technologically, environmentally, economically and also in relation to the social 
impact a decision making process was used to evaluate alternative solutions of energy generation 
(Papadopoulos, A. and Karagiannidis., A., 2006). This process is presented in more detail in 
section 5. 

1.4 Limitations/Assumptions 

This study merely contemplates with the biomass sources converted to electricity. Any 
conversion of biomass for transportation or thermal energy needs will not be taken into account. 
The calculations of the produced electrical energy were based on the theoretical exploitable 
biomass sources rather than the technical availability of biomass sources.  

 

Crete is already in the forefront of renewable energy technology implementations which is 
confirmed by the plethora of papers in the literature and the penetration of RES in the power 
grid of the island. Yet, in spite of the estimation of the total biomass potential in the production 
of electricity there is no study regarding the breakdown of this biomass potential into the 
different sources. 

 

In terms of the selection of the most sustainably biomass-to-energy technologies, they were 
selected having in mind as the decision maker the regional authority of Crete. It is noteworthy 
that actors such as potential investors, local communities, environmental groups and citizens are 
considered as stakeholders which influence and / or are influenced by the final choice. However, 
this study was limited to the decision of merely the regional authority on the basis of being the 
most influential and sitting between the interests of local communities and potential investors. 

Aim definition Objectives 
Literature 

review 

Analysis and 
interpretation 

of data 
Results 
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This study does not include energy crops as a biomass source. With respect to the Municipal 
Solid Waste (MSW) it is assumed that the putrescible fraction is sorted at source. In addition, all 
the technologies were assessed based on the assumption that pure biomass residues will be 
used for the power generation with no co-firing. 
 
Finally, the most commercially viable technologies were assessed. In other words, at the 
moment of writing this study novel technologies that are at the development phase such as 
hydrothermal carbonisation were not included. 

1.5 System boundary 

The system boundary is limited to the island of Crete where the energy from the local biomass 
sources will be produced and consumed. In temporal term, the study is confined to the present 
with a time frame of five years in order to determine potential changes to the electric demand, 
legislation and composition of the biomass. As previously stated this study is primarily intended 
to assist the regional authority in Crete in its decision making process of sustainable energy 
planning. 
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2 Examination of the feasibility of the study 

This section of the report aims to provide an overview of Crete’s key characteristics as well as the 
European and national legislation that governs the waste and energy industry in Greece and 
subsequently in Crete. Therefore, this section is organised as follows: 
 Crete’s geographic, demographic and climate characteristics;  
 Economic and industrial status; 
 Electric energy generation and consumption; 
 Waste management status; and 
 Regulations, policies and incentives. 

2.1 Geographic, demographic and climate characteristics 

The island of Crete is the fifth largest island in the Mediterranean Sea and the largest in Greece 
with an area of 8.335 km2 and a population that reaches circa 600.000 inhabitants (El.Stat, 
2001a). At the crossroads of Europe, Africa and Middle East, Crete is situated at the 
southernmost tip of Greece bordering in the North by Cretan Sea and Southerly by Lybean Sea 

(see  

Figure 2-1). Up to 2010, Crete was divided in four prefectures: Irakleio, Lasithi, Rethymno and 
Chania. From 2010 and onwards the prefectural administration was replaced by regional only. 
However, since most of the literature was published before the merging of those prefectures 
(Kallikratis project) and due to the fact that Crete is a large island, this study will retain this 
division in regional administration. 

 

Crete morphologically is divided in three areas according to their altitude: The mountainous area 
(above 400m) semi-mountainous areas (200-400m) and lowland (below 200m). The first two 
areas cover almost 3/5 of the total area of Crete. A mountain range which sprawls across the 
island has six summits that exceed 2.000m each. The mountains create huge regional variations 
with rain-excesses and rain shadows (Administration of Crete, 2010; Vogiatzakis, I.N., and 
Rackham, O., 2008). 

 

The climate in Crete is typical of the Mediterranean basin. The climate is characterized by mild 
and rainy winters and hot and dry summers. Rainfall in Crete does not last for too long since the 
sky remains sunny for many consecutive days (the average annual hours of clear sunshine in 
Crete is 2850h). The average maximum temperature reaches up to 26oC and the minimum up to 
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12oC. In general, aridity increases from west to east and from north to south. The monthly 
average rainfall in July does not exceed 1 mm whilst in January the rainfall reaches its acme with 
90,1mm (HNMS, 2011).  

 

Apart from the obvious reason of the importance of the climate characteristics of the island of 
Crete for its qualitative and quantitative plantation characteristics, another important reason is 
its effect on a power plant’s design. In the design phase of a power generation plant the ambient 
temperature variation throughout the year needs to be taken into account as it affects the 
plant’s efficiency. The cooling systems in particular need to be designed to cope with the ambient 
temperatures. 

 

 
Figure 2-1. Location of Crete (Google Earth, 2013) 

 

2.2 Economic and industrial overview 

The Gross Domestic Product (GDP) in Crete has almost doubled in less than 9 years. From 
€12.374 in 2000 increased to €21.157 in 2008. By the time of writing this study no information 
was available in the public domain associated with the GDP in Crete the last 5 years (2008-2015). 
Considering though that the national GDP has shrunk by 21% since the beginning of the financial 
crisis in 2008, it is assumed that Crete’s GDP has followed a similar pattern. The locomotive of the 
local economy is the tertiary sector which includes the touristic industry which consists of 
restaurants, commerce, transport and accommodation. Crete attracts more than 20% of the total 
touristic activity in Greece and contributes to the Gross National Product (GNP) by 5,4% (Region 
of Crete, 2013).  

 

With respect to the contribution of Crete to the primary sector of Greece the island inputs 9,5%. 
Industrial activity in Crete is based on the endogenous agriculture and the oil-based imports and 
contributes 4% to the national economy. Lastly, the service sector which includes the tourist 
industry and the commercial activity contributes 5,6% to the national growth however for the 
regional GDP the tertiary sector contributes 77,4% (El.Stat, 2011; Giatrakos, G.P., et al., 2009). 

 

The allocation of the GDP per sector in Crete reflects the situation in the labour market. In the 
primary and secondary sector circa 25.000 people were employed in each sector. On the 
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contrary, the tertiary sector employs more than 181.000 people from whom 99.000 work for 
trade, accommodation, transportation and restaurants (El.Stat, 2009a). The industrial sector in 
Crete is, inter alia, based on small and medium sized production units which are mostly 
processing the agricultural products food and beverage. Main exported products of Crete include 
olive oil, wine, bakery goods raisins and herbs. 

2.3 Electric energy generation and consumption 

The Public Power Corporation (PPC-D.E.H in Greek) is the largest energy producer in the island 
and also responsible for the electricity distribution. In order to meet the increasing needs of 
energy consumption and cope with the exceptionally high peak power loads during the summer 
periods in the island the PPC has installed so far 7 steam turbines, 6 diesel engines, 11 gas 
turbines and 1 CHP unit. The percentage of each technology contributed to the electric energy 
generation of the island is exhibited in Figure 2-2. The total installed nameplate capacity from all 
the conventional units is approximately 850MW. Including 287MW from RES (Deddie, 2013) the 
total overall capacity reaches circa 1GW (Gigantidou, A., 2009). 

 

 
Figure 2-2. Electric production units in Crete for the year 2008 (Gigantidou, A., 2009). 

 

It is worth mentioning that part of the conventional units is obsolete with high Operational and 
Maintenance (O&M) costs. Additionally, the RES which are mainly wind farms and solar panels 
provide, by nature, a variable yet non constant energy output. Taking into account those two 
determinants and the high electricity demand growth rates it can be concluded that extra 
infrastructure is essential in the near future. 

 

The aforementioned electric production is consumed predominantly by the commercial and 
domestic sector followed by the industrial sector, the Public Authorities and the agriculture 
activities (see Table 2-1). The total electric energy consumption per prefecture is proportionally 
equal with the population of each prefecture. 
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Table 2-1. Electric energy consumption by category of use and prefecture in MWh (El.Stat, 2009b). 

Prefecture 
Domestic 

use 

Commercial 

use 

Industrial 

use 

Agricultural 

use 

Public 

Authorities 

Street 

lighting 
Total 

Irakleio 432.001 574.554 129.066 79.465 98.379 17.388 1.330.854 

Lasithi 120.171 157.210 11.483 51.458 23.688 10.348 374.359 

Rethymno 108.016 145.448 37.471 14.909 28.093 5.868 339.805 

Chania 248.935 290.393 44.039 35.977 65.066 14.062 698.473 

Total 909.123 1.167.606 222.059 181.809 215.226 47.666 2.743.490 

2.4 Waste management status 

2.4.1 Municipal solid waste 

Albeit, the European Commission has put into force the Directive 2008/98/EC with respect to the 
waste management hierarchy amid others, in Greece in general and in Crete concretely, the 
implementation of the Directive is still in its infancy. Only a decade ago, the dominant solid waste 
management practice in the island was the disposal of wastes to illegal dumps. The present 
municipal waste management strategy in Crete is interwoven with the operation of sanitary 
landfills (Gidarakos et al., 2005). Hitherto, 9 landfills, 2 waste transfer systems and 2 pre-
treatment facilities are in operation in the region, which receive and treat 425.000 tonnes of 
waste (ESDAK, 2011). 

 

It should be emphasised that there are no energy recovery units in the island. According to the 
Regional Waste Management Plan of solid wastes in Crete, the estimated needs for additional 
waste management infrastructure includes an energy recovery unit using Refuse Derived Fuels 
(RDFs) as a fuel source (ESDAK, 2011). 

 

The composition analysis of municipal solid waste is presented in Figure 2-3 (ESDAK, 2011) which 
is in line with similar studies in the literature (Gidarakos, E., et al., 2005). Three main waste 
streams can be acknowledged: putrescibles, paper and plastics which represent 76,2% of the 
total waste composition. Gidarakos et al. (2005) has identified that both the waste composition 
and amounts differentiate during the high touristic periods (April-October). This seasonal 
variation is more intense particularly for the glass and aluminium fraction since they are both 
packaging materials for drinks and beverages.   

 

 

Plastics, 18% 

Putrescibles, 39% 
Paper, 20% 

Metals, 
 4% 

Glass, 4% 

LWTR, 6% 
Miscellaneous, 6% Inert, 3% 
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Figure 2-3.  Waste composition analysis (annual) (ESDAK, 2011) 

 

With the aforementioned infrastructure, 92,3% of waste is ensured to be treated safely in the 
island. This percentage would be bigger if local problems were resolved, such as limited landfill 
capacities and conflicts amongst municipalities. Nevertheless, the waste management system of 
the island is incomplete since large amounts of wastes end up to the landfills without any pre-
treatment, as the legislation commands. Particularly, 75% of municipal waste is disposed to the 
landfills untreated. Pre-treatment of waste takes place merely in Chania and Irakleio with the 
annual treated MSW being 25.000 tonnes per year and 75.000 tonnes per year respectively 
(ESDAK, 2011).  

 

With regard to the putrescible fraction of waste, the percentage which is treated barely reaches 
29% (56.550 tonnes) of the goal for the year 2013 (195.000 tonnes). This fraction is exclusively 
treated by Mechanical and Biological Treatment (MBT) plants in the largest cities of Chania and 
Irakleio. Apart from the recycling of Electrical and Electronic Equipment (EEE), there is no 
corresponding recycling program for bio-wastes in Crete. The international experience has shown 
that the implementation of such a program requires the familiarization and education of the local 
population in order to instil the notion of recycling (ESDAK, 2011). 

 

To date, the safe disposal of the MSW has been secured. Yet the current pace that the waste 
increases on the island leads to rapid exhaustion of landfill capacity. Thus, within a period of 1,5 
to 2,5 years the total number of the landfills will be saturated (ESDAK, 2011). In that case, the 
trajectory of reappearance of dumps will be unavoidable, jeopardizing the environment and the 
public health. Conclusively, any infrastructures that may be built in the forthcoming years will be 
insufficient to cope with the amounts of wastes if they are not combined with dramatic changes 
towards a waste reduction programme.  

2.4.2 Agricultural residues 

The usual waste management practice of the agricultural residues is their on-site combustion in 
open fires. On the one hand, this practice has the advantage of dramatic volume reduction and 
fast tackling of the residues, plus that the bottom ash is rich in minerals which can be used as soil 
conditioner. On the other hand, the environmental drawbacks include air pollution, non-
utilization of the residues’ energy content and fire hazard. Specific agricultural residues with high 
Heating Values (HV) such as the olive kernels are extensively employed for heat purposes in the 
island (Tzineurakis, M., et al, 2006). 

 

Another common practice is the land spreading of agricultural residues which is considered as 
the most environmentally friendly option since residues are rich in nutrients providing a good 
substitute of the commercial fertilizers. With this practice a high level of carbon and nitrogen 
concentration is retained to the fields boosting the yields of agricultural products. Finally, 
agricultural residues are also utilized as animal feed (Williams, P.T., 2005).  

2.4.3 Industrial waste 

The common waste management practice of municipal sewage sludge in Crete is dewatering, 
disinfection and then disposal to the landfills. In the city of Agios Nicolaos in particular the sludge 
is dewatered with a final product of 20-25% total solids and is disposed to the landfills. Chania’s 
and Irakleio’s WWTPs partially digest their sewage sludge in anaerobic digesters before they will 
end up to the landfills whilst WWTPs of cities of Rethymno and Agios Nicolaos dispose it directly. 
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The produced sludge from the WWTPs is a growing issue for the island since the produced 
amounts have an increasing trend over the years. An encouraging parameter is the sludge’s low 
concentration in heavy metals which gives the opportunity to be treated with biochemical 
processes (Vourdoumpas et al., 2002).  

 

Crete has 18 abattoirs dealing with poultry, swine and cattle meat. The animal by-products of 
those slaughterhouses need to be managed in harmonization with the European and Greek 
legislation in order to ensure the public and animal health. Nevertheless, the management of 
Anima By-Products (ABPs) in the island is confusing and vague. The department of Veterinary in 
the region of Crete collects data merely from the prefecture of Irakleio (Antonarakis, G., 2011) 
whilst the management of the ABPs in the island is unknown. 

 

In Crete the largest meat processing industry is Creta Farm which is also one of the largest in 
Greece. Its wastes include swine manure and ABPs from all the categories as being specified by 
the EC Regulation 1069/2009. Particularly, the total produced manure is mixed with the sewage 
sludge produced from the primary and secondary sedimentation tank and is composted. The final 
product is sold as soil amendment. The ABPs which belong to the category 3 is deployed 
producing animal food whilst the ABPs of category 2 are incinerated. It is noted that category 1 
and 2 ABPs are considered high risk materials whilst category 3 is considered low risk materials. 
Creta Farm’s goal in the near future is to employ all the above wastes as feedstocks in Anaerobic 
Digestion (AD) producing energy and heat (Daskalakis, H., 2011). 

2.4.4 Commercial waste 

Supermarkets 

In Crete the largest retailer is Carrefour. Carrefour, a multinational company, is present in the 
island with more than 28 stores. Its waste management policy depends on the waste. Meat 
products are collected and send to Athens where they are incinerated whilst the rest are mixed 
with the MSWs and treated as such (Carrefour, 2011). The handling of commercial waste from 
the municipalities is a common practice in Greece. Thereupon, it is assumed that all the 
commercial waste is mixed with the MSW stream. Hence, in the following sections waste as 
commercial will not be referred. 

2.5 Regulations, policies and incentives 

The production of energy from biomass sources is a multidimensional subject with diverse 
impacts depending on the perspective. An attempt to present the European and Greek legislation 
would include energy, waste and environmental policy instruments related to RES and biomass. 

2.5.1 EU and Greek waste related policy instruments 

The waste management policy of the European Union has evolved over the last 30 years via the 
implementation of a number of legislative frameworks and action plans. In the European Union 
(EU) every year 3 billion tonnes of waste are produced with a steady increasing trend. The overall 
goal of the waste management policies is to transform Europe into an energy and resource-
efficient society (EC, 2010a). 

 

Towards this goal, the cornerstone of EU waste management policy, Directive 2008/98/EC 
provides the legal framework for the treatment of waste within the Member States. It introduces 
definitions for basic notions such as waste, recycling, recovery and prevention, as well as the 
concepts related to waste management hierarchy and sustainable waste management. The 
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waste management hierarchy consists of 5 steps with a descending order as illustrated in Figure 
2-4. The waste prevention is the best option followed by minimization, reuse, recycling, energy 
recovery and finally disposal (European Commission, 2011). 

 

 
Figure 2-4. EU’s waste management hierarchy 

 

The EU has put into force a series of Directives and Regulations which can be classified in five 
main sub-categories. The Waste Framework Directive belongs to the first group of regulations 
known as Framework European Union legislation on waste. In addition to the aforementioned 
framework, two more sub-categories which are worth mentioning are: 
 Legislation on waste management operations; and 
 Legislation on specific waste streams. 

The former sub-category includes the Waste Incineration Directive (2000/76/EC). The latter 
contains the Landfill Directive (1999/31/EC) which obliges the Member States to reduce the 
amount of biodegradable waste disposed to the landfills, the Sewage Sludge Directive 
(86/278/EEC) with respect to the use of the sewage sludge as a soil conditioner and the Urban 
Waste Water Treatment Directive (91/271/EEC) requiring the increase of the annual sewage 
sludge production (EC, 2011). It should be emphasised that the EU has adopted a substantial 
range of Waste Policy Legislations but this work presents only the regulations and directives 
which are related to the examined biomass sources in Crete. 

 

At this point, it is worth mentioning the differences between the implementation of Regulations, 
Directives and Decisions within the Community. Regulations are applied in full to the Member 
States without the need for national legislation. Directives set an objective which Member States 
need to achieve within a certain time frame. Lastly, Decisions are addressed to particular 
Member States, individuals or companies (Inner Temple Library, 2011). 

 

Greece, as a Member State of the EU has embodied to its national legislation all the EU’s 

Prevention 

Reuse 

Recycling 

Energy recovery 

Disposal 

http://ec.europa.eu/environment/waste/legislation/a.htm
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Directives and Regulations concerning the waste management. The Ministry of Environment, 
Energy and Climate Change in compliance with the EU’s Waste Framework Directive, has put into 
force the National Management Plan of Non-Hazardous Waste (NMPNHW). The implementation 
of NMPNHW to the specificities of each region is specialised through the Regional Management 
Plan of Solid Waste. In addition, Greece has established an integrated legal framework with a 
wide range of legislation concerning the waste management and the protection of the 
environment. 

 

Yet, as the ESDAK has pointed out (ESDAK, 2011) the achieved performance with respect to the 
amounts of wastes that have been recycled in Crete, needs considerable improvement. Figure 
2-5 presents the waste reduction from the recycling of the Organic Fraction of MSW (OFMSW), 
packaging materials and the total in 2009 plus the respective targets of these streams in 2013. 
From the figure is obvious that the present situation is far from the targets and extra effort is 
essential in order to be harmonised with the objectives of the Waste Framework Directive 
(ESDAK, 2011). 

 

 
Figure 2-5. Total waste reduction from landfilling in 2009 and in comparison with the 2013 

targets (ESDAK, 2011). 

2.5.2 EU and Greek energy related policy instruments 

In 2007, the European Council adopted the 20-20-20 targets, an ambitious energy and climate 
package that aim to achieve certain objectives by 2020. These objectives include: 
 At least 20% GHG emission reductions below 1990 levels; 
 Increase the share of RES by 20% in the energy consumption; and 
 A 20% improvement in energy efficiency (EC, 2010b). 

The abovementioned targets became part of the EU’s legislation with the endorsement of the 
Directive 2009/28/EC (On the promotion of the use of energy from renewable sources) which 
puts the triple targets into force within the Community. Since the Directive sets the Community 
targets, each Member State needs to translate these targets based on its existing level (2005 as 
the starting point) of energy consumption from RES and the different renewable energy 
potentials (Council Directive, 2009). In addition, EC has conducted the Biomass Action Plan. The 
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aim of this plan is to promote biomass in heating, electricity and transportation by increasing the 
utilisation of energy from wood, wastes and agricultural crops (EC, 2005).  

 

Greece, in order to achieve the targets set by the Directive 2009/28/EC, conducted the National 
Renewable Energy Action Plan in the scope of the abovementioned Directive.  The plan sets the 
targets and measures for the penetration of RES in the electricity generation in the non-
interconnected islands, amongst others. In that study, it is stated that biomass has a promising 
potential which however remains untapped. In addition to this Plan, Greece has set a legal 
framework concerning the promotion of RES. The forefront of this framework consists of the laws 
no. 3468/2006 (Ypeka, 2014a) and no. 4254/2014 (Ypeka, 2014b). 

 

The first law sets the framework for the penetration of RES in Greece whilst the latter simplifies 
the legal framework governing the RES in order to accelerate the development of renewable 
energy sector. Also, law 4254/2014 defines the pricing of electric energy produced from different 
types of biomass (see Table 2-2) giving high incentives to the producers. Another key point of the 
amended law is the special levy (3%) retained by the operator. From this levy, 1% goes to the 
local providers of electricity and 0,3% to the Special Treasury of Implementation of Regulatory 
and Environmental Plans. From the rest percentage, 80% goes to the local authorities whereto 
the RES units are installed and the rest to the local authorities whereto the power grid passes 
through. 

 

Table 2-2. Feed in Tariff (FiT) scheme of electric energy produced from biomass (Ypeka, 2014b) 

Production of electrical energy from Price of Energy (€/MWh) 

Biomass exploited by stations with installed capacity ≤1 MW (excluding 

the bio-disposal part of municipal wastes) 
198 

Biomass exploited by stations with installed capacity >1 MW  and ≤5 

MW (excluding the bio-disposal part of municipal wastes) 
170 

Biomass exploited by stations with installed capacity >5 MW (excluding 

the bio-disposal part of municipal wastes) 
148 

Gases emanating from controlled rubbish burial dumps and from sewage 

treatment plants and biogases with installed capacity of ≤2 MW 
131 

Gases emanating from controlled rubbish burial dumps and from sewage 

treatment plants and biogases with installed capacity of >2 MW 
108 

Biogas emanating from biomass (organic remnants of animal farming 

and of agricultural processed remnants and refuse with installed capacity 

of ≤3 MW 

230 

Biogas emanating from biomass (organic remnants of animal farming 

and of agricultural processed remnants and refuse with installed capacity 

of >3 MW 

209 

 



 21 

3 Availability of exploitable biomass residues 

Several studies (Giatrakos, G.P., et al, 2009; Tsioliaridou, E., et al., 2006; Tsoutsos, T., et al., 2009) 
have demonstrated that the indigenous biomass potential in Crete can generate up to 60MWe in 
different locations. Exploitation of bioenergy will be based on the endogenous biomass residues 
deriving from:  
 The agricultural sector in the form of crop residues and animal waste; 
 The forestry sector in the form of fire woods, shrubs and wood processing residues; 
 The industrial sector in the form of sewage sludge, food industries; and 
 The waste sector in the form of municipal biodegradable wastes (Dimakis, A., et al, 2011). 

The commercial sector in Crete includes premises such as restaurants, shops, sport facilities, and 
predominantly hotels. The solid wastes from these premises are mixed with the municipal solid 
waste stream therefore, they are treated as such.  

 

One of the key factors in the generation of electricity from biomass sources is the economics 
which includes the capital cost and the fuel cost amongst others. Biomass in comparison with 
fossil fuels has low heating value therefore is economically unfavourable to be transported over 
long distances. Taking into account though the environmental friendliness, the incentives 
through the feed-in-tariff schemes and the increasing fees in CO2 emissions the economics of 
biomass for power generation can be considered much more attractive. Gigantidou A., (2009) 
states that the average cost per MWh ranges from €44 to €165 for diesel and gas turbines 
respectively. 

3.1 Agricultural residues 

The agricultural activity of Crete is predominated by arboriculture and particularly by olive 
harvesting representing circa 80% of all agricultural activities (Boukis, I., et al, 2009). Merely in 
Crete, there are more than 36,5 million olive trees (El.Stat, 2006a). The agricultural residues from 
the olive cultivation include olive kernel wood and olive tree prunings (leaves and twigs). In 
addition to the olive residues the agricultural residues in Crete include vineyard and citrus tree 
prunings. In 2010, the produced agricultural residues were estimated to reach 360.000 tonnes. A 
breakdown of this amount and their characteristics is presented in Table 3-1. The largest 
agricultural residue is the olive tree prunings followed by the olive kernel wood and the fruit tree 
prunings (Tzineurakis, M., et al., 2006). 

 



 22 

Table 3-1. Elemental composition of exploitable agricultural residues in Crete (Blasi, C.D, et al., 

1997; Tzineurakis, M., et al., 2006; Boukis, I., et al., 2009) 

Agricultural 

residues 
Amounts  

(TPA) 

Percentage 

over the total 

(%) 

Moisture 

content 

(%) 

HHV 

(MJ/kg) 
LHV 

(MJ/kg) 

Olive kernel wood 54.720 15% 18 18,6 15,8 

Olive tree prunings  266.040 74% 35 18,8 4,8 

Vineyard prunings 16.200 5% 37 17,9 17 

Citrus tree 

prunings 
21.600 

6% 
40 17,6 

16,5 

Straw  1.800 1% 15 18,7 18,5 

Total 360.000 100%    

 

Apart from the abovementioned agricultural activities, Crete has a considerable number of 
greenhouses cultivating fruits and vegetables. In total, they cover an area of circa 20.500 acres 
(El.Stat, 2006a).                                              

3.2 Animal waste 

In Crete, the animal husbandry is highly developed producing a substantial amount of wastes. 
The Hellenic Statistical Authority (2009c) has calculated the animals that were breaded in the 
island for the year 2009 in four paramount groupings: swine 65.565, cattle 2.003, poultry 
1.014.861 and goats 635.407. However, the feasibility of utilising those wastes would be viable 
only in medium/large-scale animal breeding units, where waste production would be significant 
and centralized and as such it has not been considered in this study. 

3.2.1 Animal manure 

The total manure produced by each type of animal type was extracted by literature which was 
adapted to the local livestock manure production conditions (Batzias, F.A., et al., 2005). The 
results are depicted in Table 3-2. Albeit these conditions are representative for the Greek 
standards, it is assumed that the deviation of the produced manure within the country is 
insignificant. Therefore, these data reflect the conditions in Crete as well. 
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Table 3-2. Population and manure production classified according to the animal grouping in Crete 

Animal 

grouping 
Population 

Total manure 

(kg/day/head) 

Total manure 

(kg/year) 

LHV 

(MJ/kg) 

References 

Swine 65.565 29,5 

705.971.137 15,3 Batzias et al., 2005; 

Fernandez-Lopez, et al., 

2015 

Cattle 2.003 37 
3.801.694 7,4 Batzias, F.A., et al., 

2005; Oshita, K. et al., 
2015 

Poultry 1.014.861 0.09 

33.338.183 2,6 Batzias, F.A., et al., 

2005; Quiroga, G. et al., 

2010 

Goats 635.407 1,8 

417.462.399 11,9 Batzias, F.A., et al., 

2005; Touray, N., et al., 

2014 

Total   1.160.573.413   

 

3.3 Organic fraction of municipal solid waste 

Crete was divided in four prefectures. These were from west to east: Chania, Rethymno, Irakleio 
and Lasithi. Each prefecture has its own waste management facilities. All the data presented 
below is from 2009, as no more recent information could be found at the moment of writing this 
report. However, due to the financial crisis that started in 2008 it is envisaged that the amount of 
OFMSW will be either equal to the 2009 figures or lower. 

Chania 

The prefecture of Chania has three sanitary landfills and one Integrated Waste Management Unit 
(IWMU) which consists from a MBT plant and a sanitary landfill of the MBT residues. The IWMU 
in Chania serves 19 municipalities with a total solid waste inflow of 90.400 tonnes per annum 
(TPA). The rest municipalities produce according to estimations 4.510 TPA. Thus, the total MSW 
production for the year 2009 was 94.910 tonnes. 

Rethymno 

Rethymno has one sanitary landfill where the prefecture disposes its MSW. The produced 
amount of waste for the year 2009 was estimated circa 52.000 tonnes. 

Irakleio 

Irakleio is the largest prefecture in Crete. Its waste management system consists of one waste 
pre-treatment unit, one waste transfer station, one materials recovery facility and four sanitary 
landfills. The total amount of waste being produced in Irakleio was approximately 200.000 TPA. 

Lasithi 

The MSW management of Lasithi includes three facilities: two sanitary landfills and one waste 
transfer station. The first landfill which is located in Agios Nicolaos has an influx of waste stream 
of circa 47.000 TPA. Its remaining lifetime is estimated to be one year. The second landfill accepts 
18.300TPA and its remaining lifetime does not exceed 1,5 years. For the year 2009 the total 
amount of MSW was 78.000 tonnes. 
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The aforementioned data of the amount of MSW being produced from each prefecture and in 
total for the year 2009 are exhibited in Table 3-3 together with the contribution of each 
prefecture to the total waste production (ESDAK, 2011). Gidarakos, et al. (2005) estimated the 
calorific value of the OFMSW at 4,5MJ/kg (LHV basis). 

 

Table 3-3. Total MSW production for the year 2009 (ESDAK, 2011) 

 

With respect to the waste composition as covered under section 2.4.1 the OFMSW is equal to 
164.475TPA out of a total MSW amount of 425,000TPA.                                      

3.4 Commercial and industrial waste 

The total C&I waste arising is difficult to accurately predict as the waste is collected by numerous 
private contractors, with recycling rates not always rigorously defined. Despite of these 
constraints an attempt to calculate them is outlined below based on bibliographic studies and 
interviews.  

3.4.1 Animal by-products 

In section 2.1.4 it was stressed that the ABP management in Crete is unclear. Information 
extracted from the El.Stat could not be assessed since the data were unclear if they were 
referring to the quantities of the whole body of the animal or merely the ABPs.  Moreover, in the 
available literature there was no information with respect to the quantities of ABPs produced in 
Crete. Nevertheless, Table 3-4 lists the information collected from the veterinary Directorate of 
the Region of Crete with respect to the amounts produced in Irakleio prefecture for the first half 
of 2011 (Antonarakis, G., 2011).  

 

In light of insufficient data and given that Irakleio’s population corresponds to half of Crete’s 
population it is assumed that Irakleio prefecture covers half of the island’s ABP production and by 
doubling these data the ABP quantities for 2011 will be accrued. It should be pointed out that 
merely the ABPs from category 2 and 3 are eligible to be handled for energy recovery (i.e. 
anaerobic digestion) according to the EC Regulation 1069/2009. Hence, the quantity of ABPs in 
Crete that can be treated for energy recovery is the sum of all the quantities of ABPs belonging to 
category 2 and 3. Therefore, 444.101×2 equals 888.662kg/year. No assumptions can be made 
concerning the ABPs to the rest of the island. 
 

Prefecture 
MSW amounts 

(tonnes) 

Contribution of each 

prefecture (%) 

Chania 95.000 22,4 

Rethymno 52.000 12,2 

Irakleio 200.000 47,1 

Lasithi 78.000 18,4 

Total 425.000 100,0 
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Table 3-4. Population of slaughtered animals and quantities of ABPs in Irakleio prefecture  

 Cattle Goats Sheep Swine Quantity (kg) 

Category 1 

1.388    29.976 

 13.339   16.407 

  96.448  10.609 

   - - 

Total Category 1     56.992 

Category 2 

1.388    11.288 

 13.339   26.678 

  96.448  96.448 

   4.908 14.485 

Total Category 2     148.899 

Category 3 

1.388    20.218 

 13.339   53.356 

  96.448  192.896 

   4.908 28.732 

Total Category 3     295.202 

Total all Categories     501.093 

Total Category 2,3     444.101 
 
Information collected from meat processing company “Creta Farm” states that the ABPs from 
their facilities equals to 1.095.000 kg/y with a solid percentage of 20% from which 95% is organic 
solids (Daskalakis, H., 2011). Since ABPs are extremely watery products no information could be 
found in terms of their calorific value. Their energy content can be recovered via biochemical and 
chemical processes (i.e. for the production of biofuels and biogas) (Ramirez, A.D. et al., 2011). 

3.4.2 Municipal Sewage sludge 

Kalderis, D., et al. (2010) have cited that the total sludge produced in the four main WWTPs in 
Crete is 126,3m3/day. The aforementioned quantities were cross checked after personal 
communication of the author with all the WWTPs in 2011 and led to contradictive results. 
Moreover, Papadogiannis (2011) from the WWTP in Irakleio, stated that the mean amount of 
sewage sludge is 150m3/day. Data provided from the WWTP in Chania (Kotsifaki, 2011) illustrate 
that the sewage sludge is 63m3/day whereas data provided from the other two WWTPs 
(Kotsifakis, 2011; Martiminiaki, 2011) could not be evaluated since the results were given in a 
variety of units (e.g. TPA) and some data were unavailable. Table 3-5 presents the data extracted 
from the interviews conducted by the author with the managers of the WWTPs in Crete. 
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Table 3-5. Characteristics of sewage sludge from the WWTPs in Crete (extracted from interviews) 

Constituent Units Chania Irakleio Rethymno Agios Nicolaos 

WWTP Manager 
(Reference) 

 Kotsifaki Papadogiannis Kotsifakis Martimianaki 

Sewage sludge 
(mean) 

m3/d 63 150   

TPA   
900 (dry 
matter) 

250 (dry matter) 

TSS 
%  4-4,5  N/A 

mg/l 45.000   N/A 

TVS 
% 67 70 63 N/A 

mg/l    N/A 

N/A: not available 

 

Regardless the contradictive results it is assumed that the quantities of sewage sludge, extracted 
from Kalderis, D., et al., refer to the dewatered and stabilized sludge which is disposed of to the 
landfills. On the contrary, the data deriving from the interviews in the WWTPs in Chania and 
Irakleio refer to the sewage sludge which is channelled from the sedimentation tanks to further 
treatment (e.g. drying and lime stabilization). Furthermore, since there are no data regarding the 
percentage of Total Volatile Solids (TVS) in the WWTPs in Rethymno and Agios Nicolaos a further 
assumption was conducted that their concentration is equal to the average concentration of the 
other two WWTPs (i.e. 68,5%). Therefore, the combination of the bibliographic studies and the 
assumption conclude to the results illustrated in Table 3-6. 
 
Table 3-6. Characteristics of the sewage sludge in WWTPs in Crete 

Constituent Unit Chania Irakleio Rethymno 
Agios 
Nicolaos 

Total 

Sewage sludge load 
(mean) 

m3/d 63 150 20 9,8 242,8 

TSS % 19,5 4-4,5 15 17  

TVS % 67 70 68,5 68,5  

 
Based on the Table 3-6 it can be summarized that the average sewage sludge production in Crete 
is in the order of 63.896 TPA (88.622m3/year assuming 0.721tonne/m3) (Aquacalc, 2014). 
Karlsson, S. et al. (2015) estimated the moisture content of sewage sludge in the range of 72-78% 
which leads to calorific values of 1-2MJ/kg (LHV basis). 

3.4.3 Forest biomass residues 

The total forest biomass, which is produced and collected in Crete, comes primarily from logging 
and cutting of shrubs, which are under the trees and the residues resulting from the treatment of 
wood. Also, forest biomass is collected from the cutting of trees and bushes, for opening and 
maintaining of firebreaks. The amount of biomass that is collected in Crete is exclusively used as 
fuel source for energy and heating needs within the industry whilst fire woods are employed for 
either household or commercial heating purposes (e.g. bakeries) (Tzineurakis, M., et al., 2006). 

 

The amounts of biomass sources in 2002 were estimated to be 560.000 tonnes with a mean 
calorific value of 20,06MJ/dry kg and an availability factor of 28% over the theoretical potential 
(2.000.000 tonnes). It should be stressed though that the estimated quantity refers to the 
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exploitable potential of virgin biomass sources rather than biomass residues from forestry and 
timber industry. 

 

Given that this study investigates the exploitable biomass residues and not the total forest 
biomass and particularly in the light that there is no direct correlation between the biomass 
theoretical potential and the produced biomass residues it is concluded that there is not 
sufficient information to estimate the amounts of forestry biomass residues from the timber and 
forestry industry produced in Crete (Vamvouka, D., 2005).   
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4 Technology review 

4.1 Introduction 

This section summarises the most technically advanced and commercially available biomass 
conversion and power generation technologies. 

4.2 Biomass conversion technologies  

The biomass-based materials can be treated either biologically or thermally. The biochemical 
treatments include composting, fermentation and anaerobic digestion whilst the 
thermochemical, include the technologies of gasification, pyrolysis, plasma, liquefaction and 
combustion (see Figure 4-1). Since the scope of this study is the potential electrical energy 
generation from the biomass sources, this section describes those technologies that convert the 
chemical content of the treated materials to electricity.  

 

Albeit plasma technology and liquefaction are thermochemical conversion technologies they will 
not be considered in this study. Plasma technology has been developed for the treatment of 
hazardous wastes such as clinical and chemical wastes thanks to its ability to decompose the 
source to low mass molecules such as CO and H2. Plasma technology requires substantial 
amounts of energy therefore it is not employed as a biomass-to-energy technology. Liquefaction 
coverts biomass to bio oil with the presence of catalysts, high temperatures and water. Even 
though liquefaction is a biomass-to-energy technology due to its commercial immaturity it will 
not be considered in this study. From the biochemical treatments only the anaerobic digestion 
can be considered as a biomass-to-energy (and in particular electricity) process. Alcoholic 
fermentation and composting will not be considered in this study as the former’s main metabolic 
products are carbon dioxide and ethanol whilst the latter’s is a stable end product of compost 
(Kumar, E.S., 2010).  
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Figure 4-1. Biomass conversion technologies (Kumar, E.S., 2010) 

 

It should be borne in mind that the maximum exploitable energy generation from a specific type 
of biomass is equivalent to its calorific value regardless if it will be digested, gasified, combusted 
or pyrolysed. Gasification, for example, gives the same energy output as the combustion process 
yet in different forms of energy. Nevertheless, the actual extracted energy generation and inter 
alia, its type of energy depends on the conversion technology (McKendry, P., 2001a). In addition 
to the type of energy, which in this study is generation of electricity, other criteria that determine 
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the chosen biomass conversion technology in every case are environmental, social and technical. 

4.2.1 Combustion 

Combustion is a controlled process where the total thermal degradation of a carbon-based 
material occurs in an oxygen-rich environment. Under ideal conditions the process produces a 
flue gas composed, inter alia, by carbon dioxide (CO2) and steam (H2O) yet in most cases the 
emissions include nitrogen oxides (NOx) and sulphur dioxide (SO2) among others. The 
combustion process should operate at temperatures between 850 and 1100oC to ensure 
complete destruction of dioxins. The inorganic part of the fuel is converted to ash. The objective 
of combustion process is primarily the conversion of the chemical energy to for direct use or by 
the utilisation of different type of engines to mechanical and / or electric power.  

 

The hot exhaust gas passes through a heat exchanger where water is transformed to hot steam 
producing electricity via a steam turbine generator. Alternatively, the produced steam can be 
used for heating purposes or as a raw material for other processes. For the specific decision 
situation the biggest drawback of combustion process is its inability to de-couple the biomass 
conversion stage from the generation of electricity. Combustion is a well-established process for 
converting biomass to electricity with the most recent option of co-firing biomass with coal. The 
advantages of combustion could be summarised below (IPTS, 1999): 
 A proven process with reliable operation; 
 Can handle the majority of wastes; 
 Low CO2 emission energy production since the fuel is biomass; and 
 “Hygienisation” of waste to be disposed of. 

On the other hand the drawbacks of combustion are limited to: 

 High capital and O&M cost;  
 Significant complexity both at plant and operating level; and 
 Hazardous gas emission generation (e.g. NOx, SOx, PAHs and dust particles). 

From a sustainable perspective the implementation of combustion in waste-to-energy plants 
creates a de facto waste management situation since it requires a long-term and continuous 
waste supply (Limerick/Clare/Kerry Region, 2005). In biomass-based power plants, theoretically it 
is possible to burn any type of biomass. Yet in practice the biomass that is selected for 
combustion purposes must contain moisture of up to 50%. Combustion of biomass has a net 
energy conversion efficiency that varies from 20% to 40%. The efficiency increases proportionally 
to the size of the power plant (McKendry, P., 2002b).  

 

Environmental considerations of combustion 

Flue gas emissions from combustion facilities include a whole range of toxic gases including 
particulate matter, acidic gases (HCl, HF, NOx, CO and SOx), heavy metals (Pb, Cd and Hg), 
polyaromatic hydrocarbons (PAHs) polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs). All of them are hazardous for the human health and the 
environment with carcinogenic and toxic effects amongst others. European Commission, taking 
into account these facts put into force the Incineration Directive 2000/76 regulating the air 
emissions (see Table 4-1) and wastewater discharges from incineration plants (see Table 4-2).  

 

According to the Incineration Directive the term ‘incineration’ plant refers to any facility which 
thermally treats its wastes including the processes of gasification, pyrolysis and plasma. Hence 
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the emission limits depicted in this section are applicable for the rest of the thermo chemical 
processes presented in this work. 
 
Table 4-1. Air emission limit values for waste incineration plants (Directive 2000/76) 

Substance Emission limits (mg/m3) 

Total dust 10   (daily average) 

TOC 10   (daily average) 

HCl 10   (daily average) 

HF 1     (daily average) 

CO 50   (daily average) 

SO2 50   (daily average) 

NOx 200 (daily average) 

Cd and Tl 0,05 

Hg 0,05 

Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V (total) 0,5 

Dioxins and furans (TEQ) ng/m3 0,1 

 

The wastewater discharges from incineration plants are produced from end-of-pipe techniques 
such as wet scrubbers that are extensively employed in the incineration plants so as to clean the 
flue gases from dust, heavy metals and sulphur oxides. The wastewater quantities produced from 
wet scrubbers are in general limited (Working Group on Waste to Energy, 2006).  

 

Table 4-2. Wastewater discharge emission limit values from the cleaning of exhaust gases 

Polluting substances 
Emission limit values expressed in mass 
concentrations for unfiltered samples 

Total suspended solids as defined by Directive 

91/271/EEC 

95% 100% 

30 mg/l 45 mg/l 

Hg and its compounds expressed as Hg 0,03 mg/l 

Cd and its compounds expressed as Cd 0,05 mg/l 

Tl and its compounds expressed as Tl 0,05 mg/l 

As and its compounds expressed as As 0,15 mg/l 

Pb and its compounds expressed as Pb 0,2 mg/l 

Cr and its compounds expressed as Cr 0,5 mg/l 

Cu and its compounds expressed as Cu 0,5 mg/l 

Ni and its compounds expressed as Ni 0,5 mg/l 

Zn and its compounds expressed as Zn 1,5 mg/l 

Dioxins and furans 0,3 mg/l 

 

The bottom ash produced from incineration plants primarily consists of mineral oxides such as 
silicates and carbonates and in a less extend from partly incinerated material and less volatile 
heavy metals. However, the composition of the bottom ash is exclusively defined by the type of 
the feedstock. Hence the ash deriving from the combustion of industrial waste is typically 
contaminated with heavy metals. With the exception of the above mentioned type, ash can be 
utilized in secondary markets including construction industry, road building applications and as 
soil conditioner which is the usual practise in most of the European countries (Williams, P.T., 
2005). 

 

From a societal perspective the visual impact of an incineration plant is mostly related to its stack 
and the view of the gas emissions. Another factor is the intense traffic to and from the 
incineration plant due to the transportation of biomass and wastes which deteriorates even 
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more the local air quality. In addition, the continuous flow of transportation vehicles will increase 
the noise pollution to the local area. Other concerns are related to odours and fugitive emissions 
(e.g. dust and debris). Finally, the installation of such a facility reduces the land value of adjacent 
property since it is considered as an undesired land use (Working Group on Waste to Energy, 
2006; Brown, C.R., 2011).  

4.2.2 Gasification 

Gasification can be defined as a thermo-chemical process that partially degrades the fuel under 
sub-stoichiometric oxygen conditions. The goal in the gasification process is to transfer the 
chemical energy to the gaseous products. The products include the syngas which consists of 
methane (CH4), hydrogen (H2), and carbon monoxide (CO) and solid incombustible residues (tar 
and ash). The process takes place in relatively high temperatures of 900-1100 OC which can reach 
higher temperatures depending on the type of the oxidizer and the calorific value of the fuel 
(Biffa, 2003; Juniper, 2007; Fichtner, 2004).  

 

The employed oxidizers can be air, oxygen or steam. Depending on the oxidizer, the heating 
value of the syngas can range from 4 to 15 MJ/m3 subject to the type of the oxidizing agents (van 
Loop., S and Koppejan, J., 2008). The syngas can be combusted directly in a boiler producing 
steam for electricity generation. Alternatively, the gaseous product can be utilized in gas turbines 
or internal combustion engines. Yet these technologies require a cleaner syngas in order to 
prevent clogging and corrosion of the equipment (Williams, P.T., 2005). 

 

 The advantages of gasification can be summarized below: 

 Low CO2 emission energy production; 
 The produced syngas can be stored for future use; 
 Conversion of the syngas to other useful products with greater flexibility and control; 
 Retention of heavy metals to the ash in comparison with other thermal processes; and 
 Lower amounts of exhaust gas. 

On the contrary, the downsides of gasification are (Juniper, 2007): 

 A relatively novel technology; 
 The feedstock must be shredded to avoid the risk of blockage; 
 High cost compared to conventional combustion. 

Environmental considerations of gasification 

As mentioned above, gasification is based on oxygen starving conditions resulting in air emission 
pollutants poor in oxygen content. Similarly, the formation of dioxins and furans are expected to 
be limited since their formation requires oxidizing conditions. The air emissions from gasification 
are similar with pyrolysis emissions. In section 2.3.1 it was stated that the Incineration Directive 
refers/applies to all the thermochemical conversion technologies (combustion, pyrolysis, 
gasification, plasma). In addition, pyrolysis and gasification are relatively novel technologies with 
limited commercial available case studies and inadequately operation period of time. 
Consequently, the documentation of their environmental impacts is limited (Working Group on 
Waste to Energy, 2006). 

 

In addition to the abovementioned gaseous pollutants, gasification process includes the 
formation of char and tar particles. Subject to the reaction conditions and the type of feedstock 
significant amounts of char and tar can be expected. On the grounds of tar and char content, gas 
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cleaning is essential before the introduction of the syngas to IC engines or gas turbines. The 
formation of char and tar in the gasification process is unavoidable therefore a number of gas 
cleaning technologies are deployed including gas cyclones, barrier filters, electrostatic 
precipitators or wet scrubbers (Brown, C.R., 2011).  

4.2.3 Pyrolysis 

Pyrolysis is a thermo-chemical process which degrades organic materials in the absence of 
oxygen using an external source of heat. The world pyrolysis has its roots in Greek. It is a 
combination of two words; “pyr” which means fire and “lysis” meaning to untie, to release. The 
required temperatures for the pyrolysis value in the range of 400 to 800oC. The process produces 
a syngas which consists of combustible compounds (e.g. H2, CO, CO2 and CH4), oil and 
carbonaceous char. The produced ratio of these compounds depends on the temperature and 
heating rate. The syngas has a medium to high calorific value which can be utilized for the energy 
requirements of the plant itself whilst the oil could be used in fuel applications. Wood waste, for 
example, produces a pyrolysis gas of calorific value 16 MJ/m3 in comparison with natural gas 37 
MJ/m3 (Williams, P.T., 2005). 

 

Pyrolysis conditions can be altered depending on the desired product. For example, fast pyrolysis 
is a process designed to maximize the liquid production of up to 75%. The main strength of this 
process is its de-coupling ability. In other words, the production of a liquid fuel gives the 
possibility to separate the biomass conversion stage from the generation of electricity since it can 
be stored and transported (Bridgwater, A.V., et al., 2002). In general, the advantages of pyrolysis 
are listed below (Limerick/Clare/Kerry, 2007; Intech, 2010): 
 Low CO2 emission energy production; 
 No formation of dioxins and furans; and 
 Suitable for wastes with high volatile content. 

The disadvantages include: 

 Requirement for a back-up energy supply for start-up of the process; 
 Converting waste to pyrolysis products is a relatively novel process; 
 High operational costs due to the pre-treatment (cutting, shredding and separation) of the 

feedstock and cleaning processes of the gases, liquids and the wastewater; and 
 Char is rich in heavy metals. 

Environmental considerations of pyrolysis 

Pyrolysis is one of the fundamental steps of the gasification process. Therefore the 
environmental impacts of pyrolysis are presented in section 2.3.2 under the subsection of 
environmental impacts of gasification. 

4.2.4 Anaerobic digestion 

Anaerobic Digestion (AD) is biochemical series of processes under oxygen starved conditions 
which converts organic material to a mainly methane-rich gas. Concretely, the gas is a mixture of 
methane, carbon dioxide and small quantities of hydrogen sulphide (H2S). The AD process 
involves many types of microorganisms which decompose the biodegradable waste into the final 
products. Depending on the type of microorganisms and the conditions AD can be divided into 
four biochemical stages: 
 Hydrolysis; 
 Acidogenesis;  
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 Acetogenesis; and 
 Methanogenesis. 

At the first stage fats, carbohydrates and proteins are hydrolysed to form oligomers sugars, fatty 
acids and amino acids. The acid stage further decomposes the aforementioned products to 
carbonic acids, alcohols, H2, CO2 and NH3. In the acetogenic phase the simple compounds from 
acidogenesis are further digested by bacteria known as acetogens to produce acetic acid, CO2 
and H2. The final stage is methanogenesis where the methanogens produce methane and carbon 
dioxide from the organic acids. The final gas has a composition of circa 60% methane and 40% 
carbon dioxide (Williams, P.T., 2005). The chemical energy of the biogas can be recovered using a 
range of energy conversion technologies such as gas engine, gas turbine and gas boiler. 

 

Depending on the type of waste, pre-treatment such as shredding or removal of contaminants 
may be essential. In order to ensure maximum biogas production several parameters must be 
optimized. These parameters include temperature, pH, mixing and C:N ratio amid others. The 
final products of an AD process depend on the type of waste and their type of utilization. In 
general, the produced gas has a calorific value of 20-25 MJ/m3. If the gas is intended for power 
generation a higher level of purification is essential to remove moisture, corrosive gases and 
vapours. AD can be employed for all types of organic waste such as sewage sludge, agro-
industrial residues and OFMSW. In fact, co-digestion of these types is preferable since they 
produce a higher quality biogas (Williams, P.T., 2005). 

 

The following strengths can be cited for the AD technology: 

 Destruction of pathogenic micro-organisms; 
 Effective deodorisation of the waste; 
 Relatively low O&M costs; 
 Low CO2 emission energy generation; and 
 The digested residual material can be used as a soil conditioner (subject to the quality of 

the feedstock); 

Whilst the weaknesses are: 

 High capital cost; 
 Requires highly technical personnel; 
 Sensitive to contaminants (e.g. heavy metals); 
 No reduction of waste volume nor nitrogen content; and 
 Relatively complicated process. 

Environmental considerations of AD  

The products of AD are biogas in a composition of methane (60 to 70%), carbon dioxide (40 to 
30%) and the digestate. Unless there are leakages from the enclosed reactor the environmental 
impacts of an AD installation are insignificant. For feedstocks that are toxic free, the solid residue 
can be spread untreated to the fields or de watered in order to be utilised as a soil conditioner. 
An indirect environmental impact can be considered the air emissions from the transportation of 
the feedstock, wastes and by-products from and to the facility.  

 

In Table 4-3 the characteristics of the presented biomass-to-energy technologies are 

summarised. 
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Table 4-3. Characteristics of biomass-to-energy technologies 

Characteristics Combustion Gasification Pyrolysis Anaerobic digestion 

Scale Small to large 

scale 

1kWe – 150 MWe 

depending on the 

technology used 

Pilot plant of  

200kg/h, with  

66% energy yield 

Reactor size 50 – 

10.000 m3 

Input materials 

(preferable) 

Pellets,  

Biomass,  

wood wastes 

forest products,  

energy crops,  

biowaste 

forest products,  

energy crops,  

mill wood waste,  

agriculture and  

urban organic  

wastes 

Biowaste & waste  

waters, by-products, 

energy  

crops 

Limiting factors Moisture  

<50% 

Moisture <45%  

Ash <15% 

Moisture <45%       

Ash <25% 

Total solids  

4–40% 

Operating 

temperature 

>800°C 650–1200°C 400–800°C Optimum 35°C or 

55°C 

Oxygen 

requirements 

Excess of  

oxygen 

Partial oxidation Absence of  

oxygen 

Absence of  

oxygen 

Product Heat Syngas Pyrolysis oils (Fast 

pyrolysis) 

Gases (Slow 

Pyrolysis) 

Biogas 

By-products Ash Char Gases, char Reject, water 

Post-treatment No Particulates and tars 

removal 

Oxygen 

 removal 

Moisture  

removal 

Source: University of Oulu, Thule Institute, 2012 

4.3 Power generation technologies 

4.3.1 Steam turbine 

Steam turbines are one of the most versatile, reliable and oldest units for power generation. 
Their operation is based on the production of a high pressure and temperature steam which is 
produced in a boiler which is transferred to the rotor converting the heating energy to shaft 
power and ultimately to electricity. The boiler is the part of the system where the fuel is burnt 
and the produced heat converts water into steam. The fuel can be any kind of combustible 
material such as biogas, wood waste and agricultural residues.  

 

The efficiency of steam turbines is limited between 46% and 47% for large facilities whilst for 
smaller facilities the efficiency drops from 30% to 42% (see Table 4-4). In addition, steam turbine 
generators in small size plants are inefficient with high capital costs (Bridgwater, A.V., et al., 
2002). Commercially available steam turbines have a capacity from 50kW to 250MW (Breeze, P., 
2005).  
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Table 4-4. Advantages and disadvantages of steam turbine (Bridgwater A.V., et al., 2002; Breeze, 

P., 2005) 

Advantages Disadvantages 

 A wide range of fuels  Low electric efficiencies 

 Production of high temperature/pressure 

steam 
 Slow start up times 

 High overall co-generation efficiency (up to 

80%) 

 Need for expensive high-pressure boilers and 

equipment 

4.3.2 Gas turbine 

A gas turbine can be divided into 3 parts; the compressor, the combustion chamber and the free 
power turbine. The compressor consists of the rotor, a series of blades which compress the 
inflow air with a 24:1 compression ratio. In a modern unit the compressor consists of 10 to 12 
series of blades. The compressed air is channelled to the combustion chamber where it is mixed 
with the fuel and ignited. The achieved temperatures of the exhaust air can reach up to 1400oC. 
The hot air exiting the combustion chamber rotates the power turbine in circa 61.000rpm. It is 
equally suitable for mechanical application or power generation (Breeze, P., 2005). 

 

The efficiency of gas turbines depends on the temperature of the exhaust gas from the 
combustion chamber; the higher the temperature the higher the efficiency. Small gas turbines 
(35-45MW), for power generation applications, have an energy conversion efficiency of up to 
38%. The gas turbines can be combined with CHP due to their high temperature and pressure 
exhaust gas recovering its thermal energy (Breeze, P., 2005). 

 

Table 4-5. Advantages and disadvantages of gas turbines (Bridgwater, A.V., et al., 2002; Breeze, 

P., 2005)  

Advantages Disadvantages 

 Larger systems have high efficiencies 

with relatively low capital cost 
 Reduced efficiencies in small capacity systems 

 High temperature steam production  Reduced efficiencies at part load 

 Relatively low pollution (excluding 

NOx) 

 Altitude and extreme ambient temperatures affects the 

performance 

 Proven technology  Extremely sensitive to impurities in the fuel 

 Extremely reliable & robust technology  High costs per installed kW in small capacity systems 

 
 Highly technical and complex machine which can only 

be made by limited manufacturers 

4.3.3 Gas engine 

Gas engines are Internal Combustion Engines (ICE) which can be grouped into two categories; 
compression ignition (diesel cycle) engines and spark ignition (Otto cycle) engines. The energy is 
produced by the combustion of the fuel (gaseous or liquid) mixed with an oxidiser (i.e. air) into a 
chamber. Reciprocating engines are the most widespread power generation technology. They are 
applicable for a wide range of power generation capacities from small, portable generators to 
large industrial engines. Spark ignition engines have an efficiency ranging from 25 to 48% and can 
run utilising natural gas, landfill gas and biogas.  
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Gas engines have the advantage of high efficiency at partially loaded operations which can be 
ideal if it would be combined with an anaerobic digester. On the contrary, they require 
maintenance intervals every 600 to 1000 hours increasing the O&M costs. In addition, the clean-
up process of the fuel is vital for the smooth and trouble-free operation of the gas engine.  Table 
4-6 lists the strengths and weaknesses of the gas engines.  

 

Table 4-6. Advantages and disadvantages of gas engines 

Advantages Disadvantages 

 High efficiencies at part load operation  Special foundation (relatively high vibrations) 

 Short start-up times to full loads 
 Relatively high O&M costs (large number of moving 

parts) 

 High reliability  Frequent maintenance intervals 

  Extremely sensitive to impurities in the fuel 

4.3.4 Fuel cells 

Fuel cells (FC) are electrochemical devices converting H2 and H2-rich gases to DC electricity 
combined with oxygen. They consist of the anode, the cathode and the electrolyte which is 
sandwiched between the two electrodes. The fuel is channelled via the anode where a catalyst 
(usually Pt) oxidizes it turning it into electrons and cations (H+). Cations migrate to the cathode 
passing through the electrolyte whilst electrons are forced to pass through an external circuit and 
generate electricity. The material used for the electrolyte defines the type of the fuel cell. At the 
cathode which is usually made of Ni the cations meet the electrons and oxygen to form water 
and heat (IEA, 2007). The main advantages of FC lie in its lack of noise and low pollution (Boyle, 
G., 2004). 

 

Fuel cells are suitable for either vehicles or stationary applications depending on the fuel cell’s 
type. Molten carbonate, solid oxide and phosphoric acid FC (MCFC, SOFC, PAFC) for instance, are 
used for stationary power and heat generation. Each type can be used in different circumstances 
depending on the fuel, the temperature and the desired efficiency. The best types of fuel cells for 
stationary power generation are MCFC and SOFC since they can both operate at high 
temperatures. The formers can be fuelled with biogas or natural gas and the latter ones with 
hydrocarbons or H2. The expansion of the lifetime of FC is under research. Key factors include 
operating conditions such as start-up temperature, fuel purity and humidification. Table 4-7 lists 
key features of MC and SO fuel cells (IEA, 2007; IEA 2015).  

 

Albeit fuel cell is a relatively novel technology, leading companies across a broad range of 
industry segments deploy fuel cells for the energisation of their facilities. The most recent 
commercial example is the utilisation of fuel cells coupled with biogas with an overall capacity of 
5 MW from the largest computer software and hardware manufacturer (Apple, 2015). 
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Table 4-7. Performance and use of MCFC and SOFC (IEA, 2007; IEA 2015) 

Parameters Units MCFC SOFC 

Operating temperature  oC >650 800-1000 

Fuel n/a HCs, natural gas HCs, H2 

Electric Efficiency % >60 50-70 

Lifetime hours 20.000 90.000 

Costs  €/kW 3600-5400 2700-3600 
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5 Option evaluation 

5.1 Introduction 

For the selection of the most sustainably biomass-to-energy technologies in the autonomous 
electrical system of Crete, the analysis of several alternative solutions, which differ 
economically, technologically, environmentally, and also in terms of social impact and 
acceptance were taken into account. Given that these criteria are often in conflict, multi-criteria 
analysis is used for the selection of the most preferable biomass-to-energy technologies 
(Papadopoulos, A. and Karagiannidis, A., 2008). 
 
Multi-criteria analysis (MCA) is an important tool in such problems, since “it can be applied to 
assess value judgments of individual decision makers or multiple stake-holders” (Kiker, G.A., et 
al., 2005) by employing mathematical models which take into account both the alternative 
scenarios characteristics and the subjective preferences of the decision makers.  
 
In particular for individual decision makers, MCA can be a useful tool in establishing objectives 
and criteria, estimating relative importance weights and, to some extent, in judging the 
contribution of each option to each performance criterion. However, the same advantages of 
the MCA can turn to be its biggest drawback since the choices of objectives, criteria and weights 
are based on the decision makers’ own decision. In any case MCA’s goal is to help decision 
makers to make complex decisions in a systematic and structured way (Department for 
Communities and Local Government, 2009; Kiker, G.A., et al., 2005). 
 
MCA techniques can be used in a number of cases such as i) identify a single most preferred 
option, ii) rank options, iii) short-list a limited number of options for subsequent detailed 
appraisal or iv) distinguish acceptable from unacceptable possibilities (Department for 
Communities and Local Government, 2009). 
 
On the basis of all the above, the use of MCA as a discarding tool is considered necessary for the 
selection of the most sustainably biomass-to-energy technologies, from the regional authority’s 
standpoint. Triantaphyllou, E., et al. (1998) highlighted that almost any local or national 
government uses multi-criteria decision making process as a discarding tool. It is noteworthy that 
the stakeholders are not limited to the regional authority but are a number of individuals, 
institutions and bodies including environmental groups, local communities, potential investors 
and academic institutions, that have interests in the sustainable planning in Crete (Tsoutsos, T., 
et al., 2009). However, it is the author’s opinion that from those groups the most important is the 
regional authority since it stands between the interests of local authorities/environmental groups 
and potential investors and is probably the most influential actor.  
 
MCA can be distinguished between Multi-Attribute Decision-making Methods (MADM) i.e. 
methods for selecting discrete alternatives and Multi-Objective Decision-making Methods 
(MODM) which are more adequate for multi-objective planning problems in which the decision 
space is continuous (Triantaphyllou, E., et al, 1998; San Cristobal, J.R., 2012). As far as the 
selection of the biomass-to-energy technologies is concerned, the MADM technique will be used 
and in particular a single decision maker MADM method since in this study the decision maker is 
assumed to be the regional authority.  
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This study presents a decision-making approach based on the Weighted Product Model which 
may help the regional authority to consider whether to explore further in a short-listed biomass-
to-energy technologies and, if so, to determine a priority order among a portfolio of feasible 
projects. Following the selection process, and as per Law 3389/2005, titled “Public-Private 
Partnerships”, the regional authority could announce a public international tender for the 
selection of a Contractor in order to implement the Project(s). 

5.2 Methodological Approach - Weighted product model 

The Weighted Product Model (WPM) being under MADM techniques’ umbrella follows broadly 
the same five steps utilized across the MADM methods (Kiker, G.A., et al., 2005; Triantaphyllou, 
E., et al., 1998). These are: 

1. Clearly define the problem, identify the stakeholders and the objectives in order the 
problem to be framed. 

2. Identify the pertinent evaluation criteria and alternatives based on the relevant 
importance of each criterion. The criteria can be both qualitative and quantitative. 
However, in the former the criteria must be marked with the application of relative scales 
in order to be converted to quantitative.  

3. Assign a score of each alternative through the process of the numerical values 
alternatively known as ‘weighting’. The weighting process for WPM is achieved by 
multiplying a number of ratios, one for each criterion. These weights demonstrate the 
relevant importance of each criterion determined by the decision maker(s). In general, 
the higher the weight the more important the criterion is. Given that the all the weights 
are normalised, its sum must be 1. 

4. Construct the evaluation matrix. If there are M alternatives (each alternative denoted as 
Ai) and N criteria (denoted as Cj) and weights (denoted as wj) , for example, the 
evaluation matrix must be a (M x N) table structured as follows: 

 

Table 5-1. A typical decision matrix 

 C1 C2 ... Cn 

Weights w1 w2 ... wn 
Alternatives     

A1 a11 a12 … a1n 

A2 a21 a22 … a2n 

. . . … . 

. . . … . 

. . . ... . 
Am am1 am2 … amn 

 
5. Rank the alternatives. For the WPM method specifically each alternative is ranked by 

comparing all the alternatives between themselves. The best alternative is the one 
scores equal or higher than all the others. Using two alternatives (A1 and A2) from the 
above table the following formula is used to compare them (Triantaphyllou, E., et. al., 
1998): 

  
  
  
     

   
   
 
  

 

   

 (Eq. 1) 

 
Where N is the number of criteria; a11 is the weighted value of the A1 alternative; wj is the 
weight of importance for the Ci criterion. 
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If: 

         
 

  
  
  
         (Eq. 2) 

 
 
Then A1 is more desirable than A2. 
 

5.3 Course screening of the integrated biomass conversion and power 
generation technologies 

In sections 4.2 and 4.3 a review of the biomass conversion and the power generation 
technologies respectively has been undertaken. From the combination of these two technologies 
a number of potential option configurations were generated. The criterion on which this coarse 
screening occurred was the operate principles and ultimately the products of the biomass 
conversion technologies. The combustion process, for example, produces heat which converts 
water to steam and ultimately, via the use of a steam turbine, electricity. 

 

Figure 5-1 illustrates a number of combinations of the biomass conversion and power generation 
technologies where the ultimate product is electricity. It is emphasised though that electricity 
generation from biomass sources has theoretically myriad of routes at least from a theoretical 
standpoint and is not limited to the presented ones. Biogas, for example, can be combusted in a 
boiler and produce electricity via a steam turbine engine. Therefore, from a theoretical 
standpoint all the following technologies can handle all the biomass sources subject though to 
certain necessary pre-treatment of the feedstocks. 
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Figure 5-1. Main bioenergy conversion routes (Boyle, G., 2004) 
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The combination of technologies illustrated in figure 5-1 present a range of commercial 
maturities. Technologies such as combustion coupled with steam turbine are a proven, mature 
technology for power generation. On the other hand, advanced conversion technologies (i.e. 
pyrolysis and gasification) are relatively new concepts ranging from pilot to demonstration and 
fully commercial plants. At this stage the only criterion for the course screening of the available 
biomass-to-energy technologies is their commercial maturity.  In this study commercial mature 
technologies are considered those technologies that are fully commercial with at least one 
project in the world in operational phase. 

 

Therefore, the biomass-to-energy technologies can be limited from the eleven alternatives 
presented in figure 5 to seven taking into account their commerciality. At the time this study was 
prepared, the following biomass-to-energy technologies could not be identified as commercial 
solutions: 
 Gasification & fuel cell; 
 Gasification & gas turbine; 
 Slow Pyrolysis & gas turbine; 
 Fast pyrolysis & gas engine; 
 Fast pyrolysis & gas turbine 

The application of gasification coupled with fuel cells is still in its infancy. In principle, fuel cells 
can achieve higher electrical efficiencies compared to conventional power generation 
technologies especially in small-scale (Boerrigter, H. and Rauch, R., 2005). Bocci et al., (2014) 
pointed out that fuel cells fuelled with gasification syngas has yet to be proven as a feasible 
biomass conversion process. 

 

Biomass fluidised bed gasifiers combined with gas turbines theoretically can result in overall 
thermal efficiencies of more than 45%. The produced syngas exiting the gasifier must be cleaned 
up in order to meet the gas turbine requirements (particles lower than 1ppm and alkali metals 
lower than 2ppm) (Klimantos, P., et al., 2009).  

 

However, Bridgwater, A.V., et al., (2002) argue that “gas turbine integrated with biomass 
gasification is not established but there are many demonstration projects active with capacities of 
0.2-27MWe”. This argument is shoulder also in Bhattachayrya, A. et al. paper (2011) where it is 
mentioned that unresolved technical and logistic issues prevent the commercialisation of 
Biomass Integrated Gasification Combined Cycle (BIGCC). At the time of this study the only 
known biomass gasification combined cycle plant that the author is aware of is in Varnamo, 
Sweden. This plant operated from 1996 to 2000 and was the first demonstration BGCC plant in 
the world. 

 

The integration of gas turbine fuelled with slow pyrolysis syngas of biomass or waste can be 
summarised under the Integrated Pyrolysis Regenerated Plant (IPRP) concept. Even though this 
concept suggests that higher efficiencies can be achieved compared to grate-based combustion, 
it is still at a demonstration phase and their long term availability is still to be proven 
(D’Alessandro, B., et al., 2013). 

 

No information could be found for large-scale commercial pyrolysis oil plants. A number of 
studies (National Renewable Energy Laboratory, 2006; Braimakis, K., et al., 2014), concluded that 
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commercial size fast pyrolysis oil plants have yet to be demonstrated with a number of small 
scale pilot plants though being in operation. 

 

In particular, studies performed in diesel engines and gas turbines fuelled with pure pyrolysis oil 
showed a number of problems to different components of each system. In particular, it was 
reported that the engines had unique problems such as lacquering (coating of components), and 
incompatibility of gaskets and lubricants in acidic conditions whilst for gas turbines, fouling of the 
gas turbine combustor and blades. Therefore, neither gas turbines nor diesel engines could be 
used long term on pyrolysis oil at present (Chiaramonti, D., et al., 2005).  

 

From the literature review, we conclude that the commercially viable options that will be 
assessed in this study as technology candidates are: 
 Combustion + steam turbine; 
 Gasification + steam turbine; 
 Gasification + gas engine; 
 Slow pyrolysis + gas engine; 
 Anaerobic digestion + gas engine; and  
 Anaerobic digestion + fuel cell. 

5.4 Options scoring exercise  

Following the course screening of the biomass conversion technologies based on the 
commercialisation status, each shortlisted option in section 5.3 was assessed and scored based 
on four main criteria and their sub-criteria. The criteria were selected on the basis of identifying 
those technologies that maximize the sustainability in terms of technical, environmental, 
economic and social development and also on the availability of quantitative and qualitative data 
(Tsoutsos, T., et al., 2009). As such, the following criteria and sub-criteria were selected: 
 Technical; 

 Theoretical maximum efficiency 
 De-coupling ability 
 Pre-treatment of the intermediate product 

 Environmental; 
 NOx emissions 

 Economic; and 
 FiT scheme Price of Energy 

 Social 
 Noise 
 Consensus 

The scoring criteria presented in Table 5-2 were used to evaluate the relative benefit of each 
process option scenario. All options were scored against each other (options appraisal). For the 
comparison of the options and the final decision the weighted decision making process was used. 
The weighting factors applied on the criteria were employed to evaluate the relative benefit of 
each process option scenario for the most sustainable combined biomass and power generation 
technologies.  

 

From the selected criteria seven were of a qualitative nature and three quantitative. 
Subsequently, the qualitative criteria were marked with the application of relative scales.  Based 
on the evaluation of each sub-criterion from the author the weighting guideline from 5 to 1 has 
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been employed for the non-numerical values 5 being highly recommendable and 1 very 
unfavourable (Tsoutsos T., et al., 2009). It is evident that different or additional criteria could also 
have been used but the attempt is to present a concise number of alternative solutions, which 
differ economically, technologically, environmentally, and also in terms of social impact and 
acceptance. 

 

The scoring of quantitative data was assigned in two different ways. The scoring of the 
theoretical maximum efficiency of the power generation technologies and the FiT scheme price 
of energy were assigned on the basis of 5 being the highest value and 1 the lowest. In the case of 
“NOx emissions” special modification of the equation 1 is essential due to the fact that the 
higher is the value, the worse is the application; this is the opposite reasoning than the used in 
all the rest of criteria. This is corrected by a modification in the mathematical procedure, 
switching up the values in the ratio. 
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Table 5-2. Scoring criteria for the final screening of the combined technologies 

 No. Scoring 

Criteria 

Description References 
T

e
c
h

n
ic

a
l 

1 Power 
generation’s 
efficiency 

Those options that involve power 
generation technologies that 
consider having higher efficiency 
were scored higher than those with 
less potential efficiency. 

Fuel cells: Leo., T., 2012  
Steam turbines: Environmental 
Protection Agency, 2008 
Gas engines: General Electric, 
2014 

2 De-coupling 
ability 

Those options that involve biomass 
conversion technologies that have 
the ability to separate the biomass 
conversion stage from the 
generation of electricity were scored 
higher than those options that did 
not have this ability. 

Brown, C.R., 2011 p.143 

3 Pre-treatment 
of the 
intermediate 
product 

Those options that involve pre-
treatment of the intermediate 
product were scored lower than 
those options that did not require 
such a step. 

University of Oulu, Thule Institute, 
2012 

4 Commercially 
available 

Those options involve technologies 
that are considered more proven 
and established were scored higher 
than those that are still unproven or 
have a lower history of use.  

Combustion + steam turbines: 
Siemens, 2015 
Gasification + steam turbine: 
Valmet, 2014. 
Renewable Energy Association, 
2013 
Gasification + gas engine: Babcock 
& Wilcox Vølund A/S, 2015 
Slow pyrolysis + gas engine: 
Concord Blue, 2013 
AD + gas engine: Boyle, G., 2004 
AD + fuel cells: National 
Renewable Energy Laboratory, 
2012 

E
n

vi
ro

n
m

en
ta

l 

5 NOx emissions Options that based on their 
products had potentially less NOx 
emissions were scored higher than 
those that had the potential to 
negatively impact air quality due to 
higher NOx emissions. 

Combustion + steam turbine: 
National Institute for Public Health 
and the Environment (RIVM), 
2008 
Gasification + Steam turbine: 
Sethuraman, S., 2010 
Gasification + gas engine: 
Kimming, M., et al., 2011 
Slow pyrolysis + gas engine: 
Hossain, A.K., and Davies, P.A., 
2013. 
AD + gas engine: National 
Institute for Public Health and the 
Environment (RIVM), 2008 
AD + fuel cells: Electric Power 
Research Institute, 2005 
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F
in

a
n

c
ia

l 
6 FiT scheme 

price of  
Energy 

Those options which facilitated the 
value added earning from renewable 
obligation certificates, emission 
trading certificates and other 
environmental related financial 
incentives were scored higher than 
those options which did not 
potentially involve such 
opportunities. 

Ypeka, 2014b 
S

o
c
ia

l 

7 Noise Those options that involve power 
generation technologies that 
potentially produce less noise were 
scored higher than those 
technologies that had the potential 
to produce more noise. 

Deublein., Dieter and Steinhauser, 
A., 2008 p.337 

8 Consensus Those options that are more 
positively assessed by the Cretan 
people were scored higher than 
those options which are not 
welcomed.  

Environment, 2013 

 

The scoring criteria can be presented also based on numerical and no-numerical. Table 5-3 
presents the measures for the numerical options and the relative scale decided by the author for 
no-numerical values. Tsoutsos, T., et al. (2009) concluded that for the local authorities the most 
important criteria were environmental (CO2 emissions avoided) and social acceptance. The same 
priority criteria have been assumed for the local authority in this study. 

 

Table 5-3. Values of the criteria from the local authority’s standpoint 

Scoring Criteria Measure Weighting factor 

Numerical Options   

Power generation’s efficiency % 0.15 

NOx emissions g/MWh 0.25 

FiT scheme price of  
Energy 

EUR/MWh 0.15 

No-numerical Options   

De-coupling ability 
5 being highly recommendable and 1 very 
unfavourable 

0.05 

Pre-treatment of the intermediate 
product 

5 being highly recommendable and 1 very 
unfavourable 

0.05 

Noise 
5 being highly recommendable and 1 very 
unfavourable 

0.1 

Consensus 
5 being highly recommendable and 1 very 
unfavourable 

0.25 

 

The criteria’s weighting factors and measures will be applied in the mathematical equation in 
section 5.2, which is going to prioritise the solutions from the most appropriate to the less 
promising. 

5.5 Criteria description 

The criteria briefly mentioned in Table 5-2 are described in more detail in the succeeding 
sections. 
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5.5.1 Theoretical maximum efficiency 

The theoretical maximum efficiency refers to the power generation technologies based on 
information from the literature. The main reason for considering merely the power generation 
efficiency and not the overall efficiency of the plant (i.e. including also the biomass conversion 
technologies’ efficiencies) is the uncertainty of the anaerobic digestion’s efficiency and the fact 
that is project specific. Since the efficiency of this process is heavily related with the quality of 
fuel and bacteria taking part in the digestion process, any statement of the AD’s efficiency is 
pointless. 

 

It is noteworthy that the theoretical maximum efficiency of a steam turbine can be easily 
calculated using the Carnot efficiency: 

 

                   
      

  
     (Eq. 3) 

 

Where Th is the temperature in degrees Kelvin of the working fluid in its hottest state (after heat 
has been applied); Tc is its temperature in its coldest state (after the heat has been removed). 

 

For a typical steam turbine system with an input steam temperature of 543°C (816K) and a 
temperature of the condensed water of 23°C (296K), the maximum theoretical efficiency would 
be equal to: (816 - 296)/816 = 64%. However, the Carnot’s formula does not take into account 
heat, friction and pressure losses in the system which are all project specific. A more realistic 
value for the efficiency of a steam turbine would be 50% (EPA, 2008). 

5.5.2 De-coupling ability 

The sub-criterion of de-coupling ability is related to the capability of certain technologies to 
separate the biomass conversion stage from the generation of electricity since the intermediate 
product can be stored and transported. This ability could be considered ideal for the island of 
Crete as a number of fast pyrolysis facilities, for example, could be installed in remote areas with 
the pyrolysis oil being combusted in a central boiler keeping the overall capital costs at low levels. 
Brown, C.R., (2011) argues that the only technology that has this advantage is fast pyrolysis as 
its products (i.e. bio-oils) can be “decoupled in time, scale and place from the final application”. 

5.5.3 Fuel flexibility 

The fuel flexibility is related to the range of fuels that each biomass conversion technology can 
handle. As previously mentioned theoretically all the conversion technologies can process all 
biomass sources subject though to pre-treatment. However, one of the primary criteria in the 
evaluation of the method applicable for biomass sources is their moisture content and C/N ratio. 
For untreated biomass sources with moisture content of <50% and C/N >30, the preferred option 
is thermochemical processes otherwise biochemical processes such as anaerobic digestion would 
be the preferred option (Skoulou, V. and Zabaniotou, A., 2007). Feedstock with too low C/N ratio 
would lead to inhibition of methane production (due to increased ammonia production) whilst a 
too high C/N ratio would lead to reduced protein formation with an impact to the bacteria’s 
metabolism, thus reduced methane generation (Dublein, D. and Steinhauser, A., 2011). 

5.5.4 Pre-treatment of the intermediate product 

Biomass conversion technologies such as gasification and pyrolysis are processes that produce an 
intermediate product e.g. syngas which, via combustion, generates power. Depending on the 
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type of the conversion method that will be employed, the intermediate product may be needed 
to be purified. For example, boilers in comparison with the other technologies are relatively 
robust and impurity-tolerant technologies with no need for fuel purification. 

5.5.5 NOx emissions 

The selection of NOx emissions as the environmental criterion for this study is related to its 
formation in the thermochemical processes and its importance to be monitored and reduced as 
an air pollutant. NOx represents a family of seven compounds including N2O, NO, N2O2, N2O3, 
NO2, N2O4 and N2O5.  NOx emissions are responsible for the formation of photochemical smog, 
troposheric ozone and HNO3. The impact of these phenomena is respiratory problems and acid 
rain. The reason of using mg/kWh is that is independent from the power capacity of each 
technology and hence comparable.  

 

The consideration of merely the NOx emissions and no other air pollutants such as CO, dioxins or 
SOx is due to the fact that oxides of nitrogen is the common denominator of air pollution across 
the technologies and the European Union regulations governing emissions to air and ambient air 
quality including the Directive for the protection of human health and ecosystems (2008/50/EC 
Directive), the Waste Incineration Directive (2000/76/EC) and the Directive on industrial 
emissions (2010/75/EU). 

 

It should be highlighted that the NOx emissions values presented in table Table 5-4 are results 
uniquely related to the context of the studies they referred to and should not be assumed that 
represent the NOx emissions of these technologies (Environment and Rural Affairs Department, 
2006). In a thermochemical process the NOx emissions can be classed in three different 
categories: Thermal, fuel and prompt NOx emissions. The former is due to high flame 
temperatures during the thermochemical process and it can be reduced by keeping the 
combustion temperature at low levels. The formation of the latter is related to the chemical 
composition of the fuel itself. In biomass, nitrogen is a key compound in proteins’ amino acids’, 
DNA’s, RNA’s and chlorophyll’s structure. The thermal cracking of those molecules lead to the 
formation of fuel NOx emissions (Sethuraman, S., 2010). Lastly the third source derives from the 
reaction of the molecular atmospheric nitrogen with radicals forming NOx.  

5.5.6 Feed in Tariffs 

As described in section 2.5, Law 4254/2014 defines the pricing of electric energy generated from 
different types of biomasses giving high incentives to the producers. The prices (subject to the 
type of biomass to energy technology used) range from €108 to €230 per MWh. Since the power 
generation deriving from renewable technologies provides income to the local councils the 
incentive for renewable technologies and biomass and biogas in particular is strong.  

5.5.7 Noise 

Noise can be defined as unwanted or disturbing sound posing risk to human health and well-
being (EPA, 2012). In 2002, European Parliament adopted the 2002/49/EC directive with regard 
to the assessment and management of noise pollution in the member states. The main sources of 
noise pollution in a biomass-to-energy facility are the fuel feeding system and the power 
generation island. In addition, the vehicular traffic of feedstock and materials is an additional 
source of noise pollution. However, these issues can be mitigated with the installation of sound 
absorbers around the equipment house and the constraint of traffic between 06.00 and 22.00 
hours (Deublein, D and Steinhauser, A., 2008). 
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5.5.8 Social public acceptance 

The criterion of social public acceptance of biomass-to-energy technologies is of paramount 
importance in the decision making process and the successful penetration of such technologies. 
Even though actors such as citizens do not participate directly in the decision making process (but 
via the elected local administrators) their opinion can alter the whole process dramatically. There 
are numerous examples in Greece where the local community resisted fiercely against the 
installation of industrial facilities without their consensus.  

 

Biomass-to-energy, in comparison with the other renewable energy technologies, is considered 
less favourable as the feedstock harvest, lorry traffic for transportation and visual pollution of 
such a plant and the public’s impression of biomass-to-energy units related with illegal logging 
are features that shape the public’s perception (Biomass Energy, 2013). In addition, given that 
the island is one of the most touristic regions in Greece the local population is reluctant to accept 
the installation of new thermal power plants (Tsioliaridou, E., et al., 2005). 

 

As Michelena and Angeon (2009) argue, energy is a vector of economic development and well-
being. Biomass-to-energy technologies apart from the positive environmental footprint, they 
offer workplaces (mostly during construction phase), secure the local electricity supply and 
increase the ecological image of the region. Therefore, these technologies are supposed to imply 
that local communities benefit from them. 

 

However, the social acceptance of biomass-to-energy technologies is dependent on a number of 
factors related to each territory in the island such as socio-economic and demographic 
characteristics, local natural resources, existing usage of land and its geo-morphological 
particularities. It should be noted that at the moment of writing this study there were no plans 
for the development of biomass-to-energy units in Crete. From similar projects around Greece it 
is clear that the thermochemical technologies are less welcome than the anaerobic digestion 
(Environment, 2013).  

5.6 Final screening of the selected technologies  

All of the options identified were consolidated into a scoring matrix table. Main criteria that have 
been considered are technical, environmental, economic and social. Each main criterion has sub-
criteria as listed in Table 5-4, the screening matrix table.  

 

Scoring of the above options was undertaken as per described in sections 5.2 and 0. From the 
selected criteria seven were of a qualitative nature therefore they cannot be assessed by an 
absolute value. As such, the qualitative criteria were marked with the application of relative 
scales.  Based on the evaluation of each sub-criterion from the author the weighting guideline 
from 5 to 1 has been employed for the non-numerical values, 5 being highly recommendable and 
1 very unfavourable. It is noteworthy that 0 cannot be used in the mathematical equations as the 
lowest valuation therefore; the minimum value must be 1.  

 

As previously stated, in the case of “NOx emissions” special modification of the equation is 
essential due to the fact that the higher is the value, the worse is the application; this is the 
opposite reasoning than the used in all the rest of criteria. This is corrected by a modification in 
the mathematical procedure, switching up the values in the ratio. 
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Table 5-4 presents the scores for the 6 options (A-F).  
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Table 5-4. Screening matrix diagramme  
 

No. 
  

A B C D E F 

  

Criteria 
Weighting 

factor 

Combustion & Steam 
turbine 

Gasification & Steam 
turbine 

Gasification & Gas 
engine 

Slow Pyrolysis & Gas 
engine 

Anaerobic digestion & Gas 
engine 

Anaerobic digestion & Fuel 
cell 

Data Score Data Score Data Score Data Score Data Score Data Score 

1 

T
e
c
h

n
ic

a
l 

Power generation's efficiency (%) 0.1 50 N/A 50 N/A 49 N/A 49 N/A 49 N/A 47 N/A 

2 De-coupling ability 0.05 No 1 No 1 No 1 No 1 No 1 No 1 

3 
Pre-treatment of the intermediate 

product 
0.05 No 5 No 5 Yes 1 Yes 1 Yes 1 Yes 1 

4 

E
n

vi
ro

n
m

en
ta

l 

NOx emissions (g/MWh) 0.25 480 N/A 600 N/A 119 N/A 10160 N/A 540 N/A 8 N/A 

5 

E
c
o

n
o

m
ic

 

FiT scheme Price of Energy 
(EUR/MWh) 

0.2 173 N/A 173 N/A 173 N/A 173 N/A 219.5 N/A 219.5 N/A 

6 

S
o

c
ia

l 
 

Noise 0.1 Medium 2 Medium 2 Loud 1 Loud 1 Loud 1 Silent 5 

7 Consensus 0.25 No 1 No 1 No 1 No 1 Yes 5 Yes 5 
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Based on the findings of Table 5-4 taking into account technical, environmental, economic and 
social criteria it is concluded that the technologies are prioritise as per Table 5-5. 

 
Table 5-5. Valuation of the decision matrix 

Rates Values Results 

R(A/B) 1.06 A≥B 

R(A/C) 0.82 C≥A 

R(A/D) 2.50 A≥D 

R(A/E) 0.76 E≥A 

R(A/F) 0.23 F≥A 

R(B/C) 0.78 C≥B 

R(B/D) 2.36 B≥D 

R(B/E) 0.72 E≥B 

R(B/F) 0.21 F≥B 

R(C/D) 3.04 C≥D 

R(C/E) 0.93 E≥C 

R(C/F) 0.28 F≥C 

R(D/E) 0.31 E≥D 

R(D/F) 0.09 F≥D 

R(E/F) 0.30 F≥E 

 

In the third column of Table 5-5, the results from the application of the equations (Eq. 1 and (Eq. 

2 are presented. Following that, in Table 5.9 the same results are categorised as per the 
frequency of each alternative in order to determine which alternative ranks better than or at 
least equal to all the other alternatives. 
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Table 5-6. Ranking of the alternatives 

Comparison of the alternatives Alternatives based on their frequency at the results 

A≥B 
2 : A - Combustion & Steam turbine 

A≥D 

B≥D 1 : B - Gasification & Steam turbine 

C≥A 

3 : C - Gasification & Gas engine C≥B 

C≥D 

E≥A 

4 : E - Anaerobic digestion & Gas engine 
E≥B 

E≥C 

E≥D 

F≥A 

5 : F - Anaerobic digestion & Fuel cell 

F≥B 

F≥C 

F≥D 

F≥E 

 

Finally, Table 5-7 presents the prioritized solutions following the ranking process. Each 
alternative was ranked by comparing all the alternatives between themselves. The best 
alternative, F – Anaerobic digestion & fuel cell, scored equal or higher than all the others. On the 
other hand, alternative D – slow pyrolysis & gas engine scored lower than all the other 
suggested solutions and as such it was discarded.  

 

The key advantages of the selected alternatives are summarised also in Table 5-7. However, 
these advantages are directly related to the weighting factors applied to each of the criteria on 
the basis that the decision maker is the regional authority. Should a different decision maker was 
to use the WPM method the ranking of these technologies would be different.  

 

Nevertheless the three highest weighted criteria were the public acceptance, the NOx emissions 
and FiT scheme price of energy, with weighting factors of 0,25, 0,25 and 0,2 respectively 
corresponding to more than 60% of the total weight. The last two selected options have similar 
characteristics with the highest power generation efficiencies and medium noise levels in terms 
of the power generation technology. 
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Table 5-7. Final selection of the alternatives 
Status Alternatives Advantages 

1st selected F - Anaerobic digestion & Fuel 
cell 

- Lowest NOx emissions 
- Acceptable from the social 

public 
- Silent conversion and power 

generation technology 
- Among the highest FiT 

2nd selected E - Anaerobic digestion & Gas 
engine 

- Acceptable from the social 
public 

- Among the highest FiT 

3rd selected C - Gasification & Gas engine - Second lowest NOx emissions 
- Relatively high power generation 

efficiency 

4th selected A - Combustion & Steam turbine - Highest power generation 
efficiency 

- Medium noise level 
- No need for pre-treatment of 

the intermediate product (i,e, 
steam) 

5th selected B - Gasification & Steam turbine - Highest power generation 
efficiency 

- Medium noise level 

Eliminated D - Slow Pyrolysis & Gas engine  

5.7 Case studies of energy generation 

In the following two sections two case studies are presented demonstrating the possibility of 
constructing a biomass power plant fuelled with agricultural residues and an anaerobic digestion 
power plant fuelled with OFMSW. These two technologies, being among the selected solutions, 
were chosen primarily based on their maturity and therefore the abundance of relevant 
information that was available in the literature instead of their ranking in the decision matrix.  

5.7.1 A case study of energy generation from agricultural residues  

The availability of a secure and reasonably priced feedstock is of critical importance to any 
biomass project. Voivontas, D., et al. (2001) using a geographic information system (GIS) decision 
support system estimated the theoretical biomass potential in Crete. As Figure 5-2Error! 

Reference source not found. displays (reproduced by kind permission of the author), the 
annual theoretical biomass potential in most of the Irakleio prefecture exceeds 1.260 tonnes per 
hectare.  
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Figure 5-2. Annual theoretical biomass potential (Voivontas et al., 2001) 

 

Boukis et al (2009) estimated that from all the agricultural activities in Crete, olive residues 
represent circa 80% of the overall produced residues from which 40% is situated in the southern 
part of Irakleio prefecture and more precisely in the Messara Plain. In addition to the olive 
harvesting, Messara and Timpaki in Irakleio prefecture produce most of the residues deriving 
from greenhouses (Boukis, I., et al., 2009).  

 

In section 3.1 the exploitable olive residues (olive kernel wood and prunings) were estimated to 
reach 320.760 tonnes in 2010. As such, it can be concluded that the annual exploitable biomass 
quantity of olive residues in this region is 128.304 tonnes (i.e. 320.760 tonnes × 40%). 
 

Under these circumstances a biomass-to-energy power plant in the greater area of Mesara and 
Timpaki could be considered plausible from a fuel supply perspective. In addition, given that 
Irakleio is the largest city in Crete a biomass-to-energy plant would be ideally placed in this region 
to support its electricity demand.  
 

Considering the presented data, the case study of the biomass-to-energy plant located in the 
greater area of Messara and Timpaki will be based on the following technical considerations: 
 The fuel input will be 128.304TPA; 
 The integrated biomass conversion and power generation technology will be combustion 

coupled with steam turbine (ranked 4th in the decision matrix); 
 The biomass type will be branches and kernels from olive trees; 
 The Lower Heating Value (LHV) of the branches and kernels (Table 3-1) will be equal to the 

average LHV i.e. 18MJ/kg dry basis); 
 The power plant’s availability will be equal to 85% i.e. 7.446 hours/year (Van Loo, S. and 

Koppejan J., 2008);  
 The parasitic load losses will be 15% (Karelias, S., et. al., 2010); and 
 The overall power plant’s gross efficiency will be equal to 25% (Van Loo, S. and Koppejan J., 

2008). 

More information related to the calculations can be found in  

 

Appendix I - Case study of energy generation from agricultural residues..................................92 
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Appendix I - Case study of energy generation from agricultural residues. 

 

Based on the aforementioned assumptions Table 5.8 has been produced listing all the estimates 
of the case study for a biomass power generation plant in Messara, Crete. As per the technical 
parameters, it is concluded that this plant will have a gross capacity of 15MWe and produce 
96.502MWh of electricity per year. It is noted that the use of fuel with significantly different 
properties adds technical complications to the equipment required. For example the material 
handling system for processing branches will be different from the material handling system for 
straw.  
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Table 5.8: Considerations and calculations of the 15MWe biomass power plant 

Description Unit Value Calculations Notes / References 

Parasitic load % 15 [1] Karelias, S. et. al., 2010 

Olive kernel 
wood 

TPA 54.720 [2] Table 3-1 

Olive tree 
prunings  

TPA 266.040 [3] Table 3-1 

Total fuel TPA 320.760 [2]+[3]=[4] 266.040+54.720  

Moisture 
content of olive 
kernel wood 

% 18 [5] Table 3-1 

Moisture 
content of olive 
tree prunings 

% 35 [6] Table 3-1 

Average 
moisture 
content of fuel 

% 32 ([2]/[4]×[5])+([3]/[4]×[6])=[7] (54.720/320.760×18%)+ 
(266.040/320.760×35%) from 

Table 3-1 

Olive kernel 
wood HHV 

MJ/kg 18,6 [8] Table 3-1 

Olive tree 
prunings HHV 

MJ/kg 18,8 [9] Table 3-1 

Average fuels’ 
HHV (dry 
basis) 

MJ/kg 18,8 ([2]/[4]×[8])+([3]/[4]× 
[9])=[10] 

(54.720/320.760×18,6)+ 
(266.040/320.760×18,8) 

Average fuels’ 
LHV (wet basis) 

MJ/kg 12,7 [9]×(1–[7])=[11] 18.8MJ/kg×(1-32%) 

Plant availability % 85 [12] Van Loo, S. and Koppejan J., 
2008 

Overall gross 
generation 
efficiency 

% 25 [13] Van Loo, S. and Koppejan J., 
2008 

Annual fuel 
consumption 

TPA 128.304 [4]×40%=[14] 320.760×40% 

Fuel input TPH 17,2 [14]×8760×[12]=[15] 128.304×8760×85% 

Gross 
generation 
capacity 

MW 15 [14]×[11]×[13]/3.6/8760× 
[12]=[16] 

128.304×12,7×25%/3.6/8760
×85% 

Net generation 
capacity 

MW 13 [16]–[16]×[1]=[17]  15 – 15 × 15%  

Annual net 
generation 

MWh 96.502 [17]×8760×[12] 13 × 8760 × 85% 

Typical medium 
electricity 
consumption 
per household 
 

MWh 3,8 [13] El.Stat, 2013 

Number of 
households the 
plant will be 
capable to 
energise 

 25.734 [12] / [13] = [14] 96.502 / 3,8 

Households in 
Irakleio 
prefecture 

 143.245 [15] El.Stat, 2001b 

 

As per Table 2-1, the total annual energy consumption in Crete equals to 2.743.490MWh 
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therefore this plant could produce up to 4% of the island’s annual electricity consumption. Figure 
5-3 presents the indicative location of the 15MW biomass powered plant in Irakleio based on the 
available biomass quantity displayed in the previous figure. 

 
Figure 5-3. Indicative locations of the 15MWe gross biomass power plants 

 

Therefore, if a biomass plant exports 96.502MWh/year and the average annual electricity 
consumption of a household in Greece is 3,750 MWh, then the plant would be capable of 
generating enough electricity for 25.700 or 18% of the households in Irakleio prefecture (El.Stat, 
2013). 

5.7.1.1 EPC and O&M costs 

A project in order to be considered feasible it needs to fulfill a number of economic parameters 
listed but not limited to the following: 
 Operating and Maintenance (O&M) costs in the range of 3-8% of the engineering, 

procurement and construction (EPC) cost (excluding the biomass’ fuel price); and 
 Net Present Value (NPV) of positive value (NPV > 0). 

EPC prices can vary significantly from one project to another and will depend on unit 
configuration, technology, equipment supplier (Asian or Western) and on site ground condition. 
The EPC price is the engineering, procurement and construction (EPC) costs of building a typical 
biomass plant. EPC prices are market driven and do not always reflect true equipment price 
fluctuations. In the current seller’s driven market others factors such manufacturers’ willingness 
to win the work, production slot availability and project risks can incur a cost premium. For a 
10MW biomass power plant using grate boiler technology a typical EPC cost is in the range of 
€3,900/kW (Mott MacDonald, 2011). 

 

O&M costs are usually categorized as fixed and variable. O&M costs can vary significantly as they 
are project specific but it is widely accepted that small plants tend to be closer to the upper end 
of the scale (6-8% of EPC cost) and large plants to the lower end of the scale (4-6% of EPC cost) 
due to the economy of scale. A typical breakdown of the fixed and variable O&M costs for a 
biomass power plant is provided below (German Solar Energy Society (DGS) and Ecofys, 2005). 
 
Fixed costs (usually referred as price/kWe): 
 Labour; 
 Maintenance; 
 Insurance; and 
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 Transmission charges. 

Variable costs (usually referred as price/kWh): 
 Ash disposal; 
 Chemicals and lubricants; 
 Ammonia (or equivalent); 
 Limestone (or equivalent); 
 Spare parts; 
 Start-up fuel; and 
 Water. 

For a biomass power plant the fixed O&M cost can vary from 3,9 to 4.5% of the EPC cost. Variable 
O&M costs can range from €3,2 to €4 per kWh (Mott MacDonald, 2011). 

The Net Present Value is an economic indicator evaluating the profitability of an investment. If 
the NPV has a positive value, the investment will add value to the developer, if the NPV has a 
negative value will subtract value from the developer and if it is 0 the investment will neither gain 
nor lose value. Based on Collins dictionary (2013) NPV is defined as the “assessment of the long-
term profitability of a project made by adding together all the revenue it can be expected to 
achieve over its whole life and deducting all the costs involved, discounting both future costs and 
revenue at an appropriate rate.” 

5.7.2 A case study of energy generation from OFMSW  

Given that one of the four highest scored technologies based on Table 5-7 is anaerobic digestion 
coupled with gas engine, a similar to the energy generation from agricultural residues case study 
investigating the energy generation from the OFMSW will be presented in this section. As per 
Table 3-3 the total annual production of MSW in Crete is estimated 425.000 tonnes. However, a 
single facility processing the entire island’s OFMSW would be impossible from the distance 
constraint perspective. Therefore, for the purposes of this report the generation of electricity 
from OFMSW in Lasithi will be assessed. As mentioned in section 3.3, an immediate need for an 
alternative path of the OFMSW is required due to the limited lifetime of the existing landfills in 
Lasithi.  
 
In 2009, Lasithi prefecture produced 78.000 tonnes of MSW. Taking into account the putrescible 
fraction of waste corresponds to the 39% of the waste composition (Figure 2-3) it is estimated 
that approximately 30.420 tonnes of OFMSW are produced in Lasithi. 
 

On this basis, the case study of the AD plant located in the greater area of Lasithi will be based on 
the following technical considerations: 
 The integrated biomass conversion and power generation technology is anaerobic 

digestion coupled with gas engine (ranked 2nd in the decision matrix); 
 The feedstock is OFMSW; 
 The biogas production from OFMSW is estimated to be 900m3/tonne (Deublein D. and 

Steinhauser A., 2011); 
 Bio-methane density (NTP) is equal to 1,25kg/m3 (Dueblein., D and Steinhauser., A., 2011); 
 The Lower Heating Value (LHV) of the bio-methane is 21MJ/kg (Pourmovahed, A. et al., 

2011); 
 The bio-methane content of the biogas is equal to 55% (Igoni, A.H. et al, 2008); 
 Biogas engine's electrical efficiency is equal to 39% (Karelias, S., et. al, 2010); 
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 The parasitic losses (biogas engine) is equal to 6% (Karelias, S. et. al, 2010); and 
 The engine’s availability is equal to 85% i.e. 7.446 hours/year (Karelias, S., et. al., 2010); 

More information related to the calculations can be found in Appendix III - Case study of energy 
generation from OFMSW. 

 

Based on the aforementioned features, Table 5.9 has been produced listing all the estimates of 
the case study for a 6,3MWe AD power generation plant in Lasithi, Crete. As per the technical 
parameters, it is concluded that this plant will produce 36.520MWh per year from which 
34.329MWh can be sold to the grid which corresponds to 1,25% of the island’s annual electrical 
needs. 
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Table 5.9: Considerations and calculations of the 4,9MWe AD power plant 

Description Unit Value Calculations 
Note / 

Reference 

OFMSW production tonnes/year 30.420 78.000×39%=[1] See figure 2-3 

Biogas production from 
OFMSW 

m3/tonne 900 [2] 
Deublein D. and 

Steinhauser A., 
2011 

Bio-methane density 
(NTP) 

kg/m3 1,25 [3] NREL, 2010 

Bio-methane LHV MJ/kg 49 [4] NREL, 2010 

Bio-methane content % 55 [5] 
Igoni, A.H., et 

al, 2008 

Biogas engine's electrical 
efficiency (ηel) 

% 39 [6] 
Karelias, S., et 

al., 2010 
 

Parasitic losses (biogas 
engine) 

% 6 [7] 
Karelias, S., et 

al., 2010 

Availability % 85 [8] 
Karelias, S., et 

al., 2010 

OFMSW production/day tonnes/day 83 [1]/365=[9] 30.420 / 365 

Biogas production/day m3/day          75.008  [9]×[2]=[10] 83 × 900 

Biogas production/year m3/year 23.271.300 [10]×365×[8]=[11] 
25.003 × 365 × 

85%  

Bio-methane 
production/day 

m3/day 41.255 [10]×[5]=[12] 25.003 × 55%  

Bio-methane 
production/year 

m3/year 12.799.215 [11]×[5]=[13] 
8.213.400 × 

55%  

Generated electricity/year MJ/year   131.367.943  
[13]×[3]×[4]×[6]=[14] 

 
4.517.370 × 1,25 

× 49 × 39% 

Generated electricity/year MWh/y 36.520 [14]×0.00278Wh=[15] 
65.431.394 × 
0.00278Wh*  

Engine's capacity MW 4,9 [15]/8760/[8]=[16] 
16.370 / 

8760/90%  

Nominal capacity of the 
engine with a reserve of 
30% 

MW 6,3 [16]×130%=[17] 2,07 × 130%  

Electricity consumption 
(Parasitic losses 6%) 

MWh/y 2.191 [17]×[7]=[18] 16.370 × 6%  

Annual net generation MWh/y 34.329 [15]-[18]=[19] 16.370 – 655  

Typical medium electricity 
consumption per 
household 

MWh 3,8 [20] El.Stat, 2013 

Number of households the 
plant will be capable to 
energise 

N/A 25.734 [19]/[20]=[21] 34.329 / 3,8 

Households in Lasithi 
prefecture 

N/A 143245 [22] El.Stat, 2001b 

*1MJ equals 0,00278MWh 
 

Therefore, if an anaerobic digestion plant exports 34.329MWh/year and the average annual 
electricity consumption of a household in Greece is 3,75MWh, then the plant would be capable 
of generating enough electricity for 9.154 or 33% of the households in Lasithi prefecture (El.Stat, 
2013). 
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5.7.2.1 EPC and O&M costs 

The EPC cost of an AD power plant is directly related to the size of the plant and the type of 
feedstock. Therefore, the EPC cost of an AD plant can range from €2.500 to €8.000 per kW. 
Typically AD plants tend to be relatively small in scale without exceeding a few MW of electrical 
power. A breakdown of the EPC cost consists of key items including but not limited to the 
following: 
 Design project development, consents and planning; 
 Civil works; 
 Fuel handling and preparation e.g. mechanical biological treatment (MBT) process; 
 Electrical and balance of plant e.g. electrical equipment, control and monitoring systems; 
 Converter system e.g. anaerobic digesters, gas collection systems and some of the gas 

treatment systems; and 
 Prime mover e.g. gas engines and particulate matter filters. 

The lion’s share in the EPC cost of the aforementioned key items is the converter system (35%) 
followed by the fuel handling and preparation equipment (20%) civil works (15%) and design 
(12%). Finally, the proportion of EPC cost for the prime mover and the electrical balance of plant 
are 10% and 8% respectively. 

As mentioned in section 5.7.1.1, the O&M costs are divided in fixed and variable. The fixed costs 
are usually expressed as a share of the EPC costs. For a food waste AD plant the fixed O&M cost 
can vary from 3 to 3,5% of the EPC cost. Variable O&M costs can range from €2,7 to €3,9 per kWh 
(Mott MacDonald, 2011). 
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6 Project development and strategy 

6.1 Construction strategy  

There are two possible methods for procuring the construction of any power plant worldwide 

regardless of its size: 

 A single Engineer, Procure, and Construct (EPC) contract; or 
 A multiple contract approach. 

The EPC contract strategy, where a single EPC contract is awarded for the complete design, 
procurement and construction of the project on a lump sum basis, provides the simplest 
approach. This form of contract will transfer a significant proportion of risk to the EPC contractor, 
but this will be reflected in the lump sum price. It should be noted that the apportionment of risk 
between the project company and the EPC contractor needs to be carefully considered since risks 
which are difficult for the contractor to quantify or manage will result in excessive risk being 
included in the lump sum price. The EPC contract would contain liquidated damages for poor 
performance and delay. For organisations without prior experience of constructing power 
projects, EPC Contract structure is often more favourable both for the developer and by the 
lenders due to the reduction of interface risks.   

 

The disadvantage with the EPC contract is that if the scope changes or is badly defined, then the 
EPC contractor will seek a change to both costs and project schedule which can be difficult to 
control. Also, once the EPC contract is awarded the owner has little influence in the design and 
material selection process. The choice of EPC contractor is critical, it must have sufficient 
technical and managerial resources to properly design and deliver the project, and an established 
track record with projects of similar scale, complexity and technology is a pre-requisite. 

 

The multiple contract approach is where the owner appoints a design engineering contractor and 
this engineering contractor would develop an overall design and award multiple equipment 
packager and services contracts on behalf of the owner. This gives the owner more opportunity 
to customise the plant to suit requirements and can appear to have a lower overall cost than the 
EPC contract. However, it does not provide the often sought by lenders EPC ‘wrap’. More risk 
remains with the project company since the suppliers for individual packages will only be willing 
to accept risk and liabilities proportional to their scope and cost.  

 

The poor performance of a single major contractor can have a knock on effect on other 
contractors and the project as a whole, resulting in difficult project management issues. 
Liquidated damages for poor performance and delay can be included in the individual contracts, 
but as with risk, these will only be proportional to the value of the individual contracts. The 
multiple contract approach is more difficult for potential lenders to evaluate but projects have 
been financed on this basis in the past. This approach is best taken only where the owner has 
previous experience of managing this type of contract. 

 

It is possible for a limited combination of the two to be utilised, where for example the power 
island is undertaken by the EPC contractor and the water and steam transmission systems are 
undertaken by local contractors. 
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6.2 Project Risk Management 

Typically, a power project contractual and ownership arrangement consists of the Special 
Purpose Vehicle (SPV). The SPV is a legal entity established exclusively for the development, 
construction and operation of the specific power project and it is owned by the developer of the 
project and/or investor(s). For financial and risk mitigation purposes the SPV seeks for finance 
from Lender(s). In case the SPV personnel does not have extensive experience in the technology 
that is willing to develop an owner’s engineer consultancy company is nominated in order to 
assist with the design of the project and the tendering process of the various contracts (i.e. EPC, 
PPA, FSA, O&M, waste disposal contracts). Figure 6-1 presents a typical independent power 
project contractual arrangement. 

 

SPV’s Owner(s)

Special Purpose 

Vehicle (SPV)

Turnkey EPC 

Contractor

Owner’s engineer

Electricity 

off-taker

Power 

Purchase 

Agreement

O&M 

Operator

Engineering, 

Procurement 

& Construction 

Agreement 

Operation & 

Maintenance 

Agreement

Technology 

Providers

Contractual

Ownership

Lender(s)

Biomass 

Supplier(s)

Fuel 

Supply 

Agreement

 
Figure 6-1. Typical contractual and ownership arrangement for a biomass powered plant 

6.3 Development Schedule 

Timely completion of the Plant will be contingent on the completion of necessary: 

 Electrical transmission works; 
 Development of the open mine; and 
 Construction of transportation links. 

The development of the power plant Project can be seen as three stages, each of which will 
require close management in different ways: 
 Pre- Construction – arrangement of many items the most important of which is the PPA; 
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 Construction and start-up – major item of management; 
 Operation over a time period of e.g. 25 years – this being the stage for recovery of all 

previous costs. 

6.3.1 Pre-Construction Activities 

The power plant project would advance on several fronts through the following with activities 
often running concurrently: 
 Engineering studies to move from a pre-feasibility studies to design stage required for plant 

specifications and EPC tendering (we note that most of the design will be carried by the 
EPC Contractor) 

 Discussion with the power off taker on a PPA; 
 Biomass supply agreement;  
 Development of the initial design to allow permitting to start; 
 Permits and consents: Consultation with relevant authorities would commence to develop 

environmental requirements, permitting and other obligations to build a new power plant. 
Any initial environmental studies that could affect the content of the equipment or plant 
specifications would be undertaken at this time; 

 Preliminary site investigations to determine ground composition and topography: 
Ultimately the EPC Contractor should be responsible for its own site investigations upon 
which its detailed design would be based; 

 Tender design and preparation of tenders for an EPC contract: It will be necessary to 
complete the preparation of the Request For Proposal (RFP) documents to be issued to 
potential EPC Contractors. In order to enable accurate and competitive tendering, the 
following analysis/studies should be carried out for inclusion in the RFP documents: 
detailed ground conditions on the proposed power plant site location, the effects of the 
potential flood risks, ground contamination, natural disasters and unexploded ordnance. 
Preparation of the tender documents suitable for issue to potential EPC contractors. These 
documents would provide the core technical and performance requirements expected 
from the plant. 

 Tender process and negotiations leading to signature: The financial model would be 
developed and refined to an extent where all project cost parameters are considered.  

6.3.2 Construction Period 

The construction schedule time may vary considerably to reflect the market conditions at the 
time of award of the contract. The construction period is highly dependent upon when the key 
equipment (e.g. boiler, prime mover, generator, and transformer) is delivered to site. 

6.3.3 Initial Operation Period 

During the initial operation period, as with all power projects, there will be some equipment 
faults or failures. Equipment warranties would be sought from equipment suppliers for repairs or 
replacement parts for a period of at least 24 months. Shorter defects liability period of, 
approximately 12 months would be less expensive but we would generally only recommend this 
for less complex plants. Longer warranty periods should be sought for newer technology 
machines. 
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7 Results 

The present study aims at the investigation of the available biomass residues and by-products 
(income streams), and annual volumes in the island of Crete. It was attempted to identify and 
quantify the following biomass sources: agricultural residues, OFMSW (food waste) and C&I 
waste (i.e. sewage sludge, animal manure and by-products). In addition, a technical review of 
bioenergy conversion and power generation technologies was conducted describing key 
characteristics of each technology and an evaluation matrix exercise was performed based on the 
Weighted Product Model technique in order to select the most sustainably favourable biomass-
to-energy technologies. Finally, two case studies of the selected technologies were presented 
estimating the energy generation and the portion of Crete’s electricity demand that they could 
cover. 

7.1 Available biomass residues 

The overall quantities and average calorific values (LHV basis) of biomass residues in Crete from 
agriculture, livestock, MSW, commercial sector and industry are summarised in Table 7-1. 
 

Table 7-1. Summary of the exploitable biomass residues 

Biomass residues TPA LHV  (MJ/kg) 

Agricultural residues 360.000 13 

Animal manure 1.160.573 9,3 

OFMSW 164.475 4,5 

Animal by-products 501.093 Not available 

Sewage sludge 63.896 1,5 

Forestry residues Not available Not available 

 

The amounts of forestry biomass sources were estimated 560.000 tonnes with an availability 
factor of 28% over the theoretical potential (2.000.000 tonnes). However, the estimated quantity 
refers to the exploitable potential of virgin biomass sources rather than biomass residues from 
forestry and timber industry (Tzineurakis, M., et al, 2006). 

 

In light of the above and that there is no direct correlation between the biomass theoretical 
potential and the produced biomass residues it is concluded that there is not sufficient 
information to estimate the amounts of forestry biomass residues from the timber and forestry 
industry produced in Crete (Vamvouka, D., 2005). 

7.2 Selected technologies 

From the final screening of the selected options in section 5.6 it was concluded that the best in a 
descending order technologies from the regional authority’s standpoint are: 
 F - Anaerobic digestion & Fuel cell; 
 E – Anaerobic digestion & Gas engine; 
 C - Gasification & Gas engine; 
 A – Combustion & Steam turbine; and 
 B – Gasification & Steam turbine. 

The criteria upon which the technologies were selected were technical, environmental, economic 
and social. 
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7.3 Energy generation from agricultural residues  

Based on the technical parameters in Table 5.8 it is concluded that a plant with agricultural 
residues fuel input of 128.304 TPA would produce 96.502MWh of electricity per year which 
equals up to 4% of the island’s annual electricity needs. 

In terms of EPC costs, for a 10MW biomass power plant using grate boiler technology a typical 
EPC cost is in the order of €3,900/kW (Mott MacDonald, 2011). The fixed O&M costs can vary 
from 3,9 to 4.5% of the EPC cost whilst variable O&M costs are in the range of €3,2 to €4 per kWh 
(Mott MacDonald, 2011). 

7.4 Energy generation from OFMSW  

Similarly with the preceding section, the estimated energy exported to the grid from an AD plant 
fueled with the organic waste of MSW from Lasithi’s greater area was 34.329MWh per year 
which corresponds to the 1,25% of the island’s annual electrical needs. 

 

The EPC cost of an AD power plant is directly related to the size of the plant and the type of 
feedstock. Therefore, the EPC cost of an AD plant can range from €2.500 to €8.000 per kWe. 
Typically AD plants tend to be relatively small in scale without exceeding a few MW of electrical 
power. For a food waste AD plant the fixed O&M cost can vary from 3 to 3.5% of the EPC cost 
whilst the variable O&M costs can range from €2,7 to €3,9 per kWh (Mott MacDonald, 2011). 

7.5 Energy generation from all the exploitable biomass residues 

If we assume that the totality of the identified biomass residues apart from animal by-products 
could fuel a number of combustion power plants spread throughout the island with the 
configurations listed in Table 5.8 and an average lower calorific value of 7,1MJ/kg (as per average 

value of biomass residues’ LHV in Table 7-1), then they could produce up to 21% of the island’s 
annual energy consumption. This corresponds to an electricity production of 580GWh per year. It 
should be highlighted that this is a high-level estimate of the electricity generation since a 
number of particularities and technical constraints including the availability of the fuels within 
the catchment area have not been taken into account. Nevertheless it is a good indication of the 
energy potential of biomass residues in Crete. More information related to the calculations can 
be found in Appendix IV - Case study of energy generation from all available biomass sources. 

7.6 Sensitivity analysis 

The sensitivity of this study can be assessed by examining parameters related to the selected 
technologies and the availability of the biomass residues. The audience for which the screening 
exercise was intended and the available quantities of the biomass residues and by-products are 
expected to have a significant impact on the study’s conclusions. The selected parameters that 
will be examined are: 
 The weighting factors in the evaluation matrix; and 
 The available quantities of agricultural residues. 

The performed sensitivity analysis aims at investigating the assessed stability of the scenarios’ 
hierarchy in relation to the model’s importance coefficients. By altering the weighting factors of 
Noise and Consensus as per Table 7-2 and applying them in the evaluation matrix model as per 
Table 7-3, the scored technologies in descending order will alter as per Table 7-4. Therefore, the 
ranking of the technologies changes with option F – Anaerobic digestion & Fuel cell remaining as 
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the best option, the ranking of C - Gasification & Gas engine jumping to the second most 
preferred whilst option E - Anaerobic digestion & gas engine dropping to the last place among 
the preferred ones. This result demonstrates the sensitivity of the analysis by switching two of 
the weighting factors. 

 

Table 7-2. Value of the criteria for the sensitivity analysis 

Scoring Criteria Measure Weighting factor 

Numerical Options   
Power generation’s efficiency % 0.1 

NOx emissions g/MWh 0.25 

FiT scheme price of  
Energy 

EUR/MWh 0.2 

No-numerical Options   

De-coupling ability 5 being highly recommendable and 1 very 
unfavourable 

0.05 

Pre-treatment of the intermediate 
product 

5 being highly recommendable and 1 very 
unfavourable 

0.05 

Noise 5 being highly recommendable and 1 very 
unfavourable 

0.25 

Consensus 5 being highly recommendable and 1 very 
unfavourable 

0.1 
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Table 7-3. Screening matrix diagramme (Sensitivity analysis) 
No.     A B C D E F 

  

Criteria 
Weighting 

factor 

Combustion + 
Steam turbine 

Gasification + 
Steam turbine 

Gasification + Gas 
engine 

Slow Pyrolysis + Gas engine Anaerobic digestion + Gas engine 
Anaerobic 

digestion + Fuel 
cell 

Data Score Data Score Data Score Data Score Data Score Data Score 

1 

T
e
c
h

n
ic

a
l 

Power generation's efficiency % 0.1 50 N/A 50 N/A 49 N/A 49 N/A 49 N/A 47 N/A 

2 De-coupling ability  0.05 No 1 No 1 No 1 No 1 No 1 No 1 

3 Pre-treatment of the intermediate product 0.05 No 5 No 5 Yes 1 Yes 1 Yes 1 Yes 1 

4 

E
n

vi
ro

n
m

en
ta

l 

NOx emissions (g/MWh) 0.25 480 N/A 600 N/A 119 N/A 10160 N/A 540 N/A 8 N/A 

5 

E
c
o

n
o

m
ic

 

FiT scheme Price of Energy (EUR/MWh) 0.2 173 N/A 173 N/A 173 N/A 173 N/A 219.5 N/A 219.5 N/A 

6 

S
o

c
ia

l 
 

Noise  0.25 Medium 2 Medium 2 Loud 1 Loud 1 Loud 1 Silent 5 

7 Consensus 0.1 No 1 No 1 No 1 No 1 Yes 5 Yes 5 
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Table 7-4. Sensitivity analysis of the screening selection process 

No. Base case Sensitivity analysis 

1st selected F - Anaerobic digestion & Fuel cell F - Anaerobic digestion & Fuel cell 

2nd selected E - Anaerobic digestion & Gas engine C - Gasification & Gas engine 

3rd selected C - Gasification & Gas engine A - Combustion & Steam turbine 

4th selected A - Combustion & Steam turbine B - Gasification & Steam turbine  

5th selected B - Gasification & Steam turbine E - Anaerobic digestion & Gas engine  

 
Finally, the importance of the availability of the agricultural residues and the assessed 
energy generation in the biomass power plant (as per section 5.7) is clearly seen in Table 7.5 
where the annual production of agricultural residues is assumed to be reduced by 20%, 
therefore, from 320.760TPA to 256.608TPA. Consequently, the annual fuel consumption of 
the plant is reduced to 102.643TPA producing 77.202MWh and its electricity generation 
would equal to 3% of the island’s annual electricity needs. Therefore, the plant would be 
capable of generating enough electricity for 20.587 or 14% of the households in Irakleio 
prefecture (El.Stat, 2013). 
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Table 7.5: Considerations and calculations of the 12MWe biomass power plant 

Description Unit Value Calculations Notes / References 

Parasitic load % 15 [1] Karelias, S., Boukis, I. and 
Kontopoulos, G., 2010 

Olive kernel 
wood 

TPA 54.720 [2] Table 3-1 

Olive tree 
prunings  

TPA 266.040 [3] Table 3-1 

Total fuel TPA 320.760 [2]+[3]=[4] 266.040+54.720  

Moisture 
content of olive 
kernel wood 

% 18 [5] Table 3-1 

Moisture 
content of olive 
tree prunings 

% 35 [6] Table 3-1 

Average 
moisture 
content of fuel 

% 32 ([2]/[4]×[5])+([3]/[4]×[6])=[7
] 

(54.720/320.760×18%)+ 
(266.040/320.760×35%) 

from Table 3-1 

Olive kernel 
wood HHV 

MJ/k
g 

18,6 [8] Table 3-1 

Olive tree 
prunings HHV 

MJ/k
g 

18,8 [9] Table 3-1 

Average fuels’ 
HHV (dry 
basis) 

MJ/k
g 

18,8 ([2]/[4]×[8])+([3]/[4]× 
[9])=[10] 

(54.720/320.760×18,6)+ 
(266.040/320.760×18,8) 

Average fuels’ 
LHV (wet 
basis) 

MJ/k
g 

12,7 [9]×(1–[7])=[11] 18.8MJ/kg×(1-32%) 

Plant 
availability 

% 85 [12] Van Loo, S. and Koppejan J., 
2008 

Overall gross 
generation 
efficiency 

% 25 [13] Van Loo, S. and Koppejan J., 
2008 

Annual fuel 
consumption 

TPA 102.643 [4]×40%×80%=[14] 320.760×40%×80% 

Fuel input TPH 13,8 [14]×8760×[12]=[15] 102.643×8760×85% 

Gross 
generation 
capacity 

MW 12 [14]×[11]×[13]/3.6/8760× 
[12]=[16] 

102.643×12,7×25%/3.6/876
0×85% 

Net generation 
capacity 

MW 10,4 [16]–[16]×[1]=[17]  12 – 12 × 15%  

Annual net 
generation 

MWh 77.202 [17]×8760×[12] 10,4 × 8760 × 85% 

Typical 
medium 
electricity 
consumption 
per household 
 

MWh 3,8 [13] El.Stat, 2013 

Number of 
households the 
plant will be 
capable to 
energise 

N/A 20.587 [12] / [13] = [14] 77.202 / 3,9 

Households in 
Irakleio 
prefecture 

N/A 143245 [15] El.Stat, 2001b 
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More information related to the calculations can be found in Appendix II - Case study of 
energy generation from agricultural residues (Sensitivity analysis). 
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8 Discussion and conclusions 

Island communities tend to face a plethora of challenges due to their idiosyncratic 
characteristics; natural isolation, limited territory and insufficient energy resources. On top 
of the above, Crete in particular has to face seasonability and high increasing trends in the 
energy demand and supply insecurity due to limited power backup systems. The utilisation 
of endogenous energy resources and in particular the biomass residues which are part of 
the waste production could be the solution for a sustainable development resulting to 
waste energy recovery and reduction, GHG emissions reduction, security and diversification 
of energy supply to economy and de-centralised energy production.  

 

In light of the above, this study was carried out in order to inform the regional authority of 
Crete for the biomass residues potential of Crete and suggest the most sustainably 
integrated biomass-to-energy technologies in view of the existing power generation 
technologies. 

8.1 Availability of exploitable biomass residues  

From the research it was revealed that Crete has a considerable biomass stock consisting in 
a descending order from: 
 Animal manure; 
 Animal by-products; 
 Agricultural residues; 
 Organic waste from MSW; and 
 Municipal sewage sludge. 

In terms of the amounts of forestry biomass residues produced in Crete there is not 
sufficient information (Vamvouka, D., 2005). Albeit in 2002 the estimated forestry biomass 
was projected at 560.000 tonnes with an availability factor of 28% over the theoretical 
potential (2.000.000 tonnes), there is no direct correlation between the biomass theoretical 
potential and the produced biomass residues. Therefore, any attempt to provide a rough 
figure over the forestry biomass residues would be precarious. 
 
Even though this study attempted to estimate the biomass stock in Crete, it should be 
outlined that one of the critical bottlenecks of exploitability of the biomass potential is again 
the supply chain management. Due to its diverse morphology (Crete is covered almost 3/5 
from semi and mountainous areas) and the relatively low energy density per unit of 
biomass’ mass compared with fossil fuels, the geographical spread of the biomass potential 
has a pivotal role for the environmentally friendly and economic viable development of 
biomass-to-energy technologies. The feasibility of utilising the animal manure, for example, 
would be viable only in medium/large-scale animal breeding units, where waste production 
would be significant and centralized. In addition, the lack of appropriate agricultural residue 
collection, the inexperience and inexistence in applicability of biomass supply network are 
some of the constraints that currently dominate the poor exploitation of biomass residues 
for energy generation reasons in Crete. 
 
Nevertheless, there is considerable potential for biomass-to-energy technologies in Crete 
providing improved rural energy services based on agricultural residues. The utilisation of 
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low-cost biomass power in Crete could help provide cleaner, more efficient energy services 
and reduce the island’s economic and environmental vulnerability. 

8.2 Agricultural residues,  animal manure and animal by-products 

Agricultural residues and animal manure tend to be spread in large geographical locations 
and being produced from numerous farms which results in high transportation costs. 
Therefore, the proximity of the biomass-to-energy plant with the fuel is of paramount 
importance. The establishment of a reliable logistics planning and management of 
supplying biomass fuels to biomass power stations is an essential component of any 
successful bioenergy project. The establishment of a robust and effective supply 
infrastructure will be of a core role to meeting scenario projections in order to achieve 
smooth and consistent flow of biomass fuel to biomass plants. 

 

That said, ABPs are extremely watery products with equally low energy density per unit of 
biomass’ mass compared with fossil fuels and as such the constraints of the supply chain 
management are even more strict than animal manure or agricultural residues. 

 

In terms of the agricultural residues and animal manure a careful consideration in terms of 
the quantities extracted from the fields should be taken into account as currently the 
common practice is the land spreading which is considered as the most environmentally 
friendly option since agricultural residues and animal manure are rich in nutrients providing 
a good substitute of the commercial fertilizers. With this practice a high level of carbon and 
nitrogen concentration is retained to the fields boosting the yields of agricultural products 
(Williams, 2005). 

8.3 OFMSW 

In Crete the waste management strategy is dominated by the established practice of 
landfilling. Up to date the safe disposal of the vast majority of MSW in landfills has been 
secured but this does not ensure the safe waste management in the upcoming years. The 
remaining capacity of the existing landfills of waste has decreased dramatically. If the 
present status quo continues, within the next 1 to 2 years all the landfills in Crete will reach 
their maximum capacity limit in the absence of an alternative waste management strategy. 
As a result, illegal dump sites can reappear and all its consequent problems: consumption 
of valuable land resources, visual pollution, pollution risk of the aquifers and substantial 
economic costs of necessary rehabilitation and care of the closed uncontrolled landfills. 
 

It is clear from the increasing waste production and particularly in light of the vital need of 
land resources that in order to meet the targets of the Landfill Directive and the Greek 
national waste strategies, there is an urgent requirement for a significant increase in the 
levels of recycling, composting and recovery. The requirement to source household waste 
into a variety of material components and facilitate the achievement of recycling and 
composting targets is a need. The nature of the remaining waste stream entering biomass-
to-energy facilities will be influenced by any front-end collection schemes adopted by the 
local and regional authorities. New facilities could be designed to be part of an integrated 
system, specifically to deal with the residual wastes coming from an area following initial 
separation of the waste stream for materials recovery. 
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8.4 Municipal sewage sludge 

Since 1991, the demands set by the EU Directive on Urban Waste Water Treatment have 
boosted the development of waste water treatment plants throughout Europe. There are a 
number of processes that can be employed for the treatment and disposal of municipal 
sewage sludge including landfilling, incineration and / or conversion to soil amendment 
through composting. The common waste management practice of municipal sewage sludge 
in Crete is dewatering, disinfection and then disposal to the landfills. The produced sludge 
from the WWTPs is a growing issue for the island since the produced amounts have an 
increasing trend over the years (Vourdoumpas et al., 2002).  
 

A popular process that is employed mainly in Northern Europe is incineration of sludge. Its 
key advantage compared to the other techniques is its ability to reduce the volume of 
sludge and rendering it inert (biologically and chemically) before landfilling. However, the 
process is energy intensive and is therefore more costly compared to conventional 
treatment options. In Crete the sludge’s low concentration in heavy metals gives the 
opportunity to be treated with biochemical processes and potentially used as soil 
conditioner, however, a legal framework for this option does not exist at the moment and 
the agricultural use of sludge is yet to be socially acceptable (Kalderis, D. et al., 2010). 

 

In addition, due to the watery nature of sewage sludge the mechanical stability of the waste 
mass in landfills can be highly affected posing a risk to the landfill structure. Hence, a pre-
treatment of the sewage sludge prior to its disposal is considered necessary. As a result, 
incineration or biochemical process could be a promising option considering though that the 
dewatering process could be achieved with the use of solar energy as the average daily 
sunshine in Crete is between 8-8,5 hours per day and the average maximum temperature 
reaches up to 26oC and the minimum 12oC (Kalderis, D. et al., 2010). 

 

In any case, landfilling is considered a medium-term solution since EU Directives promote 
the recycling and waste-to-energy programmes that will convert a waste stream into a 
commodity (Kalderis D. et al., 2010). 

8.5 Methodological approach 

The weighted product model (or WSM) is one of the most widely used methods which has 
been proposed to overcome some weaknesses of the older approaches and in particular the 
weighted sum model. However, Multi-dimensional methods have received criticism, since 
these methods can give different answers to the same problem. Despite the fact that many 
real life problems can be dealt with an MCDM technique, it is of paramount importance the 
user to be aware of the inherent weaknesses of MCDM methods. One way to overcome this 
weakness is the implementation of sensitivity analysis in order the decision maker to find 
out the sensitivity of input data and subsequently their impact to the ranking of the 
alternatives (Triantaphyllou, E. et al., 1998). 

The performed sensitivity analysis aimed at investigating the assessed stability of the 
scenarios’ hierarchy in relation to the model’s importance coefficients. As soon as the most 
critical criterion is identified, the decision maker may spend more resources to refine the 
values of the data and re-perform the scoring exercise until the point where s/he feels 
comfortable with the robustness of the method. Triantaphyllou (1994) considers that there 
are two different perspectives on how to assess the importance of each criterion. These are 
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either to see the reverse of the ranking of two alternatives or when the best alternative falls 
to a lower ranking position against the other alternatives. In this study the former approach 
was followed with the results presented in section 7.6. 

An immediate extension of this research would be to invite real decision makers to 
participate in the planning process with the aim to find the best compromise solution (Erkut, 
E. et al., 2008). As Tsoutsos, T., et al., argued (2009) “it is socially not acceptable to suggest 
(or even implement) a policy alternative without taking into account the interests and 
preferences of the (multiple) affected actors”. However, it is the author’s opinion that the 
selection of the regional authority as the only decision maker serves excellently the aim of 
this study taking primarily into account the fact that it is a pre-feasibility study and therefore 
a group decision making process would be applicable in the feasibility stage of a biomass-to-
energy plant where a public consultation might be required. 

8.6 Techno-economic analysis 

Tsioliaridou, E., et al (2006) estimated the potential electricity from biomass sources in 
Crete at 360GWh/y when the total electricity demand in 2006 was 2140GWh/y. No further 
information was provided over the assumptions and mechanism for the estimate of 
electricity generation from biomass sources. However, on a high-level basis and the 
assumption that the overall estimated exploitable biomass sources could fuel a combustion 
power plant the annual net generation could reach up to 580GWh. From this amount, 
293GWh could be produced by the utilization of the agricultural residues and OFMSW 
(sections 5.7.1, 5.7.2 and 7.1). Therefore, it is the author’s opinion that the potential 
electricity from biomass residues in Crete could easily exceed 360GWh/y. 

 

Nevertheless, it is important to outline the main barriers to the use of biomass for energy 
utilization in Crete. These are summarized below: 
 High volume and high moisture content per unit of energy; 
 Difficulty in collecting, processing, transportation and storage compared to fossil 

fuels; 
 Expensive facilities and equipment utilization of biomass; 
 The wide dispersion and seasonal production; 
 High cost of electricity generation. The problem is gradually eliminated by the 

continuously rising of oil prices. 

From an investor’s point of view the ideal scenario is cheap investments with short-term 
return; in other words, investments that require low capital and can be repaid quickly. 
However, renewable projects and in particular small biomass projects are capital intensive 
with high O&M costs throughout the life span of the project particularly in comparison with 
solar PV and wind.  With this in respect, Greek government can have a pivotal role in the 
penetration of renewable technologies to the energy generation market by influencing the 
industry through legislation, carbon taxes and renewable incentives such as grants and 
feed-in-tariffs.  

A critical factor that the regional authority should take into account is the transmission and 
distribution network of the island. Due to the technical constraints of Crete’s autonomous 
power grid, PPC could potentially activate curtailments to all Independent Power Producers 
in prolonged low energy demand periods or high energy generation periods (especially with 
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regard to wind farms and PV plants). Such a prolonged cut-off period could have disastrous 
effects on project viability. 

Excluding combustion, all the aforementioned selected technologies (fast pyrolysis + steam 
turbine, anaerobic digestion + gas engine, and anaerobic digestion + fuel cell) are small-scale 
technologies able to provide local solution for waste management and energy from biomass 
residues. As such these technologies have the advantage of being able to be located in close 
proximity to the feedstock therefore, not requiring long distance fuel transport associated 
with emissions and public disturbance which is one of the main concerns of any biomass 
energy project. 

.Discuss your methodology and the reliability of your results 

8.7 Environmental Analysis 

The environmental impacts of biomass technologies are usually considered as an important 
source of atmospheric pollution. However, in recent years a number of advanced air 
pollution control strategies and equipment have been developed which are able to meet 
existing local, state, and international emissions limits. It is obvious from the results that 
emissions control of biomass power plants is no longer a technical barrier. However, there 
are a number of incidents where biomass power plants had to be turned off or revoked 
their environmental permit due to emissions of dust, smoke or odour (Pearce, E., 2013; 
Kurland, R., 2014; Unknown; 2012). With this in regard, it is recommended that project 
companies and agencies provide adequate public consultation to the local communities, 
continuous monitoring to keep the public informed and ensure ongoing compliance. 

 

From a feedstock perspective, the most environmental sensitive feedstock mentioned in 
this study is the forestry residues. It is important that the utilization of forestry residues for 
energy generation purposes provides a commercial incentive to manage the forests 
effectively. It should be outlined that from countries where the biomass-to-energy market 
is strong, the net timber growth rates have increased considerably. In Finland for example, 
where the forests are heavily managed the forest resources have increased since the 1960s 
(from 1.500 million m3 to circa 2.300 million m3 in 2010) due to appreciation of the 
commercial aspect of managing the forests sustainably (Finish Forest Association, 2014; 
Tapio, 2014). 

 

An immediate extension of this study could be the feasibility of CO2 capture from biomass 
plants which would give them negative net emissions, and contribute to actual reduction - 
not just reduced emission - of CO2 levels (Azar, C. et al., 2006). 

8.8 Social analysis       

Biomass-to-energy, in comparison with the other renewable energy technologies, is 
considered less favourable as the feedstock harvest, lorry traffic for transportation and 
visual pollution of such a plant and the public’s impression of biomass-to-energy units 
related with illegal logging are features that shape the public’s perception (Biomass Energy, 
2013). In addition, given that the island is one of the most touristic regions in Greece the 
local population is reluctant to accept the installation of new thermal power plants 
(Tsioliaridou, E., et al., 2005). 
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The social acceptance of biomass-to-energy technologies is dependent on a number of 
factors related to each territory in the island such as socio-economic and demographic 
characteristics, local natural resources, existing usage of land and its geo-morphological 
particularities. Yet it should be highlighted that biomass technologies are considered 
beneficial to rural communities since they are considered to be more employment 
intensive per kWh primarily due to the job creation for the cultivation, harvesting, storage 
and transportation of the biomass feedstock (Thornley et al., 2008). 

 
Overall, similarly with the environmental concerns, experience in developing strategies has 
emphasized the importance of accurate information of the local community using tools such 
as models, artists’ impressions, site visits to similar plants and open discussions in order the 
public to fully understand all the aspects of such a project. Good practice in terms of public 
consultation and engagement is an important aspect in gaining acceptance for planning and 
developing biomass-to-energy infrastructure. 

8.9 Conclusions 

This study assesses the availability of biomass residues and wastes in the off-grid island of 
Crete with the aim to ‘close the loop’ by converting waste to an energy resource. Crete, 
being the fifth largest island in the Mediterranean Sea is facing a chronic energy problem – 
its rapidly depleting landfills coupled with its heavily dependence on fossil fuels and its lack 
of interconnection with the mainland poses a unique opportunity to assess the feasibility of 
bioenergy exploitation as an alternative fuel in a medium-scale. 

 

In addition, the suggestion of the most sustainable energy generation solutions was 
attempted in order to drive forward the synergies between biomass waste production and 
energy generation. 

 

It is considered that the biomass potential in Crete is a sleeping giant. There is considerable 
potential for biomass-to-energy technologies in Crete providing improved rural energy 
services based on agricultural residues. From the findings of this study it appears that the 
biomass potential is more than the estimation in previous papers. it is concluded that the 
largest portion of Crete’s biomass potential is agricultural residues and animal wastes. The 
utilisation of low-cost biomass power in Crete could help provide cleaner, more efficient 
energy services and to reduce the island’s economic and environmental vulnerability. 
Biomass can provide both base load power and turn into liquid transportation fuels and 
contributes to reducing energy dependence due to import fuel from the mainland. 
 
The main conclusions that can be drawn from this study are summarised below: 
 The establishment of a reliable logistics planning and management of supplying 

biomass fuels to biomass power stations is an essential component of any successful 
bioenergy project. 

 Due to its diverse morphology (Crete is covered almost 3/5 from semi and 
mountainous areas) and the relatively low energy density per unit of biomass’ mass 
compared with fossil fuels, the geographical spread of the biomass potential has a 
pivotal role for the environmentally friendly and economic viable development of 
biomass-to-energy technologies. 

 There is considerable potential for biomass-to-energy technologies in Crete providing 
improved rural energy services based on agricultural residues. The utilization of low-
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cost biomass power in Crete could help provide cleaner, more efficient energy 
services and to reduce the island’s economic and environmental vulnerability. 

 From the regional authority’s standpoint the most sustainable technologies in a 
descending order are: 

 F - Anaerobic digestion & Fuel cell; 
 E – Anaerobic digestion & Gas engine; 
 C - Gasification & Gas engine; 
 A – Combustion & Steam turbine; and 
 B – Gasification & Steam turbine. 

The best alternative, F – Anaerobic digestion & fuel cell, scored equal or higher than 
all the others. On the other hand, alternative D – slow pyrolysis & gas engine scored 
lower than all the other suggested solutions and as such it was discarded. 

 The requirement to source separate household waste into a variety of material 
components and facilitate the achievement of recycling and composting targets, is a 
need given that Crete is an island with limited resources. The nature of the remaining 
waste stream entering biomass-to-energy facilities will be influenced by any front end 
collection schemes adopted by the local and regional authorities. New facilities could 
be designed to be part of an integrated system, specifically to deal with the residual 
wastes coming from an area following initial separation of the waste stream for 
materials recovery. 

 Good practice in terms of public consultation and engagement is an important aspect 
in gaining acceptance for planning and developing biomass-to-energy infrastructure. 

 From a techno-economic perspective the regional authority should take into account 
the transmission and distribution network of the island. Due to the technical 
constraints of Crete’s autonomous power grid, PPC could potentially activate 
curtailments to all Independent Power Producers in prolonged low energy demand 
periods or high energy generation periods (especially with regard to wind farms and 
PV plants). Such a prolonged cut-off period could have disastrous effects on project 
viability. 

 Tsioliaridou, E., et al (2006) estimated the potential electricity from biomass sources 
in Crete at 360GWh/y when the total electricity demand in 2006 was 2140GWh/y. No 
further information was provided over the assumptions and mechanism for the 
estimate of electricity generation from biomass sources. However, from the findings 
of this study it was concluded that by the utilization of all the identified biomass 
sources fuelling a combustion power plant, the annual net generation could reach up 
to 580GWh.Therefore, it is the author’s opinion that the potential electricity from 
biomass residues in Crete exceeds 360GWh/y. 
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Appendix I - Case study of energy generation from agricultural 
residues  

Total Feedstock  Values Comments / References 

Fuel type 
Agricultural 
residues  Table 5-3 

Fuel input, TPA 
                              
128.304  Table 3-1 

Moisture content, % 32% Calculated  

LHV, MJ/kg 12,7 
Ave of table 5-3 for branches. 
Converted to green basis  

Energy Input, GJ 
                          
1.634.857  128.304 x 12,7 

Energy Input, MWh 
                              
454.127  1 MWh equals 3.6 GJ  

   

Plant Performance  Values Comments / References 

Plant Availability 85% Van Loo, S. and Koppejan J., 2008 

hours/yr 
                                   
7.446  8760 x 85%  

Fuel input, TPD 
                                      
414  128.304 / 7.446 x 24 

Fuel input,  TPH 17,2 128.304 / 7.446 

Furnace Heat Input (LHV), MW 
                                     
61 12,7 x 17,2 /  3,6 

Overall Gross generation efficiency 25% 
Van Loo, S. and Koppejan J., 2008 
p.199 

Load factor, % 100%  

Gross Power Generation, MW 
                                         
15  128.304 x 12,7 x 25% / 3,6 / 7.446 

Parasitic load losses, % 15% 
Karelias, S., Boukis, I. and 
Kontopoulos, G., 2010 

Net Power Generation, MW  
                                     
13  15 – 15 x 15% 

Overall Net generation efficiency, % 21,25% 13 / 61 

Annual Net Generation, MWh 
                                
96.502  13 x 7.446  

Crete's Overall Annual Net Consumption, 
MWh 

                          
2.743.490  Table 2.1 

Island's annual energy needs covered, % 4% 96.502 / 2.743.490 
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Appendix II - Case study of energy generation from agricultural 
residues (Sensitivity analysis) 

Total Feedstock  Values Comments / References 

Fuel type 
Agricultural 
residues  Table 5-3 

Fuel input, TPA 
                              
102.643  320760 x 40% x 80% 

Moisture content, % 32% Calculated  

LHV, MJ/kg 12,7 
Ave of table 5-3 for branches. 
Converted to green basis  

Energy Input, GJ 
                          
1.307.885  102.643 x 12,7 

Energy Input, MWh  363.301                               1 MWh equals 3.6 GJ  

   

Plant Performance  Values Comments / References 

Plant Availability 85% Van Loo, S. and Koppejan J., 2008 

hours/yr 
                                   
7.446  8760 x 85%  

Fuel input, TPD 
                                      
331 102.643 / 7.446 x 24 

Fuel input,  TPH 13,8 102.643 / 7.446 

Furnace Heat Input (LHV), MW  48,8                                  12,7 x 13,8 /  3,6 

Overall Gross generation efficiency, % 25% 
Van Loo, S. and Koppejan J., 2008 
p.199 

Load factor, % 100%  

Gross Power Generation, MW 
                                         
12  102.643 x 12,7 x 25% / 3,6 / 7.446 

Parasitic load losses, % 15% 
Karelias, S., Boukis, I. and 
Kontopoulos, G., 2010 

Net Power Generation, MW  
                                     
10,4  10,4 – 10,4 x 15% 

Overall Net generation efficiency, % 21,25% 10,4 / 48,8 

Annual Net Generation, MWh 
                                
77.202  10,4 x 7.446  

Crete's Overall Annual Net Consumption, 
MWh 

                          
2.743.490  Table 2.1 

island's annual energy needs covered, % 3% 77.202 / 2.743.490 
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Appendix III - Case study of energy generation from OFMSW  

Data Value Units Reference 

Biogas production (OFMSW) 900 m3/tonne 
Deublein D. and Steinhauser 
A., 2011 

Bio-methane density (NTP) 1.25 kg/m3 NREL, 2010 

CH4 content 55 % Igoni, A.H., et al, 2008 

CH4 LHV 21 MJ/kg NREL, 2010 

Biogas engine's electrical efficiency 39 % Karelias, S., et. al., 2010 

Parasitic losses (biogas engine) 6 % Karelias, S., et. al., 2010 

1 J equals to 0.000278 Wh   

Availability factor 85 % Karelias, S., et. al., 2010 

OFSMW production 30.420 tonnes/year p.47 of master thesis 

OFMSW production/day 83 tonnes/day 30.420 / 365 

Biogas production/day 75.008 m3/day 83 × 900 

Biogas production/year 
        
23.271.300  m3/year 75.008 × 365 × 85%  

CH4 production/day 41.255 m3/day 75.008 × 55%  

CH4 production/year 
        
12.799.215  m3/year 23.271.300 × 55%  

Generated electricity/year 
      
131.367.943  MJ/year 

12.799.215 × 0,739 × 49 × 
40%  

Generated electricity/year 
                 
36.520  MWh/y 131.367.943 × 0.00278Wh  

Engine's capacity 
                   
4.905  kW 36.520 / 8760 / 85% 

Nominal capacity of the engine with a 
reserve of 30% 

                   
6.376  kW 4.905 × 30%  

Electricity consumption (Paras. Losses 
4%) 

                   
2.191  MWh/y 36.520 × 4%  

Sold Electricity to the grid 
                 
34.329  MWh/y 36.520 – 2.191  

Crete's Overall Annual Net 
Consumption, MWh 

           
2.743.490   MWh/y  Table 2.1 

Island's annual energy needs covered, % 1,25  % 34.329 / 2.743.490 
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Appendix IV - Case study of energy generation from all available 
biomass sources  

Total Feedstock  Values Comments / References 

Fuel type 
All available 
biomass sources  Table 7-1. ABPs are excluded 

Fuel input, TPA 1.389.304  Table 7-1 

Moisture content, % 32% Average of Table 7-1 

LHV, MJ/kg 7,1 Ave of table 7-1 

Energy Input, GJ 9.829.326  Ave of table 7-1 

Energy Input, MWh 2.730.368  1 MWh equals 3.6 GJ  

   

Plant Performance  Values Comments / References 

Plant Availability 85% Van Loo, S. and Koppejan J., 2008 

hours/yr 7.446  8760 x 85%  

Fuel input, TPD 4.478 1.389.304 / 7.446 x 24 

Fuel input,  TPH 187 1.389.304 / 7.446 

Furnace Heat Input (LHV), MW 367                                7,1 x 254 /  3,6 

Overall Gross generation efficiency, % 25% Van Loo, S. and Koppejan J., 2008 

Gross Power Generation, MW 92 1.389.304 x 7,1 x 25% / 3,6 / 7.446 

Parasitic load losses, % 15% Karelias, S., et al., 2010 

Net Power Generation, MW  78  92 – 92 x 15% 

Overall Net generation efficiency, % 21,25% 92 / 367 

Annual Net Generation, MWh 580.203  92 x 7.446  
Crete's Overall Annual Net Consumption, 
MWh 2.743.490  Table 2.1 

island's annual energy needs covered, % 21% 580.203 / 2.743.490 

 


