
 
 

 

 

 

Assessment of renewable energy potentials based on GIS.        

A case study in southwest region of Russia. 

 

 

by 

Alisa Melnikova (M. Sc., M. Sc.) 

 

 

 

Accepted Dissertation thesis for the partial fulfilment of the requirements for  

a Doctor of Political Sciences (Dr. rer. pol.) 

Fachbereich 7: Natur- und Umweltwissenschaften 

University Koblenz-Landau 

 

 

 

Thesis examiners: 

Prof. Dr. Oliver Frör, Universität Koblenz-Landau, 1st examiner 

Dr. Stefan Jergentz, Universität Koblenz-Landau, 2nd examiner 

 

 

Date of the oral examination: 28.03.2018 



 
 

Declaration 

I hereby declare that I autonomously conducted the work presented in this PhD thesis 

entitled “Assessment of renewable energy potentials based on GIS. A case study in south-

west region of Russia”. All used assistances and involved contributors are clearly de-

clared. This thesis has never been submitted elsewhere for an exam, as a thesis or for 

evaluation in a similar context to any department of this University or any scientific in-

stitution. I am aware that a violation of the aforementioned conditions can have legal 

consequences. 

 

Landau in der Pfalz, 10.04.2018 

Place, date                                                                                              Signature                                                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Acknowledgements 

Foremost, I would like to gratefully acknowledge my supervisor Prof. Dr. Oliver Frör for 

providing me a chance to pursue a doctoral degree at the University of Koblenz-Landau. 

He has given me valuable comments on my study and supervised this PhD thesis. I am 

sincerely grateful for his patience, motivation and immense knowledge. 

Furthermore, I am also very thankful to Dr. Stefan Jergentz for his support and valuable 

suggestions on my final thesis and being second examiner. 

I gratefully acknowledge the scholarships, which gave me the financial support for 3 years 

of my PhD thesis, the DAAD (Deutscher Akademischer Austauschdienst) for the first 

scholarship from October 2014 to July 2015 and an additional scholarship from August 

2017 to October 2017 as well as Lotto Rheinland-Pfalz – Stiftung Sozial-Stipendien for 

providing a 2-years scholarship from July 2015 to July 2017. 

I would like to thank the project NAWI (Förderung für Nachwuchswissenschaftlerinnen) 

from IPZ (Interdisziplinäres Promotionszentrum der Universität Koblenz-Landau) for 

supporting me during the preparation and conducting my doctoral study with useful work-

shops, networking measures and funding for scientific activities: visiting conferences and 

summer schools. 

Moreover, I acknowledge all my colleagues from the University of Koblenz-Landau, 

(particularly Dr. D. Elsaesser and A. Ampofo), from Karlsruhe Institute of Technology 

(K. Mainzer) and from the Moscow State University (especially J. Rafikova and Dr. S. 

Kiseleva), who gave me valuable comments and ideas during my PhD study.  

Furthermore, I thank the partners from the industry and commerce brache: 1) SOWITEC 

group GmbH for the regular informational support and advices since October 2016 and 

2) PFI (Prüf- und Forschungsinstitut Pirmasens e.V.) for the valuable support and infor-

mation.  

I am also very grateful for the administrative staff, in the first place Franziska Wollnik 

and Jone Kammerer. 

Finally, I will forever be thankful to my family and friends, for providing support, under-

standing and friendship that I needed. I truly thank my mom and dad for sticking by my 



 
 

side during all the times. Finally, the unique thanks should belong to my husband, making 

my study and life filled with great meaning and love.  



6 
 

 

Table of Content 

 

List of Tables ................................................................................................................................. 8 

List of Abbreviations ................................................................................................................... 11 

Abstract ....................................................................................................................................... 12 

Outline of the thesis ................................................................................................................ 20 

2. State of the art of using GIS for the assessment of RES potentials ......................................... 22 

2.1 Geospatial data selection ................................................................................................... 24 

2.2 Multi-layer approach ......................................................................................................... 27 

2.3 Scale determination ........................................................................................................... 30 

2.4 Energy situation and energy infrastructure assessment ..................................................... 32 

2.5 Impact of environmental effects, buffer zones and other limitations ................................ 35 

2.6 Economic and market potential ......................................................................................... 36 

2.7 Conclusions and central research questions ...................................................................... 39 

2.8 Study country .................................................................................................................... 43 

2.8.1 Russia in the context of international and national energy transition ........................ 44 

2.8.2 The legal national framework for energy use and efficiency ..................................... 47 

2.9 Selection of a suitable model/study region........................................................................ 49 

2.9.1 Krasnodar region: geographical, economic and energy description........................... 52 

Methodology ............................................................................................................................... 58 

3.1 Significance of a comprehensive RES potential assessment ............................................. 58 

3.2 The multi-criteria assessment methodology for the evaluation of RES potentials in the 

Krasnodar region ..................................................................................................................... 60 

3.3 Data sources relevant for the assessment of RES potentials in Krasnodar region ............ 62 

3.4 Theoretical resource potential ........................................................................................... 63 

3.4.1 Onshore wind energy ................................................................................................. 63 

3.4.2 Solar energy................................................................................................................ 68 

3.4.3 Biomass energy .......................................................................................................... 72 

3.5 Technical potential ............................................................................................................ 75 

3.5.1 Onshore wind energy ................................................................................................. 75 

3.5.2 Solar energy................................................................................................................ 76 

3.5.3 Biomass energy .......................................................................................................... 77 

3.6 Energy situation ................................................................................................................ 79 

3.7 Economic potential ............................................................................................................ 83 



7 
 

3.7.1 Onshore wind energy ................................................................................................. 83 

3.7.2 Solar energy................................................................................................................ 84 

3.7.3 Biomass energy .......................................................................................................... 85 

3.8 Market potential ................................................................................................................ 87 

3.9 Scenarios and recommendations on the development of RES .......................................... 88 

4 Results and discussion .............................................................................................................. 89 

4.1 Energy status of the Krasnodar region .............................................................................. 90 

4.2 Constraints restricting the installation of RES facilities.................................................... 96 

4.3 Market climate for RES in the Krasnodar region ............................................................ 100 

4.4 Wind energy potential ..................................................................................................... 103 

4.5 Solar energy potential...................................................................................................... 110 

4.6 Biomass energy potential ................................................................................................ 117 

4.7 Scenarios on development of RES potentials in the Krasnodar region ........................... 125 

4.8 Recommendations for an improved introduction of RES in the model region ............... 129 

6 Outlook ................................................................................................................................... 135 

Appendix ................................................................................................................................... 137 

References ................................................................................................................................. 145 

Curriculum vitae ........................................................................................................................ 154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

List of Tables 

 

Chapter 3 

Table 3.1 Data used for the assessment of the theoretical onshore wind potential ..................... 64 
Table 3.2 Constraints prohibiting the installation of wind farms ................................................ 65 
Table 3.3 Suitability classes for the assessment of areas for the installation of wind  

                turbines. ....................................................................................................................... 67 
Table 3.4 Data used for the assessment of the theoretical solar potential ................................... 69 
Table 3.5 Constraints prohibiting the installation of PV systems ............................................... 70 
Table 3.6 Suitability classes for the assessment of areas for the installation of PV     

                modules ....................................................................................................................... 71 
Table 3.7 Data used for the assessment of the theoretical biomass energy potential .................. 72 
Table 3.8 Constraints for the installation of biomass power plants ............................................ 72 
Table 3.9 Suitability classes for the assessment of areas for the installation of biomass  

                power plants ................................................................................................................ 74 
Table 3.10 Data used for the assessment of the usable biomass energy potential ...................... 78 
Table 3.11 Data used for the assessment of the energy situation and energy  

                  infrastructure in the Krasnodar region ....................................................................... 80 
Table 3.12 Classification of outages in the electricity grid of the Krasnodar region .................. 82 
Table 3.13 Data used for the assessment of the economic biomass energy potential ................. 85 

 

Chapter 4 

Table 4.1 General screening parameters used for arranging of exclusion zones ........................ 96 
Table 4.2 Districts with the highest technical potential for wind energy production ................ 106 
Table 4.3 Economic potential based on two wind farm projects near Yeysk and Anapa ......... 107 
Table 4.4 Technical biomass potential from different types of biomass ................................... 119 
Table 4.5 Capital costs for the construction of a biogas plants ................................................. 122 

 

Appendix 

Table A.1 The output raster maps from the r.sun model .......................................................... 140 
Table A.2 Necessary input parameters for r.sun model ............................................................ 141 

 

 

 

 

 

 

 

 

 

 



9 
 

List of Figures 

 

Chapter 1 

Figure 1.1 General structure of GIS data collection and management ........................................ 16 
Figure 1.2 Main barriers for a successful RES development ...................................................... 18 

 

Chapter 2 

Figure 2.1 Decrease the initial potential of RES by every assessment stage .............................. 22 
Figure 2.2 Sample model input layers and screening criteria for utility-scale solar   

                 photovoltaic power suitability model ......................................................................... 28 
Figure 2.3 Comparison of small and large cell sizes ................................................................... 30 
Figure 2.4 RES potential distribution in Russian Federation ...................................................... 45 
Figure 2.5 Legal mechanisms to support renewable energy in Russia........................................ 48 
Figure 2.6 Governmental support of RES ................................................................................... 48 
Figure 2.7 Location of the Krasnodar region .............................................................................. 52 
Figure 2.8 Districts of the Krasnodar region ............................................................................... 53 
Figure 2.9 Average climate graph of the study region ................................................................ 54 

 

Chapter 3 

Figure 3.1 Workflow of the multi-criteria assessment methodology .......................................... 61 
Figure 3.2 Workflow of the theoretical onshore wind energy potential ...................................... 63 
Figure 3.3 Workflow of the theoretical solar energy potential ................................................... 68 
Figure 3.4 Workflow of the theoretical biomass energy potential .............................................. 73 
Figure 3.5 Workflow of the technical biomass energy potential................................................. 77 
Figure 3.6 Workflow for the assessment of the energy situation ................................................ 79 
Figure 3.7 Map of the energy system of the Krasnodar region ................................................... 82 

 

Chapter 4 

Figure 4.1 The structure of the Krasnodar region energy system in 2016 .................................. 90 

Figure 4.2 Energy consumption by sectors in the areas of Krasnodar region ............................. 91 

Figure 4.3 The total electricity consumption in the study region in million kWh ...................... 93 

Figure 4.4 Spatial distribution of energy polygons and main power plants ................................ 93 

Figure 4.5 Spatial distribution of factors affecting the introduction of RES facilities ................ 94 

Figure 4.6 The suitability of the Krasnodar region for installation of RES facilities in      

                  terms of exclusion zones ........................................................................................... 97 

Figure 4.7 Spatial distribution of factors affecting market conditions for RES     

                  introduction in the Krasnodar region ....................................................................... 100 

Figure 4.8 Stage 1: Wind speed distribution of the Krasnodar region ...................................... 103 

Figure 4.9 Stage 1: Available theoretical wind potential of the Krasnodar region       

                 distinguished in suitability classes ........................................................................... 104 

Figure 4.10 Stage 2: Spatial distribution of the wind power density of the Krasnodar     

                   region ...................................................................................................................... 105 

Figure 4.11 Stage 2: Annual energy production for different Vestas turbines .......................... 106 

Figure 4.12 Stage 3: Economically feasible areas for the construction of wind energy    

                   facilities .................................................................................................................. 108 

file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307025


10 
 

Figure 4.13 Stage1: The theoretical solar energy potential of the Krasnodar region ................ 110 

Figure 4.14 Stage 1: The theoretical solar energy potential of the Krasnodar region after     

                   application of limiting factors and grouped in suitability classes .......................... 111 

Figure 4.15 Stage 2: Average monthly values of the sky cover in the Krasnodar region ......... 112 

Figure 4.16 Stage 2: Spatial distribution of the technical solar energy potential (Whm-2) ....... 113 

Figure 4.17 Stage 2: Variations in regional energy consumption and average electricity       

                   production from 1KW PV system by month in Krasnodar region. ........................ 114 

Figure 4.18 Stage 3: Spatial distribution of PV production unit energy cost ............................ 115 

Figure 4.19 Stage 1: Model of the theoretical biomass potential .............................................. 117 

Figure 4.20 Stage 1: The available theoretical biomass potential after application of exclusion     

                   zones ....................................................................................................................... 118 

Figure 4.21 Stage 2: Spatial distribution of technical biomass energy potential ...................... 120 

Figure 4.22 Stage 3: Spatial distribution of annual usable biomass for rural biomass power     

                   plants ...................................................................................................................... 121 

Figure 4.23 Stage 3: Spatial distribution of annual usable biomass for urban biomass power      

                   plants ...................................................................................................................... 121 

 

Appendix 

Figure A3.1 An example of Rosreestr table .............................................................................. 137 
Figure A3.2 Determination and snapping of the turning points ................................................ 138 
Figure A3.4 Wind energy potential: data sources, data processing and cartographical               

                    output ..................................................................................................................... 142 
Figure A3.5 Solar energy potential: data sources, data processing and cartographical                       

                   output ...................................................................................................................... 143 
Figure A3.6 Biomass energy potential: data sources, data processing and cartographical                            

                   output ...................................................................................................................... 144 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307599
file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307599
file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307600
file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307600
file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307601
file:///C:/Users/Nikita%20Bakanov/Desktop/20171029_Dissertation%20Melnikova%20final.docx%23_Toc503307601


11 
 

List of Abbreviations 

 

ANP   Analytic Network Process 

CHP   Combined Heat Power 

CI   Consistency Index 

CPS   Concentrated Photovoltaic Systems 

CR   Consistency Ratio 

CSP   Concentrated Solar Power 

DB   Data Base 

DSS   Decision Support Systems 

EIA   Energy Information Administration 

FIT   Feed-in-Tariff 

GIS       Geographical Information System 

GMS5   Geostationary Meteorological Satellite 

GPP   Gross Primary Productivity 

HPP      Hydropower Plant 

IEA   International Energy Agency 

IRENA  International Renewable Energy Agency 

MCDM  Multi-Criteria Decision Methods 

METEOSAT  Meteorological Satellite 

NPP   Net Primary Productivity 

PV   Photovoltaic 

R&D   Research and Development 

RE   Renewable Energy 

RS   Renewable Energy Sources  

RS   Remote Sensing 

SWOT  Strengths Weaknesses Opportunities and Threats  

TM   Landsat Thematic Mapper 

UNEP   United Nations Environment Programme 

VAT   Value Added Tax 

WRF   Weather Research and Forecasting 

 

 



12 
 

Abstract 

 

The continuous increase in energy demand and the related negative impact on the envi-

ronment through fossil fuels has raised serious challenges. The renewable energy sources 

(RES) are increasingly considered as potential solution for a sustainable energy produc-

tion and reduction of negative environmental impact. In the Russian Federation, the ex-

ploration and of RES potentials and the implementation of RES facilities is underdevel-

oped and requires research that is more active. Furthermore, the country is the fourth 

largest emitter of CO2 since the predominant share of the energy production is generated 

from fossil fuels.    

The main barriers for the deployment of RES facilities in the Russian Federation are the 

lack of political, legislative and regulatory support, low prices for electricity and heat 

generated from fossil fuels, lack of information for decision makers (e.g. data from re-

search projects) as well as the preference for centralized energy supply schemes. These 

barriers are contributing to an inadequate investment climate for the implementation of 

RES facilities. Nevertheless, in some regions of the Russian federation with a potential 

of RES and a comparatively low degree of economic centralization the situation is differ-

ent.  

In the present thesis, the initial conditions for the development of RES potentials for the 

production of wind, solar and biomass energy in the Krasnodar region (southwestern re-

gion of the Russian Federation) are examined using a multi-criteria assessment method-

ology. For the assessment of the RES potentials at regional scale, the prosed multi-criteria 

methodology based on the geographic information systems (GIS) and has been comple-

mented by the evaluation and analysis of primary and secondary data as well as economic 

calculations relevant related to economic feasibility of RES projects. The Krasnodar re-

gion has been chosen as model region for other regions in the Russian Federation, Eastern 

Europe and the former Soviet Union that have unexplored RES potentials but lack suffi-

cient data for the assessment of RES potentials in GIS. An innovative element of the 

proposed multi-criteria methodology is the combined assessment of the maximum avail-

able factors relevant for the economically feasible exploration of RES potentials. These 

factors included the energy status with the specific features of the energy infrastructure, 

the energy policy relevant for RES along with the market and economic conditions of the 

region.  
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The main objectives of the assessment of the RES potentials in the Krasnodar region were  

(1) to examine and present the energy status and the market conditions in GIS map as 

the essential conditions for an implementation of GIS facilities; 

(2) to calculate and present the available yield of wind, solar and biomass energy out-

put through consideration of environmental and land-use restrictions reducing the 

theoretical resource potential, to the technologically and eventually the economi-

cally exploitable share of the initial resource potential; 

(3) to model energy scenarios and develop specific recommendations for and im-

proved planning of future projects on RES in the study region. 

The assessment of the theoretical and technological wind energy potential utilized GIS 

models on extrapolation of wind speed, on suitability class (optimal locations for instal-

lation of RES facilities), on wind power density and wind energy estimation. For the as-

sessment of the theoretic and technological solar energy potential, the kriging model, the 

suitability class model as well as the solar energy estimation model were applied in GIS. 

The assessment of the biomass energy potential utilized net primary productivity (NPP) 

and statistic data on organic wastes organic and animal manure using the GIS generic 

model. Optimal locations for the installation of biomass power plants were identified us-

ing network analysis tools in QGIS.  

The assessment of the technical wind energy potential in the Krasnodar region yielded an 

electricity production of 23 GWh year-1. Taking into account all the environmental and 

infrastructural restrictions as well as the current market conditions, the technical energy 

potential was subjected to reduction to an economically viable share of 0.8 GWh year-1. 

The total technical solar energy potential amounts to 24 GWh year-1. However, the eco-

nomically viable share of the solar electricity is 4.5 GWh year-1 due to economic re-

strictions. The assessment of the biomass energy potential yielded an electricity produc-

tion from biomass residues of 25 GWh year-1, which, however, was subjected to reduction 

to 4.7 GWh year-1 due to specific restrictions. 

The calculated unit (kWh) generation prices for hypothetical energy production facilities 

in both rural and urban areas of the Krasnodar region were €0.15 (urban-utility scale) and 

€0.20 (rural-utility scale) for wind electricity, €0.16 (urban PV installations of up to 2 

MW) and €0.25 (rural PV installations of up to 1 kW) for solar electricity, and €0.12 
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(rural-utility scale) and €0.14 (urban-utility scale) for biomass electricity. Compared to 

the current mean unit generation prices for electricity from conventional energy sources 

of €0.06 per kWh, the RES electricity prices are not competitive under the current re-

gional and governmental energy policy. The recommendations provided in this thesis aim 

to highlight relevant support and measures to enable further development of RES poten-

tials in the Krasnodar region.  

Thus, due to the application of an integrative multifactorial GIS-analysis it was possible 

to comprehensively estimate the RES potentials in the present work. Detailed and step-

by-step analysis of constraints, the energy situation, and the market climate made an in-

depth feasibility assessement of potential RES projects in the study region. Thus, it was 

possible to answer the question why, despite the great potential of RES, there are no suc-

cessful projects in the study region. As a result, reliable information about the RES po-

tential in the region was provided, minimizing risks for investors and policy makers.  

For other regions, the proposed multi-criteria methodology provides a multi-purpose ap-

proach for a complex exploration of RES potentials and their exploitation under specific 

environmental and economic conditions.  
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1. Introduction 

Mitigation of climate change as well as meeting an ever-increasing energy demand of the 

global population are one of the most important challenges the world is facing today 

(Lindlein et al., 2005; Popel et al., 2010). The 1973 global oil crisis has revealed a vul-

nerability of the economy based on the fossil fuels extraction and has stimulated the re-

search on renewable energy sources (RES) in its turn. The disasters at the Chernobyl 

nuclear power plant (NPP) in Ukraine in 1986 and the Fukushima Daiichi NPP in Japan 

in 2011 have set policy-makers from many countries thinking of energy and environmen-

tal security of current and future generations. Following these events, the inter-related 

issues on energy generation, ecology and economy are more actively discussed interna-

tionally. The resolution of these issues has been left to ecologically clean and cost-effec-

tive energy production technologies.  

Renewable energy (RE) is receiving increasing attention for its clean, green, and safe 

characteristics. It drives the energy structure towards a sustainable level by providing a 

sustainable approach to energy generation (Elliot, 2000; Vera et al., 2007), and contrib-

uting to mitigation of the climate change in the long term. It also plays a vital role in the 

overall sustainable development strategy (Dincer, 2000). Geographic and topographic 

factors such as altitude, climate, and terrain conditions strongly affect spatial distribution 

of RES (Vettorato et al., 2011). Therefore, the exploration and supply of RE take place at 

local or regional levels (Sarafidis et al., 2009; Voivoitas et al., 1998). These features also 

shape RE supply networks to be distributed in decentralized forms making the planning 

of RE facilities a highly detailed issue. 

Geographic Information Systems (GIS) have proved to be a useful tool for regional RE 

potential estimation (Gil et al., 2011; Arnette et al., 2013; Hoesen et al., 2010) and support 

for decision making in energy planning (Domigues et al., 2007; Voivoitas et al., 1998; 

Clarke et al., 1996). This is due to their flexible data management and spatial-temporal 

analysis capability (Figure 1.1). Furthermore, the visualization function of GIS can con-

nect statistical analysis with visualized spatial data in the integrated RE planning ap-

proach. Visualization maps facilitate the understanding and decision making of policy 

makers, private investors and citizens. Besides that, web-based GIS application provide 

public platforms for information sharing and planning participation (Simao et al., 2009; 

Energy-Atlas Bayern, 2014). 
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Figure 1.1 General structure of GIS data collection and management  

According to International Renewable Energy Agency, IRENA and Sweden’s Royal In-

stitute of Technology (2016) 

 

RES represent a wide range of resources and technologies for producing and converting 

energy into electricity, heat and fuel. Most of RES such as solar radiation, wind, biomass 

energy, hydraulic energy of rivers and ocean energy are of solar origin, while geothermal 

energy, tides, waste heat of anthropogenic origin etc. belong to “non-solar” RES. Accord-

ing to United Nations Environment Programme (UNEP), all the resources mentioned 

above may currently claim for an efficient application in various economic sectors 

(UNEP, 2004).  

An effective development of RES is complex and requires a long-term strategy. Many 

studies rated the positive environmental effect from the implementation of RE technolo-

gies as the most significant among others (Şenkal and Kuleli, 2009; Qin et al., 2011; 

Miller, 2008). Besides the positive impact on the environment, using RES can satisfy ever 

increasing energy demand on both international and national level (Yue and Wang, 2006). 

Following global problems are the main incentives for exploring and developing RES 

worldwide (UNEP, 2004): 

 Energy safety. The dependence of exporting countries on the level of extraction/con-

sumption of fossil fuels as well as unstable cost of energy sources for exporting coun-

tries are key factors that may provoke economic crises. 
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 Ecological equilibrium. The global production and consumption of energy from hy-

drocarbon material is responsible for 50 % of all hazardous anthropogenic discharges 

into the environment including greenhouse gases. 

 Sustainable development strategy. According to the forecasts, the global energy de-

mand will increase more than one and a half times by 2025 mainly due to growth of in 

developing countries. In this case, an introduction of RES, which are able to self-re-

store may be the most effective solution in the context of the concern for future gen-

erations. 

The RE industry employ ~7.7 million people worldwide (IRENA, 2015). The solar pho-

tovoltaic (PV) energy is the leader among RE industries by jobs (~2.5 million) while the 

People’s Republic of China is leading among countries (~ 3.4 million) by the same indi-

cator (Wang et al., 2014). In the U.S., wind and solar energy have become the most eco-

nomical way of producing electricity (Lazard investment Bank, 2013). Only gas-based 

cogeneration could compete with them. The levelized cost of energy (LCOE) in wind 

energy has amounted to $32 – 77/MWh excluding subsidies in wind energy to $50 – 

70/MWh and to $52 – 78/MWh in gas-vapor generation, while LCOE for gas turbine 

power plants ranges from $68 – 101/MWh. 

The leading countries in energy generation using RES are Iceland (25% of RES in the 

energy balance; primary geothermal energy), Denmark (20.6%; primary tidal energy, 

wind and solar energy), Spain (17.7%; primary solar energy) and New Zealand (15.1%; 

primary geothermal and wind energy). In 2014, new investments in RES amounted to 

$270.2 billion being 17% greater than in 2013 (REN21, 2015). The People’s Republic of 

China, the U.S., Japan, Great Britain, and Germany were the leaders by investment vol-

umes. 

According to the sources mentioned above, the ecologically clean energy market has been 

rap-idly developing, although it may be just a small share of the desired rate of develop-

ment, which would mitigate climate change and offer equivalent replenishment of the 

energy demand. The given data may particularly fall short of such large countries as India, 

Russia, Canada, Kazakhstan and others. These economies are of chief interest since they 

require detailed and realistic study of the RE potentials from the level of technical evalu-

ation to the economic efficiency, which could be rather difficult for a variety of the fol-

lowing reasons (Lazard investment Bank, 2013): 
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 The lack of sufficient technological, economic and energy predicted data to justify 

fundamentally the necessity of transition to RES; 

 An inactivity of state and regional authorities, business community and population 

to implement technologies and advantages of using RES actively. 

Thus, despite all obvious advantages, RES have not been evenly developed yet to com-

pete with conventional energy sources to the utmost. There are many specific barriers 

(Figure 1.2) appearing already at the design stage and during the assessment of RE po-

tentials. Hence, the risks of RE projects may be significantly underestimated without a 

high-quality RE potential assessment. The resource assessment should be available on a 

site-specific basis such as wind or solar atlases for an extended period (at least one year 

of reliable and verifiable data). Even then, risks of generation capacities and related rev-

enues that are less than expected may remain. 

 Author’s compilation 

 

As a result, only very little potential has been developed so far although many countries 

claim they have significant RES available. Despite extensive databases for the assessment 

of RES, the worldwide environmental, infrastructural, technical, and economic conditions 

for RES can be estimated with a high degree of uncertainty. The uncertainty is most pro-

nounced in countries with relatively low rates of RES introduction (Taysaeve et al., 2009). 

There may be a unique set of factors for every study country and region which could raise 

Lack of regulatory and methodological documentation for planning, 

construction and operation of RE facilities  

Inadequate level and quality of scientific support  

Lack of information about available RES and implemented RES pro-

jects  

Lack of federal and regional support programs for RES projects  B
ar
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r 
R
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Figure 1.2 Main barriers for a successful RES development  
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barriers (an imperfection of the legal framework) on the one hand as well as offer pro-

spects of innovative improvement of an energy system with the secondary power based 

on RES (decentralized energy supply) on the other (Buflasa et al., 2008). 

The complex agenda of a study may set a thorough prerequisite for employing a multi-

criteria assessment approach. Correspondently, the approach should evaluate prospects 

and possible scenarios for RE introduction starting from the engineering infrastructure 

stage until the commercial one. Integration of spatial data using GIS may be the prime 

advantage of a multi-criteria assessment, which could be particularly beneficial for the 

distance assessment of RES potentials of other countries. This may allow keeping the 

research at the desired level whatever the region for RE potential assessment would be as 

well as may save on expensive field measurements thus reducing risks for investors in-

terested in reducing uncertainties by means of an integrated assessment of the potential 

for introducing new energy sources.  

The selection of a model region is a necessary criterion for employing such a multi-crite-

ria assessment approach. The model region should be located in a country where the is-

sues of RES introduction have not been explored well yet, and so the possibility may exist 

of conducting an integrated analysis in the RES establishing region. 

For years the RE sector has been developed poorly in some countries losing leadership 

positions in a number of directions. The development of an integrated methodological 

approach for the assessment of RES potentials assessment in particular regions of coun-

tries with insufficient initial data as well as its adaptability to specific conditions of the 

preselected territory may offer a promising potential for developing this research area. 

This may also allow representing the analytical tool useful for policy-makers, investors, 

developing companies and other interested parties in an accessible way.  
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Outline of the thesis  

 

This consists of five chapters.  

Chapter 1 (Introduction) describes the motivation of the thesis, the concept of the RE 

potential as well as the current global introduction of new RES capacities. Furthermore, 

the chapter gives a brief outlook of the RES development situation and energy policy in 

the energy sector. 

Chapter 2 (State of the art of using GIS for the assessment of RES potentials) gives a 

review on the ongoing research on RES development along with GIS methods for the 

assessment of wind, solar and biomass energy potential. Furthermore, an introduction of 

the selected study region and the research questions addressed are given. The chapter 

introduces the Krasnodar region (Southern Federal District of the Russian Federation) as 

the model region for employing the proposed multi-criteria assessment approach on eval-

uation of RES potentials. The Krasnodar region is a popular tourist and recreational area. 

Having a rapid infrastructure and economic development, the region has the largest short-

age of electricity in the country. To satisfy the ever-growing energy demand, RE technol-

ogies receive much attention.  

Chapter 3 (Methodology) describes the multi-criteria assessment methodology proposed 

to answer the research questions of the thesis. The following assessment steps represent 

the sequential order for the evaluation of wind, solar and biomass potential as theoreti-

cally, technically, and economically exploitable: 

(1) Assessment of the energy situation in the study region; 

(2) Assessment of limitations and buffer zones restricting RES introduction; 

(3) Evaluation of the available technical potential of RES; 

(4) Evaluation of the economic and market potential of RES introduction; 

(5) Modelling of development scenarios of RES introduction in the study region. 

This thesis, thus, presents a multi-source approach in support of spatial planning for RE 

exploitation at the regional level. It aims to establish an elaborate informative procedure, 

as well as integrated quantification and visualization via GIS maps, to support decision-

making.  
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Chapter 4 (Results and discussion) presents the main results of the multi-criteria assess-

ment of available RES and the potential for their exploitation in the study region. A sen-

sitive suitability analysis for identification of land-use classes appropriate for RES devel-

opment demonstrates potential location for installation of RES facilities. Furthermore, the 

energy situation in terms of energy production and consumption for the years 2014 – 2017 

as wells as the energy infrastructure is presented. The multi-criteria assessment approach, 

thus, takes a step further from the previous research in RES that focused on GIS-based 

identification of a realistic potential based on static mapping of RES in GIS.  

The proposed methodology provides an approach that facilitate establishing local GIS 

databases and handle efficiently heterogeneous open data. The results of the multi-criteria 

assessment energy actor with information that determine the existing opportunities and 

support RE planning process. This is through the provision of quantification and visuali-

zation of information on regional potentials and restrictions, to different energy stake-

holders such as the energy policy makers, investors and local authorities. Moreover, the 

approach presented in this thesis can serve as an example applicable in other regions to 

help in building a safer and sustainable energy system.  

In this chapter three energy scenarios will be given demonstrating possible pathways of 

RES development and recommendations, which will propose concrete measures towards 

RES implementation in the energy system of the Krasnodar region. 
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2. State of the art of using GIS for the assessment of RES potentials  

 

GIS are currently being broadly used to analyse the potential for RE as a source for pro-

ducing electricity and heat (Droege, 2006). Many GIS models are being developed to 

facilitate planning of renewable technology to replace or complement existing fuel 

sources or to be introduced in rural areas without any electrical infrastructure (Clarke et 

al., 2006). There are analytical tools advantageous for use by policy-makers, utility com-

panies, planning commissions as well as environmental, economic and energy technology 

researchers. It should be noted that the assessment of RES potentials generally leads to a 

systematic reduction of initial values of the theoretic potential to eventually calculate 

technical, economic and market potential values (Figure 2.1). 

 

Figure 2.1 Decrease the initial potential of RES by every assessment stage  

NASA, NREL (2015) 

 

At the regional level, several traditional techniques have been applied in RE planning. 

These include Multiple-Criteria Decision Analysis (MCDA) (Pohekar et al., 2004; Bec-

cali et al., 2003; Tsoutsos et al., 2009; Loken, 2007; Terrados et al., 2009), Delphi surveys 

(Celiktas et al,. 2010; Shiftan et al., 2006), and participatory approach (Neudoerffer et al., 

2001).  

There are also a few methodologies and empirical studies on RE planning in literature. 

Terra-dos et al. (2009) proposed a combined methodology for RE planning; a hybrid 
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composed of Strengths Weaknesses Opportunities and Threats (SWOT) analysis, MCDA, 

and Delphi methods. Sarafidis et al. (1999) established a planning approach for RE that 

compared energy demand estimation and RES potential estimation to identify the most 

effective exploitation of RES in the study regions. Droege (2006) introduced a framework 

and several tools to help in building a renewable energy system at the city scale. In plan-

ning practice, an aim to achieve 100% energy self-sufficiency through RE supply has 

been a common trend among European municipalities (REN21, 2015). Some of them 

such as Mauenheim (Germany) and Gussing (Austria) have achieved or will achieve en-

ergy autonomy in the coming decade (Takigawa et al., 2012). Nevertheless, RE planning 

application has often been limited to district, community, or city scale (Stremke et al., 

2010). Previous research has focused on estimation (Hoesen et al., 2010; Yue et al., 2066) 

and mapping (Ramachandra et al., 2007) of RES, whereas energy self-sufficiency analy-

sis based on demand-supply prediction at the regional level has been lacking. 

It is obvious on the one hand that mass data covering natural resources of the territories 

as well as economic characteristics of the region (energy infrastructure; energy balances; 

power lines; the presence of timber, woodworking, food and other industries enterprises; 

agricultural industry characteristics etc.) may be necessary for the regional level ap-

proach. On the other hand, it may be necessary to invoke those analytical tools that would 

allow collecting, promptly updating and mapping this mass data as well as displaying it; 

obtaining meaningful estimates on their basis and making calculations by means of an 

integrated analysis. 

An important point is that an end user may be more interested in integrated assessments 

by different energy sources. The use of hybrid power plants or development of several 

facilities (plants) based on different types of energy could be the most effective in specific 

regions. A further challenge is the incorporation of the spatial nature of energy systems, 

considering not only energy-related parameters, but also geographic and economic ones. 

This requires the integration of energy system models in GIS. However, this integration 

is not trivial for several reasons:  

(1) Modeling of energy systems and geospatial analysis processes is highly complex 

in terms of the combination of numerous model parameters to approximate the 

model to the real world without too much simplification (Van Hoesen et al., 2010);  

(2) Computational requirements for integrating the geospatial dimension into energy 

system models are enormous, due to increasing complexity of models and high 
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amount of datasets necessary for fine-grained results (Droege, 2006). However, 

geospatially and temporally fine-grained analysis results may constitute the major 

advancement over previous approaches that mostly either operated on a regional 

resolution or just examined a small area of interest;  

(3) Integration of a variety of heterogeneous data structures and formats poses a major 

challenge in integrating energy system models and GIS (Schoof et al., 2013).  

Thus, this chapter analyses previous research efforts in the area of RE system modeling 

and planning with GIS-based approaches. 

 

2.1 Geospatial data selection  

Spatial analysis with GIS organizes geographic data so that a person reading a map can 

select data necessary for a specific project or task. A thematic map has a table of contents 

that allows the reader to add layers of information to a base map of real-world locations. 

Maps can be divided into one-component (only one type of RES is considered: sun, or 

wind, or biomass etc.) and multicomponent (containing several RES) by themes (Szen-

timrey et al., 2007; Höhn et al., 2014). The initial data used for RE projects can be divided 

as follows: 

 The long-term performance of RES (e.g. meteorological and actinometrical1 data; 

a description of water wells with data on physical and chemical characteristics of 

geothermal fields; hydrologic data; data on industrial and human wastes, popula-

tion etc.). 

 Technical characteristics of facilities based on RES (to calculate the estimated 

electricity production). 

 Economic aspects (price for the energy from conventional and non-conventional 

sources (for comparison); energy balances of the regions; enterprises and manu-

facturing power plants based on RES; investments in this sector, tax privileges on 

the use of RES, employee salaries at facilities based on RES, etc.); 

                                                           
1 Actinometrical data - a data of several radiometric instruments, such as a pyrheliometer, which 

used chiefly for meteorological measurements of terrestrial and solar radiation (Kalitin, 1978). 
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 Social aspects (the employment rate and jobs available due to the construction of 

facilities based on RES; a relation between new jobs and the predicted amount of 

the produced energy; reduction of negative factors affecting a population health 

by the reduction of pollutant emissions; an aesthetic acceptance of new energy 

sources in the landscape etc.); 

 Environmental aspects (the pollutant reduction value when RES are used: reduc-

tion of soil and water contamination as well as radiation level etc.) (Szentimrey et 

al., 2007). 

Thus, the availability of baseline geographic information in the form of prepared atlases 

or separate raster layers for further processing and analysis may be the basic problems 

faced by the researchers while using GIS in RES potential assessment. We shall consider 

in detail geo-spatial data resources used as an initial basis by many research and design 

organizations. 

International Databases (DB) covering territories of different scales (NASA, WRDC, SO-

LARGIS, PVGIS and METEONORM) developed in the last two decades could be con-

sidered as products performing functions similar to GIS but providing mainly just an in-

formation basis for further analysis. Some of them are available via the Internet while the 

others may be commercial products. The mentioned DB, being in essence climate data-

bases, offer initial mass data which may allow conducting quantitative assessments (or 

qualitative characteristic) mainly of solar and wind energy sources as well as modelling 

the functioning of proper plants and systems. Surface measurements data as well as the 

results of the satellite monitoring and modelling (models of general atmospheric circula-

tion and solar radiation propagation in the atmosphere) may form the information basis 

for them. A number of BD contains terrain relief and site maps. 

The open GIS Database 3TIER Renewable Energy provides the FirstLook service of ini-

tial potential assessment of three RES: wind, solar and water flow. It may allow making 

some conclusions on performance potential of this software. Wind energy sources assess-

ment is based on observation data and numerical modelling of atmospheric circulation 

considering the terrain relief and surface properties. Spatial resolution of the model may 

amount to 5 km. Data for the model calculation may be taken from open meteorological 

information sources. The difference between surface measurements and model forecasts 
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for wind energy assessment may be less than 0.5 m/s at 50% of observation stations and 

less than 1 m/s at 78% of stations. 

Solar energy sources potential assessment may be carried out on the basis of the results 

of satellite monitoring and modeling. Similar approaches have been taken while evaluat-

ing incident solar radiation in NASA SSE Database which is the most in-demand both 

amongst some users and RE software. The user is not furnished with information on initial 

data to construct models of water energy resource endowment.  

The National Renewable Energy Laboratory (NREL), a division of the U.S. Department 

of Energy has many objectives. They have the mission to develop technology associated 

with renewable energy, advance the related science and engineering, and transfer 

knowledge into innovations that can address the country’s energy goals. While they are 

involved in many different areas of renewable energy and even help manage projects 

around the world, they also research and produce GIS data to be used by other investiga-

tors. This free GIS-ready data describes the potentials for solar, wind, biomass, and hy-

drogen production around the country. These maps are all completed and in raster format 

for the western part of the U.S. now with the goal of having the entire country finished 

soon (NREL, 2013). They also provide GIS data about the emergency management sys-

tem and the existing infrastructure of the electrical grid. To go along with this data, NREL 

provides a free downloadable GIS Toolkit that provides many analytical tools specifically 

designed for energy production analysis.   

Since 2011, free downloadable GIS Toolkits have been available at NREL official site 

not only for USA, but for Afghanistan, Bangladesh, Bhutan, Brazil, China, Salvador, 

Ghana, Guatemala, Honduras, India, Nepal, Nicaragua, Pakistan, Shri-Lanka and Turkey 

as well. There may be an insufficient number of GIS analogues on RE in CIS countries 

including Russia. However, GIS projects on water resources for several regions, the Atlas 

of solar energy sources in the territory of Russia and climate databases from observation 

stations have started a work along this line (Gridasov et al., 2011).  

For instance, the Russian Wind Atlas based on surface meteorological observations was 

released in 2000 by the Russian-Danish joint team of authors (Starkov et al., 2000). The 

issue contains rather lengthy statement of methods for wind energy sources assessment 

developed by Risø National Laboratory for Sustainable Energy (Technical University of 
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Denmark), a Danish scientific organization, and considered de facto to be the commonly 

accepted (but not indisputable) calculation tool in wind energy.  

However, the issue cannot be considered as a rigorous atlas since it does not contain any 

map of wind speed distribution nor other wind regime parameters. The set of qualitative 

and numerical characteristics, which could allow determining wind energy characteristics 

at weather stations sites is given for each of the selected weather stations in the territory 

of Russia:  

(1) Location of the station, 

(2) Rate and specific power of air flow (Wm-2) at different heights (10, 50, 100, 200 m) 

(3) Repeatability of wind speed from various directions, 

(4) Total wind repeatability as well as a wind rose, 

(5) Surface characteristics (e.g. roughness factor, characteristic roughness height).  

Current projects describing RES potential characteristics may be distinguished by the 

considerable map generalization, often due to a small scale. Hence, they may provide just 

a limited capacity to estimate solar, wind and other energy sources. Such parameters as 

non-uniform distribution and poor accuracy of data may deteriorate the value of the pre-

sented maps in the context of further resource potential assessment. It is of importance 

that a number of maps have been constructed on the basis of observation sites distant from 

each other, which could raise difficulties during further analysis. The uncertainty of a 

result unknown in advance could particularly complicate the analytical process in this 

instance. No robust qualitative model can be constructed on the basis of such data, and so 

no rather specific forecasts on RES potential can be made. 

 

2.2 Multi-layer approach  

At present, interactive maps based on Google Maps depicting energy source potential of 

various RES for several countries have been constructed. However, most of the maps 

represented today may not contain all the assessment stages in totality (e.g. RES infra-

structure, economic and market potential), which could render it difficult to assess risks 

for investors as well as create some degree of uncertainty for RE development. This may 

be probably due to the fact that scientific organizations from different countries are in-

volved in the project carrying out the development at the individual regional level without 
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RES integrated assessment. Thus, a scheme which can allow processing mass data as well 

as selecting step-by-step the required study regions may become a necessity for GIS 

multi-criteria analysis. Such scheme may contain several map layers and process mass 

data in steps (Figure 2.2). 

 

Figure 2.2 Sample model input layers and screening criteria for utility-scale solar photo-

voltaic power suitability model  

Argonne National Laboratory, (2014) 

 

There are numerous examples where GIS have been used to support the planning process 

of renewable energy infrastructure. Especially, the identification of suitable locations for 

wind and solar farms, pump storage hydroelectricity (Blarke and Lund, 2008; Connolly 

et al., 2010), as well as the mapping of renewable energy resources, including solar pho-

tovoltaic, wind, geo-thermal, biomass and hydro-electricity (Sliz-Szkliniarz et al., 2011; 

Van Haaren et al., 2011; Schardinger et al., 2012), have lately been widely explored. 

These studies employ geospatial data on land use, elevation, buildings and infrastructure.  
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Aydin et al. (2005) introduced a methodology based on GIS, fuzzy set theory and multi-

criteria decision making for finding the optimal placement of a hybrid wind-solar-photo-

voltaic (PV) RE system, which can potentially reduce the need for energy storage. The 

main argument of the authors is that, depending on weather and climate conditions, one 

renewable energy source is complementing the other.  

However, this methodology may only be applicable if enough space for power plants is 

available, which is hardly the case, for instance, in densely built-up urban environments. 

An additional limiting factor is that parcel or building owners can decide individually 

whether and how to use renewable energy. Thus, the individual use of renewable energy 

sources is oftentimes predetermined in that possible locations for setting up renewable 

energy power plants are rare in dense urban areas. In a similar way, Omitaomu et al. 

(2005) describe an adapted GIS-based multi-criteria decision analysis approach to deter-

mine the suitability for new power generating sites. The methodology considers environ-

mental, geological and socio-economic aspects, amongst others. Although this GIS-based 

approach is designed to work at large scales, it is spatially explicit in that it divides the 

entire area of the USA into millions of 100 m by 100 m cells and computes the suitability 

of each cell for new power generation sites. Significant drawbacks of approaches like 

(Gret-Regamey et al., 2011) include the lack of ability to consider more dynamic spatio-

temporal aspects across different spatial and temporal scales, or the lack of inerrability of 

topological aspects of the underlying energy network as regards the balancing of extraor-

dinary peaks in energy load shifts across spatially explicit cells. 

The International Renewable Energy Agency (IRENA) has been developing the Global 

Atlas for Renewable Energy since 2013. Regional mapping of the wind, solar, geother-

mal, tidal and biomass energy potential is one of the main objectives of the project. The 

addition of new layers such as economic and potential as well as buffer zones (re-

strictions) is being initiated gradually. Such criteria as market potential or energy infra-

structure assessment cannot be observed there due to the large scale of the project. Such 

data may require very detailed regional information.  

The innovative approach in the present work is that accounting of market conditions to-

gether with the energy situation assessment produce a correct description of implementa-

tion conditions thereby minimizing risks associated with RE projects. Recent studies 

(Omitaomu et al., 2005; Van Haaren et al., 2011; IRENA, 2013) have confirmed, that 
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results of the above mentioned approach are mandatory for a correct assessment of the 

real implementation potential of RES. Nevertheless, none of the represented researches 

or atlases may allow conducting integrated analysis of the territory from the perspective 

of technical and ecological potentials as well as in the context of economic and market 

criteria in total. These objectives may remain vitally important despite the developed car-

tographic materials to date. 

 

2.3 Scale determination 

 

Data development as well as database nomenclature select and initial data resources anal-

ysis may be one of the first objectives while developing GIS. It is advantageous to select 

the correct scale due to the resource heterogeneity and the necessity to map their charac-

teristics with various densities (Figure 2.3). Modeling an energy system requires a high 

variety of different base data (Gret-Regamey et al., 2011; Gormally et al., 2012). For 

many regions, datasets like energy production, installed PV power plants or population 

densities are available on a community level (Adams et al., 2006; Ostergaard et al., 2011). 

Depending on the data provider and the original usage and purpose of the data, a broad 

variety in the scale can be expected. For in-stance, data at the level of individual buildings 

have a high accuracy. A disadvantage at this scale, however, is that the data tend to be 

commercial and costly. 

 

Figure 2.3 Comparison of small and large cell sizes  

ArcGIS tutorial (2009) 
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Furthermore, some of the desired attributes might only be partly available. At this level, 

privacy issues are often of concern. When moving towards the block and postal code 

level, a loss in geospatial accuracy is expected (Hargreaves et al., 2012). Depending on 

the purpose of the study (e.g., a general estimation of the heat demand for a possible 

expansion of the district heating grid), this level may still be appropriate. For other pur-

poses (e.g., a more exact positioning of decentralized energy storage facilities), this scale 

may be too coarse. As a consequence, when coupling energy planning and GIS, there are 

at least three reasons why one would have to work on different spatial scales and to ag-

gregate or disaggregate the data:  

(1) Common scale (e.g., building level or district level) for all data is required for the 

analysis or validation of the results;  

(2) Faster computing time is desired; 

(3) Consideration of data privacy aspects are required. 

Hence, it is essential to apply methods that can store and process data at different scales. 

One option is to apply a geospatial database having a hierarchical structure in which the 

smaller units all are part of larger units as demonstrated by Tenerelli and Carver (2012). 

The data of the smaller units (e.g., districts) could then be aggregated to larger units (e.g., 

states) based on SQL queries. The same principle can also be applied to scales of finer 

resolution, including city district, housing block, street sections and individual buildings, 

among others. Another option for aggregation is to apply a regular grid on a lower reso-

lution than the original data, e.g. 100 m x 100 m for the modeling and visualizing of 

energy demand (Fernández-Jiménez et al., 2002). 

Nevertheless, scale selection may be difficult in some instances due to data heterogeneity 

and, more precisely, to the significant difference in their mapping accuracies. This prob-

lem is especially typical for describing RE potentials of entire countries since different 

regions may have split-level initial data (Fortov and Popel, 2015). For example, if the 

level of detail in one region could attain accuracy of the energy consumption at the level 

of individual building, then it would be the whole city without further differentiation by 

districts or industrial areas in another region. Thus, it may be particularly significant to 

make sure before starting RES potential analysis that the same scale could be kept within 

one assessment stage at least, e.g. energy infrastructure (Latinopoulos et al., 2015). 
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2.4 Energy situation and energy infrastructure assessment  

 

The value of using GIS-based approaches for solving questions in the renewable energy 

domain have been proven in a number of research projects, including technical potential 

assessment (Grassi et al., 2012), energy consumption modeling (Rodríguez-Hidalgo et 

al., 2012), planning of specific energy infrastructure projects (Zhou et al., 2013) and site 

planning for renewable energy power plants (Van Hoesen et al., 2010).  

Medrano et al. (2008) already stated that, with respect to sustainable energy infrastructure 

planning, standardized interfaces and GIS enable interoperable data exchange among spe-

cifically designed energy models, thereby fostering GIS as being an integral component 

rather than a spatially-aware add-on. Currently, one of today’s essential overarching prob-

lems in using GIS in renewable energy infrastructure planning projects is the lack of rel-

evant geodata or deficient data quality. The lack of geodata is primarily rooted in three 

main reasons.  

 Valuable datasets, such as energy and heat demands, energy production, types of 

home heating systems, line network structures or energy and heat grid topologies, 

are mostly owned by energy providers and distribution network operators, who 

are often not willing to provide these data to external institutions; 

 Many energy datasets, such as network topologies, have no explicit geospatial 

reference;  

 The inhomogeneity in the levels of detail and the non-area-wide availability of 

specific energy-relevant parameters are a central challenge in the context of the 

geospatial analysis of energy systems. For instance, the number of floors in build-

ings is hardly available for all buildings within a study area, although it would be 

significant for the energy demand calculation of individual buildings. This is spe-

cifically true if the study area crosses several administrative borders involving 

different public institutions providing the data (Frid et al., 2011).  

However, highly informative analysis requires more data and more advanced analysis 

methods. For instance, Kucuksari et al. (2014) propose a framework that incorporates 

GIS, mathematical optimization and simulation in order to find the optimal size and the 

optimal location of photovoltaic plants for campus environment. The GIS module serves 

for identifying appropriate rooftops and their photovoltaic panel capacity. However, this 
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approach is purely based on static geodata (in this case, light detection and ranging (Li-

DAR) data) and does not account for dynamic geographical variables, such as weather 

conditions, in general, or solar radiation and wind meteorological data particular. 

Coupling GIS with energy system modeling is also applied in the field of hydrogen sup-

ply, demands and infrastructures. Strachan et al. (2009) present an example of such an 

approach that is anchored within an economy-wide energy systems model of the U.K. For 

the German hydrogen economy, Ball et al. (2007) introduce an optimization approach for 

accessing the geographic and temporal aspects of a hydrogen transport infrastructure con-

figuration. The outcomes of both studies reveal that the use of GIS is crucial when ex-

ploring the impact of the geospatial dimension of hydrogen networks and the increasing 

changes in energy generation mix on future energy system infrastructure and supply 

chains. 

Sorensen et al. (2008) describe the process of measuring the potential of renewable energy 

production by solar, wind, and biomass in Denmark. The authors used the UN population 

data to determine the population and renewable energy potential in each of 0.5 km x 0.5 

km latitude/longitude grid cells. This was done including topographical features, annual 

rainfall, and the demand of energy. All of these factors can be analysed together in GIS 

with the same geographic location in common to determine the best energy source for 

each energy project in question. The authors attempted to use current energy standards to 

determine energy demand for 2050 to see if renewable energy would be sufficient or if 

other sources would be necessary to satisfy the demand. The results of this analysis were 

not advanced enough to answer the proposed questions, but provided a start to the data 

collection and theoretical work necessary to answer it. 

Computer aided analysis of integration of renewable energy systems in remote areas has 

been proposed by Muselli et al. (1999). In the proposed methodology a different perspec-

tive was taken to create data layers for electricity grid set-up, potential for solar energy, 

and topographical features on the ground surface. The authors used this information to 

analyze the most cost effective means of providing electricity to Corsica farmers that are 

currently lacking either existing infrastructure or decentralized electric production. For 

domestic use of less than 10 kWh per day and night, it was determined that decentralized 

power generation using a combination of photovoltaic cells and batteries was a more cost-

effective solution than extension of the grid network to these houses (Muselli et al., 1999).   
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Spatial Analysis of Rural Energy System was investigated by Pokharel and Shaligram 

(2012). The authors created a GIS based model that would allow determination of energy 

surplus potentials, energy deficits, and energy balanced areas within a given village de-

velopment as well as determine energy demands. Pokharel and Shaligram (2012) created 

a spatial energy information system (SEIS) addressed the above stated factors by as-

sessing the production ability of either biomass (fuelwood, charcoal, crop residues, ani-

mal manure, and biogas) or non-biomass (solar, hydro, and wind) sources. The authors 

used this model to assess the RES potential in rural areas of Nepal and demonstrated SEIS 

to be a valid method for developing a location specific energy resource and consumption 

profile.     

Amador and Dominguez (2014) attempted to test the reliability of GIS results when GIS 

analysis was used to estimate information about the use of RES and proposed projects. 

The authors performed a spatial sensitivity analysis on the study area. The spatial behav-

ior of the variables was studied to determine the robustness of the results. Amador and 

Dominguez concluded that variables with the greatest influence on the outcome of anal-

ysis were energy demand, storage life, photovoltaic system investment costs, fuel prices, 

and solar radiation. These factors should be measured more carefully. Since they have the 

ability to cause the most uncertainty in the analysis of deciding where and what type of 

RES to rely on. 

It may be concluded based on the considered research that the sequential and unified 

analysis, which could be reproduced and approved in other model regions, has not been 

conducted yet. Verification of these methods would further require quantitative iteration 

of the techniques in various regions, which could involve difficulties since data on which 

each of represented re-search is based may differ in scale and accessibility.  

Thus, the methods considering and making a corner stone of such concepts as ‘usability’ 

and ‘integrability’ for other study regions may become a necessity. Specific flexibility in 

the methodological approach, namely adaptability in case of the lack of initial data or its 

deviation from data initially required for calculations, may be also important. Therefore, 

it was actively used in this work, particularly for georeferencing. Such an analysis can 

receive wide acceptance from countries having similar preliminary energy and infrastruc-

ture conditions. 
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2.5 Impact of environmental effects, buffer zones and other limitations 

 

At present, not only the determination of a wide range of technical characteristics and 

energy potentials of RE facilities, but also the environmental assessment may remain im-

portant re-search trends. Such data is particularly important as it may allow analysing 

spatial distribution of natural limiting factors while accomplishing strategic objectives of 

RES introduction. 

For example, the WindScape software allowing regional wind resource potential mapping 

has been developed at the Commonwealth Scientific and Industrial Research Organiza-

tion (CSIRO), Australia (Coppin et al., 2003). The use of data on land cover, protected 

natural are-as and bird migration as a limiting factor for installation of wind turbines may 

be a characteristic property of this database. Data contains natural areas of preferential 

protection where construction is restricted at the legislative level. Another project, Ener-

GEO aims to provide a versatile modeling platform that will enable planners, environ-

mentalists and governments to calculate, forecast and monitor the environmental impact 

of changes in the energy mix on local, regional and global scales. Even though EnerGEO 

seems to be a thorough approach for integrating GIS and energy system models, clear and 

exploitable results are still missing. The existing energy potential mapping method (EPM) 

developed at the TU Delft allows assessing possibilities for increasing energy efficiency 

at the municipal and regional levels. However, this method is difficult to implement, and 

it considers technical and socio-political limitations only but disregards the environmen-

tal impact of energy facilities (Coppin et al., 2003).  

Special attention has been paid recently to criteria for sustainable development of territo-

ries in projects on RES mapping. Thus, the GIS software for the “Potential of Clean and 

Renewable Energy on Contaminated Lands” project has been developed in the USA. The 

use of lands after mining as well as other environmentally neglected zones appeared due 

to human industrial activities has been suggested in the project. The presence of power 

lines, infrastructure and road network may be considered as positive factors for RES de-

velopment in such territories, which could simplify and cheapen the construction signifi-

cantly. There may be also an economic benefit since contaminated lands are of little prom-

ise in terms of investment due to heavy costs of their cleanup and reclamation.  

The method for RES mapping on contaminated lands based on the natural resources po-

tential (average wind speeds, solar radiation, biomass potential), the area of projected 
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facilities, the remoteness from power lines and the remoteness from roads has been de-

veloped in the course of the project. Thus, the development of “clean” energy facilities 

on obviously contaminated lands may be considered one of the promising ways of sus-

tainable development of territories. 

The methodology employed in the present work can be used to identify feasible areas for 

RES installations based on the land suitability analysis. Results of the suitability analysis 

can define different parameters (such as restricted areas and energy incentive policy) to 

analyse their effects on power generation from RES. This is a powerful tool for develop-

ing a spatial decision support system for private or public facilities planning. Simultane-

ously with the fact that the restrictions can reduce the potential, they can also increase it 

by making more effective use of the provided territory. This leads to the rational use of 

land, recreational and other types of resources. 

At present, just a limited number of studies on environmental risk assessment are carried 

out on a regular basis, which could further result in environmental hazards to endangered 

species or a change in microclimatic characteristics of the territories (Baban and Parry, 

2011). RES technologies would be not so clean, non-waste and harmless or so called 

“green”, if not considering these factors. Incorporating this stage in the methods may be 

one of the most important tasks of the qualitative multi-criteria analysis, the more so there 

is enough georeferenced information on environmental characteristics in GIS DB in many 

countries. 

 

2.6 Economic and market potential  

 

Renewable energy decision making is considered a multiple-criteria decision making 

problem because of the increasing complexity of the related social, technological, envi-

ronmental and economic factors, and traditional single criterion decision-making ap-

proaches cannot manage the complexity of current systems in addressing this problem 

(Abu-Taha, 2013). Additional aspects that influence the growth of renewable energy uti-

lization are market and policy factors that play significant roles in the promoting the de-

velopment of renewable energy projects (Madlener and Stagl, 2005). While the economic 

and market potential is one of the most complicated stages of the potential assessment of 
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RES introduction, there may be a number of studies setting themselves this complicated 

task.  

Voivontas et al. (1998) claim that RES reduce energy loss, improve the reliability and 

stability of the energy system, and minimize environmental impact during the generation 

of electricity. Within their proposed framework, GIS were linked with a decision support 

system (GIS-DSS) to measure theoretical, available, technological, and economic exploit-

ability of RES in a given area. The framework proposed the minimization of social and 

environmental impacts by considering the location of housings and the location of diffi-

cult or sensitive areas based on local knowledge. The framework can be used by policy 

makers and utilities to maximize the RES potential, but still does not provide enough 

information for investors (e.g. time of return on investment, the cost-supply curve). 

The supply-cost curve of renewable energy sources is an essential tool for synthesizing 

and analyzing large-scale energy policy scenarios, both in the short and long terms 

(Izquierdo et al., 2010). It is often used in global, regional or country analyses of energy-

policy scenarios. For instance, a report from NREL “Village Power Program Flowers” 

came out of a 1998 conference to discuss the findings of pilot projects in 12 countries 

around the world that NREL managed and provided technical assistance. The findings 

were based on NREL employee feedback and included lessons about institutional aspects, 

lessons learned from the characteristics of the pilot projects, lessons about implementa-

tion, operational issues, and technology needs. Overall, the projects indicated the system 

to be functional, sustainable, and economically reliable. In above mentioned study, the 

supply-cost curve was employed as an essential tool in the analysis of economic potential.  

To demonstrate the spatial distribution of RE generation costs and draw the geospatial 

supply curve, unit RE electricity costs in the study area have to be calculated. For in-

stance, the total production cost of solar PV energy comprises initial investment cost as 

well as operation and maintenance costs. According to Hoogwijk (2004), the total initial 

investment cost is the sum of PV system costs and construction costs, and the annual 

operation and maintenance costs are considered constant and defined as a fraction (3%) 

of investment cost. The transmission cost and the lifetime of the system has been ne-

glected, which is in the opinion of the author of the present work a difficult but necessary 

task for the future analysis. Such a comprehensive analysis is on a great demand for in-

vestors and policymakers as well (Sun et al., 2013). 



38 
 

For policymakers, Yue, Cheng-Dar and Wang, Shi-Sian (2014) were attempting to eval-

uate the best use of renewable energy for a particular location of 12,560 ha in the Chigua 

area, South China. This area is unique in that the government has already shown signifi-

cant interest in converting the outdated fish farm area to renewable energy farms (con-

sisting of solar, wind, and/or biomass from sugar cane). The area currently contains a 

section of agricultural land to preserve with the renewable energy system set-up. Besides 

that, the migratory route of the endangered Black-Faced Spoonbill (Platalea minor) bird 

crosses the area. Based on the analysis, the near shore area was demonstrated to benefit 

most from using wind turbines and that sugar cane biomass used for ethanol fuel produc-

tion and solar power would be a good complement to wind farms. Nevertheless, no con-

version of biomass energy (e.g. to ethanol) has been proposed, which indicates the in-

completeness of the idea of complementarity of such a RE system. 

A regional scale GIS-based modeling system for evaluating the potential costs and sup-

plies of biomass was carried out by Graham et al. (2005). The authors presented a GIS 

model to calculate the amount of a biomass crop that could be produced and converted 

into ethanol fuel in a state. The model was based on calculating the amount of land use in 

the state dedicated to a primary (cash crop) or conversely a secondary crop. This allows 

the investigators to provide two different predictions according to the market value of the 

biomass crop. The model also incorporates soil quality, climate, current land use, and 

road network information. This in con-junction with economic, transportation, and envi-

ronmental models allows the researchers to accurately describe the potential costs and 

benefits of biomass production in a given state. 

Many applications working with RE facilities were carried out to test the calculation of 

leveling electric costs (LEC) of renewable energy production such as wind or solar vs. 

traditional energy production. Systems of disperse production and concentrated produc-

tion were assessed based on medium and low voltage loads on the existing network. Fi-

nally, Amador and Dominguez (2005) were able to make modifications to the GIS plat-

form to automate the calculation of accumulation, remove gasoline as a source material 

in analysis and allow user access to all GIS required parameters for a better economic and 

market potential estimations.  
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Nevertheless, the previously mentioned power market assessment is static and does not 

ac-count all necessary dynamic factors of the energy market (e.g. growth of energy con-

sumption or economic imbalances). Based on this, Samsonov (2010) defined five princi-

ples for energy market analysis including dynamic factors:  

(1) Subsidiarity (delegation of responsibilities between network levels),  

(2) Flexibility as an economic good (a good with spatial and temporal reference),  

(3) Adequacy in installation and retrofitting of the energy infrastructure (regarding 

costs, risks, utility, and limitations), 

(4) Cost equity (equitable distribution of costs of the energy system to originators and 

users), 

(5) Incentives for innovation and investments. Even though all of these principles 

have an inherent geospatial reference, consequently, a GIS-supported method for 

a new power market designs has not been defined yet.  

Thus, it could be seen that despite the presence of various studies on economic and market 

aspects, the efficient scheme describing step-by-step methods applicable for various re-

gions with their specific conditions has not been developed yet. Therefore, careful studies 

in this area should be continued. 

In the present work, economic and market indicators were yielded for the first time in 

detail within the framework of an individual assessment stage. Furthermore, the unit gen-

eration cost is considered the most important criterion because it defines the feasibility of 

RES electricity production and integrates regional market conditions. This paired ap-

proach (economic and market parameters) allows to create a complementary evaluation 

principle, where each parameter being studied complements or clarifies the other to obtain 

the most realistic result. 

 

2.7 Conclusions and central research questions  

 

It could be stated in this chapter that the energy sector has not been enough penetrated by 

geospatial data storage and modeling concepts in many countries, except USA, Germany 

and some others. Thus, raising the awareness of GIS-based methods effective data ex-

change as well as implementing the decision support system for RES would become fu-
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ture challenges. However, RES geospatial mapping is widely demanded due to RE devel-

opment worldwide. At the same time, there may be a lack of information on RES charac-

teristics as well as of a verity of software products allowing processing and analysing this 

data in every country or region of the world. RES mapping may have some features re-

lated to insufficiently uniform spatial and time data distribution required for their assess-

ment. The development of methods for such data interpolation and verification may be of 

current interest today.  

The unified data model needs to allow integration of a variety of different base data 

sources, including: renewable energy technical potentials, line network topologies, mete-

orological data, statistical data (e.g., population density), building properties, 3D building 

models, digital sur-face models, energy storage facilities, power plants and energy con-

verters, satellite imagery and amongst numerous others. Consequently, the data model 

needs to be able to handle variety of datasets, which is still a prevailing factor in the sector 

of geographic information studies. However, results from previous research projects have 

shown that a common agreement on a core data profile for energy-related data is hard to 

achieve (Sun et al., 2013; Gastli and Charabi, 2010).  

Another strategy to cope with the problem of the availability of highly heterogeneous 

datasets is the integration of pre-processed data into the data model rather than all the raw 

datasets, depending on the inputs required for a specific analysis task. For instance, if an 

energy system model requires building outlines to compute the passive solar energy po-

tential of single buildings, one would not store the original LiDAR point cloud in the 

database, but rather store the building outlines derived from the LiDAR data. First, this 

saves memory space in the database (Nguyen, 2012), and second, it allows for enough 

flexibility in adapting the database contents to the input parameters required by the energy 

system model (Gagnon, 2016; Boz et al., 2015). 

An additional challenge that comes along with limited data availability is the inhomoge-

neity in the level of granularity with respect to both the geospatial and the attribute di-

mension. For instance, building-specific parameters, such as the number of floors, may 

be accessible in one administrative region, but not in another, whereas the number of 

households is not available in one region, but accessible at the block-level in another. 

Thus, in order to find a common de-nominator in terms of a harmonized geospatial and 
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attributive level of granularity, innovative vertical and horizontal aggregation and dis-

aggregation mechanisms need to be developed.  

The seemingly most essential shortcoming in current energy systems research, which is 

based on topological system models, is the lacking bridge to geospatial planning activi-

ties. In other words, energy system models are largely decoupled from the real world (in 

a geographical sense) as they mostly only consider topological relationships within the 

network, disregarding the actual topographic and geographic relationships. The analysis 

of atlases and reference media on RES potential conducted internationally has revealed 

that the materials developed earlier may represent either a schematic map or an illustrative 

material or a text document devoid of any cartographic representation. Current projects 

could be often characterized by gaps in methodological bases of resource potential map-

ping and by an insufficient consideration of factors effecting the RE development in stud-

ies at the regional scale. 

Thus, the purpose of this work is to develop and approve the multi-criteria analysis of 

RES potentials by GIS, which is based on following criteria: 1) assessment of the energy 

situation; 2) analysis of initial (i.e. natural) RES potential and its constraints; 3) calcula-

tion of the technical potential on various types of RES; 4) the economic and market anal-

ysis for RES projects introduction. This approach should solve some scientific research 

problems that neither have been sufficiently advanced nor practiced judging from the lit-

erature review: 

(1) The development of the integrated methodological approach for RES potential 

assessment including step-by-step analysis of the following factors: technical, en-

ergy infrastructure, environmental and economic potential in GIS software; 

 

(2) Integration of spatially separated and heterogeneous initial data by qualitative 

non-georeferenced data conversion into georeferenced one, or to put it another 

way, filling the gaps under the circumstances of the lack of required data; 

 

(3) Adaptability of the suggested methodological scheme to the specificity of the 

study region due to several alternative calculations of the processed mass data; 

 

(4) Verification of the methods in the chosen model region. 
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The study is based on fundamental works in geoinformation as well as investigations on 

RE potentials. The following methods will be applied in this work: geoinformational, 

mathematical, cartographical modelling, programming, statistical and forecasting. The 

applied methodology of the present work constitutes the newly developed implementation 

order of the above stated methods.  

The implementation order is specific for each of the energy sources (solar and wind en-

ergy, biomass), but also contains general criteria common for every particular energy 

source (e.g. the assessment of energy infrastructure, energy situation of the investigated 

region, etc.). The methodology itself and the implementation order of analytical tools 

used for analysis will be described in detail in Chapter 3. The thesis has several main 

statements, which may serve thorough prerequisites for advantageously applying the sug-

gested methods in practice: 

(1) Applying multi-criteria methods for the integrated analysis at the RE development 

stage may play a distinctive role. RE can be introduced while building the infor-

mation base for long-term development planning of the energy sector as well as 

for developing standards for execution of designing works when installing and 

constructing RES facilities; 

(2) Authenticity and accuracy of results can be obtained by selecting important fac-

tors affecting RES installation and exploitation. Thus, this approach aims to con-

sider as much as possible criteria and limitations for developing and representing 

several model scenarios for the study region including worst case and best case 

ones; 

(3) Reducing risks for potential investors by the in-depth study of the energy balance 

as well as the efficiency forecast with allowance for weather conditions of the 

region along with economic factors affecting the success of RE introduction.  

An integrated methodological approach including mapping of potentials ranging from 

engineering to economic stages has not been employed at the regional level yet. Thus, 

this work can bring together separate mass data and approaches for its processing as well 

as adapt to the specificity and deficiency of initial data for the specific territory and so 

represent realistic values of RE introduction. The relevance of the work may be also de-

termined by the necessity to develop unified methods for RES potential assessment with 
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allowance for the broad range of prerequisites and limitations. The study will be of con-

siderable practical importance because GIS and databases may be an important tool for 

the performance analysis and making in-formed engineering, design and management 

decisions on RES introduction into regional energy systems. 

 

2.8 Study country 

 

RES have been already playing an important role in energy balances of developed as well 

as developing countries. Moreover, the transition from fossil fuels to RES would become 

more important globally, as oil and gas along with coal resources are depleted, new hot-

beds of geo-political tension are emerging, and various environmental problems are 

stored up on the one hand as well as RE competitiveness is growing on the other (Rafi-

kova et al., 2014). According to IRENA (2015) and IFC (2015) forecasts, the process of 

piecemeal replacement of some portion of conventional energy consumption by RE 

would continue in the next several decades worldwide. As regard to developing countries, 

drastic changes in energy consumption structure have not been forecasted yet, though 

some authors even now are developing plans for total or almost total transition to RES 

for big cities, regions and even entire countries. Such transformation could take more than 

one decade though it is technically feasible already. 

At present, RES may remain noncompetitive in many countries since the conditions for 

RE project implementation turn out to be unfavorable for a number of reasons. For ex-

ample, it may be very difficult for RES technologies to find its niche in the energy market 

of CIS countries due to considerable fossil fuel subsidies. Such favorable territorial and 

climatic opportunities in transition economy countries such as Kazakhstan, Ukraine, Mol-

dova and Russia could not affect the fast transition to RE (Popel and Fortov, 2015). Im-

plementation of RES projects should be based on serious economic concerns and pro-

spects for further development, sceptics from the mentioned countries say. Nevertheless, 

each country has their own energy efficiency and RE implementation strategies up to a 

certain level. 

An active investigation and analysis of various RES potential with allowance for the spec-

ificity of all implementation stages should be started on order to take efficient actions in 
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RE sector. This work focuses on revealing the importance of the accurate initial assess-

ment of the potential ranging from engineering to economic stages by the example of the 

country where RES development is still at a relatively low level as compared to Germany, 

Denmark, China, and USA taking the lead. An application of the multi-criteria analysis 

may be based on suggesting a number of scenarios for implementing new ecologically 

clean energy capacities in a country having little experience in RES development. 

As noted in Chapter 1, some countries, such as Kazakhstan, Russia, Belarus and Ukraine 

may arouse a particular interest among many others for the energy sector development. 

They have many common problems and challenges in the context of RES investigation, 

so the multi-factor analysis applied for one of them could be a model example for others. 

This approach could allow carrying out a comprehensive overview of risks and benefits 

of RE projects for the model region. Thus, it may make sense to apply these methods in 

the country having initial regional diversity and accessible initial data. This work deals 

with the Russian Federation, which meets the criteria mentioned above. It should be noted 

that the selection of the model region in the territory of the country with different weather 

conditions and possibilities of RE introduction might be also a crucial stage of the multi-

criteria methodological approach. 

 

2.8.1 Russia in the context of international and national energy transition  

 

Despite the global trends, renewable energy is still in a primitive state of development in 

Russia. Russia may seemingly have an excess of conventional energy resources in terms 

of national measures. According to IRENA (2016), Russia is ranked 1st in the world by 

gas reserves (32% of global reserves), the 2nd by coal reserves (19% of global reserves) 

and the 5th-7th by oil reserves (4-5% of global reserves).However, easy-to-reach deposits 

of relatively cheap energy sources are exhausted while the exploration and development 

of new fields may be very ex-pensive. It is apparent that the policy of the country may 

require a significant correction to-wards a more careful use of energy resources just in the 

nearest future. 

It may be economically justified to extract and use fossil energy resources due to large-

scale state subsidies which amount to $10 million per minute (or $5.3 trillion in 2015) 

worldwide according to an estimate by International Monetary Fund (IMF). These vast 
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sums of money are spent to maintain a reasonable level of field exploration and develop-

ment, to eliminate negative effects on environment and to develop the cumbersome infra-

structure.  

The affirmed Energy Strategy of Russia for the period up to 2035 provides in fact for just 

a slight relative decrease in export of energy sources. The export orientation is determined 

in many instances by the fact that the Russian oil and gas industry provides about 17% of 

GDP and more than 40% of the consolidated budget income, while it may be rather dif-

ficult to give up such earnings. However, timely development of RES industry may have 

a positive effect on the Russian economy.  

Exploration costs and investments in the equipment manufacturing for RE as well as in-

vestments directly in electric power plants producing electricity by means of RES could 

positively stimulate Russian economy and increase the innovation activity of Russian 

companies. The currency crisis (since 2014) may be the time to increase the efficiency 

and to correct strategies. Russian companies have been examining RES more carefully 

since 2014. For example, Rosatom State Atomic Energy Corporation plans to build wind 

power plants and invest RUB 83 billion (€1.1 billion) in this sector in 2018-2020 (Figure 

2.4). 

 

Figure 2.4 RES potential distribution in Russian Federation  

Rosatom (2015). Red ovals indicate already existing RE power plants 
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Today, 124 large-scale power generation facilities operate on the basis of RES in Russia. 

Their total capacity amounts to 2.3GW, i.e. about 1% of global electric energy production 

(Popel, 2015). Here, local electric power plants including those supplying small human 

settlements and facilities are not considered. There are entire regions having a unique 

combination of available RES which could complete the deficiency of energy supply at 

times or even provide full autonomy in case of well-thought-out systems for excess en-

ergy storage. Thus, new businesses and jobs as well as new possibilities for the develop-

ment of human settlements located on the territories isolated from the centralized energy 

supply could be created due to RES (Popel, 2016). 

The energy complex plays a dominant role in the Russian economy being its strategic 

industry, so its innovation-based development along with diversification may be of par-

ticular importance for the entire country. Russia may run the risk of losing positions in 

the global energy sector while its income from the energy industry, being extremely vol-

atile and dependent on a wide range of external factors, could decrease significantly (as 

it already happened in 2014 – 2015) in the next decades or even years without the devel-

opment of new technologies in the energy industry including RES technologies. Locali-

zation of manufacturing as well as expansion of technological capabilities in RE sector 

may be the prime object of the alternative energy support in Russia (Amerkhanov et al., 

2015). The development of RE sector may be favored by the cooperation with IRENA 

which member Russia became in July 2015. 

The slump in production in 1999 – 2000 has resulted in almost 40% reduction of CO2 

emissions in the atmosphere. However, according to the World Bank Statistical database 

(WBSd, 2015), the Russian economy stays about two and half times less energy efficient 

and more carbon intensive than other comparable modern countries (e.g. Canada, Ger-

many, Japan, USA). According to the Russian Statistical Annual (RSA, 2016) losses and 

leaks occur at every segment in the energy supply chain. The emission of GHG due to 

that losses and technological processes was more than 22% of all emissions of fossil fuels 

usage. Losses in electrical grids were 10% of all electrical power consumption, which is 

more than the total consumption in the transport and communication sector alone. 

Estimates show that by 2030 the amount of carbon emissions would not reach the level 

of 1990 even without special precautions taken, so there is no need to express a consid-

erable concern over this problem. The given data may seemingly play into the hands of 



47 
 

pessimists as renewables appear to be unimportant for Russia via macroeconomic analy-

sis, however it may not agree with objectives of the Russian government which begins to 

create the legal framework for RE introduction (Ratner et al., 2014). 

 

2.8.2 The legal national framework for energy use and efficiency 

 

According to data as at early 2016, total installed generating capacity in Russia may 

amount to 225GW of which only 1% is RES including 0.6% for biomass, 0.3% for small 

hydropower plants, 0.1% for wind and solar energy along with geothermal sources. At 

the same time, Decree No. 861-r issued by the Russian government on 28 May 2013 

provides that the share of green energy in the wholesale market should amount to 2.5% 

or about 6GW by 2020. RES support system has been developed in the Russian wholesale 

energy market to attain these values, so wind and solar power plants as well as small 

hydropower plants which could enter power delivery contracts guaranteeing the return on 

investments at the expense of increased consumer payments are selected annually 

(SOWITEC Group, 2015). 

The Federal Law of 26.03.2003 No. 35-FZ “On Electric Power Industry” defines renew-

able energy sources, empowers state authorities in regulating and supporting the use of 

RES and gives some mechanisms of government regulation demonstrated in Figure 2.5. 

Additionally, the Russian government has created new policies and legislation in order to 

develop and implement a successful energy savings strategy. In November 2009, Federal 

Law No. 261 “On Saving Energy and Increasing Energy Efficiency, and on Amendments 

to Certain Legislative Acts of the Russian Federation,” (“Law 261-FZ”) established a 

framework for how Russia will direct energy efficiency reform. However, the problems 

in this area are complex and require, for the most part, long-term structural solutions.  
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Figure 2.5 Legal mechanisms to support renewable energy in Russia  

Author’s compilation 

 

Programme on Energy Efficiency and Energy Development” including the sub-program 

“Renewable Energy Sources Development”. It aims at stimulating the development of the 

use of RES in subjects (regions) of the Russian Federation, attracting extra-budgetary 

funds to develop the use of RES as well as creating infrastructure conditions for develop-

ing the use of RES. So far, in Russia RES is supported by three ministries (Figure 2.6) 

participating in developing the Energy Strategy of Russia. There are also some specific 

proposals from them.  

 

Figure 2.6 Governmental support of RES  

Author’s compilation 
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The New Energy Strategy of Russia for the period up to 2035 provides for the gradual 

growth of RE share in the total energy balance of the country as well as for the active 

attraction of foreign investments in RES projects development. However, there may be a 

lack of specificity and strategic consistent actions of the state in the sphere of RES in 

contrast to many other countries. Political declarations on the importance of RES have 

not been supported by the necessary set of legislative acts stimulating the use of RES as 

well as framing “the rules of the game” for investors and “green energy” consumers yet. 

The government made also provisions for supporting RES in the wholesale market in 

early 2015. Thus, network companies were obliged to purchase their electricity, but not 

more than 5% of daily grid losses. The support mechanism covers energy facilities using 

biogas, biomass, landfill gas, solar, and wind energy as well as small hydropower. How-

ever, we shall look at Russia from a little bit another standpoint that is from standpoints 

of the regions of the country and particular energy consumers. 

 

2.9 Selection of a suitable model/study region 

 

The growing interest of many Russian regions to RE projects due to the necessity of stable 

energy supply at reasonable cost could be observed in the last several years. For example, 

about 8 – 10 GW of power coming from renewables have been targeted at the regional 

level by 2024. In 2015, seven new solar power plants with installed capacity of 1 – 25 

MW were brought into operation in all regions participating in RE programs. 

The extensiveness of the territory outside the centralized energy supply system makes the 

situation in Russia rather particular in terms of the energy supply. The centralized energy 

sup-ply covers only 1/3 of the territory while 70% of the territory with population of about 

20 million of people is powered primary by autonomous power plants running on im-

ported fuel. Renewable energy in these regions could be represented by autonomous fa-

cilities and hybrid power plants based on RES as well as standby diesel (gasoline) gener-

ators (Frid, 2014). Technical and economic assessments reveal that just the regions with 

the decentralized and autonomous energy supply may be most attractive for the effective 

use of RE. Moreover, many regions may be affected by increasing ecological problems 

which solution could be contributed by renewables significantly. 
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More than 50% of Russian regions are energy-deficient and forced to supply energy 

sources from other regions (Popel at al., 2016). The construction of hydro and coal-fired 

power plants meets strict environmental requirements. In consequence, the focus on local 

energy sources as well as everywhere accessible different RES included may become 

more relevant. The rise in prices for all types of fuel and electricity as well as the existence 

of restrictions on connection to grid and gas-distributing system in many regions of the 

country have resulted in the spontaneous development of small energy in recent years.  

Whereas commissioning of large-scale power plants has amounted to 9.7 GW only, in-

troduction of small power plants has been 13.4 GW over the period 2001 – 2007. In such 

a way, the market may respond to a change in price factors and the occurrence of infra-

structure limitations. Consumers may use small generation units on the basis of expensive 

liquid fuels in the absence of competitive technologies using RES in the domestic market. 

Import of these units may increase at a quickened pace at that. The share (by capacity) of 

the introduced Russian-made small generation units has decreased from 80% in 2001 

down to 28% in 2007. Financial losses of commodity producers may be estimated at hun-

dreds of millions of dollars. 

As a result, the united power grid, which has been the basis of the power supply reliability 

in the country in its time guaranteeing low electricity cost due to the scale effect, may be 

in a very profound strategic crisis so far. This situation has been reflected by the fact that 

consumers of small and medium capacities (from 1MW) spontaneously refuse, partially 

or completely, to use services provided by the centralized energy supply in favor of their 

own generation units. A demand for non-network generation may start increasing spon-

taneously after the price level of 3 – 4 rubles (€ 0.05 – 0.07) per kWh has been overcome. 

The situation is exacerbated by the network access problem on the part of the enterprises 

being constructed. For example, companies face problems of high grid connection costs 

in Moscow, St. Petersburg and Krasnodar as well as in a number of other energy-deficient 

regions. About 30% of grid connection requests may be not granted on the average, while 

deadlines of many requests could be extended. A satisfactory experience in the use of 

wind power may be observed in Chukotka and Kaliningrad region as well as that of mini 

and micro hydropower plants may be the characteristic of Bashkiria, Dagestan and Tyva, 

while solar energy is effectively used for hot water supply of sanatorium-resort complex 
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facilities in Krasnodar region, apartment houses and industrial enterprises in Buryatia and 

the high-altitude astrophysical observatory in Karachay-Cherkessia.  

There may be good prospects for the effective use of RES in special tourism and recrea-

tion areas which development has been already decided in different regions of the coun-

try. The use of latest energy-saving and environmentally friendly energy technologies 

during the construction of Olympic facilities in Sochi may be an example to that. The 

attractiveness of these facilities for the effective extensive use of RES may be determined 

not only by economic causes but by strict environmental requirements as well. Primary 

investigations have revealed high efficiency of the combined use of solar, wind and geo-

thermal energy as well as micro hydropower plants in the territory of recreation areas in 

the Pribaikalsky National Park, in the North Caucasus (Sochi, Kabardino-Balkaria and 

Karachay-Cherkessia) along with Primorski region. 

An increasing interest of Russian and foreign energy companies in developing a number 

of geothermal power plants, wind farms and mini hydropower plants in the territory of 

Russia may be encouraging. Thus, the regions having potential for RES introduction 

should possess the following factors: 

(1) Availability of appropriate environmental conditions;  

 

(2) Imbalances in the energy management (e.g. energy deficiencies);  

 

(3) Availability of basic geo-referenced data in open sources; 

 

(4) Investments in RES sector and successful pilot projects.  

The important point is that the model region on which basis the multi-criteria scheme of 

the analysis for countries and/or regions having similar initial conditions such as brief 

experience in RES development and lack/incompleteness of initial data could be tested 

and implemented is taken as the base. Thus, the methodology could be used in a number 

of countries where risk and RES introduction potential assessment may be rendered dif-

ficult and the investment activity may be low as a consequence. So far, the Krasnodar 

region (Figure 2.7) has been selected to meet all characteristics mentioned above.  
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Figure 2.7 Location of the Krasnodar region  

RosStat (2012) 

 

Besides that, it may be critical to define the range of RES for consideration. Since the list 

of RES types may be rather broad and polytypic, solar, wind and biomass energy sources 

have been selected for a detailed consideration. These resources could represent the 

scheme for RE introduction in the study region more visually and versatilely due to the 

greater abundance, state of exploration as well as complementarity.  

 

2.9.1 Krasnodar region: geographical, economic and energy description 

 

The Krasnodar region (also called Krasnodar krai or Kuban) is the most southern Russian 

region located between Georgia and Ukraine. Its administrative center is the city of Kras-

nodar. The region is sometimes referred to as Kuban, a term describing a historical region 

of southern Russia. In 1991, the Adygea Autonomous Oblast abandoned the region’s 

structure and was reorganized into the Adyghe Republic with Maikop as its capital. Now-

adays, the region occupies an area of 76,000 km2 and is divided into 38 administrative 

districts (Figure 2.8).  
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Figure 2.8 Districts of the Krasnodar region  

Administration of the Krasnodar region (2014) 

 

According to regional statistic agency KrasnodarStat (2016) more than 5.5 million people 

live in the region including about 53% – in the cities and 47% – in the rural area. Average 

population density amounts to 67.2 persons per km2. The population of Krasnodar region 

is concentrated in the Kuban River drainage basin, which has used to be traditional Cos-

sack land (OSSFD, 2016). The region is located in the south-west part of the Northern 

Caucasus, and the 45th parallel splits it up in approximately two equal parts. In the north-

east, the region borders on the Rostov Oblast, on the east — on the Stavropol Region. 

The territory is washed by the Azov and the Black Seas in the northwest and southwest. 
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The total extent of the borders of the region is 1,540 km including 800 km overland and 

740 km on the sea (KrasnodarStat, 2016).  

The territory is divided into two extremely different parts: the northern – plain and the 

south – mountain. The plain zone – the Prikubanskaya lowland – covers two third of the 

territory being the most developed part in terms of economics. The southern zone is 

formed by systems of ridges of the Western Caucasus, the foothill belt and a narrow line 

of the Black Sea coast adjacent to it. Being situated at the border of moderate and sub-

tropical latitudes as well as at the junction of plains and mountains, the region is distin-

guished for the variability in weather conditions (KrasnodarMeteo, 2014. The most part 

of the territory has temperate continental climate, while the Black Sea coast is character-

ized by the subtropical one. The average temperature in January on the plain is minus 3 – 

5 °C, in July – plus 22 – 24 °C (Figure 2.9). 

 

 

Figure 2.9 Average climate graph of the study region  

KubanMeteo (2016) 

 

The Krasnodar region is the warmest region of the country having 2,300 sunny hours per 

year (Butuzov, 2012). According to KrasnodarMeteo (2014), forests covering a total of 

more than 1.8 million hectares are one of the most important natural resources in study 

region. Among the riches of Kuban, forest takes the most important place since it is of 

great environmental significance and is the main source of valuable kinds of wood in 
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Russia. The total area of forests in the Krasnodar region amounts to more than 1.8 million 

hectares. The oak and beech forests, having an industrial value, occupy 49 and 19% of 

total forest area available in the region respectively. 

The Krasnodar region is characterized by industrial, agrarian and recreational type of the 

development. According to Amerkhanov et al. (2015) basis of the economic structure of 

the Krasnodar region is formed by industrial, construction, fuel and energy complexes as 

well as information and communication technologies along with agrarian, industrial, 

transport, resort-recreational and tourist complexes.  

The last three lines of activity (agro industrial, transport, sanatorium-resort, and tourist 

complexes) correspond to the priorities of social, ecological and economic development 

of Russia and determine a special status of the Krasnodar region in the national economy. 

Thus, this may result in the fact that the region is one of the first subjects of the Russian 

Federation, which get the financing from the federal budget for developing renewable 

energy programs (SOWITEC GmbH, 2015).  

The rating of the Krasnodar region in the global business community is rather high: the 

Standard & Poor's has assigned a BB rating (a "positive" outlook) to the region. Moreo-

ver, the region enters top seven Russian regions with the lowest investment risks and 

holds the second place in the rating of Russian regions classified by a legislative activity 

in the sphere of investments (CUBE GmbH Report, 2012). So far, a lot of work is being 

done on implementing electric vehicles and public transport on biofuel in resort areas 

(Grigorash, 2014). There are some pilot projects by now providing free car battery charg-

ing in special parking zones in Sochi, Anapa and other large resort towns of the regions 

(RIA News, 2014). 

Unique climate and environmental conditions of the Krasnodar region as well as the avail-

ability of advanced medical facilities and technologies along with historical sites may 

establish the potential for the development of tourist and recreational complex meeting 

the growth of population and energy demand. According to Russian’s state Statistic 

(Rosstat) (2016) the domestic tourist flow amounts to 33 million of persons per year in 

Russia. One third of them visit resorts of the Krasnodar region. The growth in tourist flow 

in the region may be evidenced over the last decades, while it has attained 13 million 

visitors by 2016. Kuban has about half a thousand tourist attractions including caves, 

canyons, waterfalls and dolmens. 
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According to KrasnodarStat (2015), the energy complex of the Krasnodar region is rep-

resented by more than 300 enterprises with different types of ownership having about 

60,000 employees and producing more than 25% of region’s industrial output as well as 

providing over 10% of total tax revenues to the regional budget. The structure of the 

system comprises the following industries: electric power industry, heat power industry, 

gas industry, pipeline transport, oil and gas extraction industry, oil refining and petroleum 

products industries.  

The energy safety and efficiency as well as budget efficiency and environmental safety 

of the regional fuel and energy complex are strategic directions of the long-term energy 

policy of the region. Considering the system of goals, objectives and targets of the Gov-

ernment of Russia in compliance with the Energy Strategy of Russia for the period up to 

2035 and the program of socio-economic development of the Krasnodar region for the 

period up to 2020 (RSA, 2011), the strategic objectives of the fuel and energy complex 

of the Krasnodar region may be stated as follows: 

 A reliable and balanced supply of fuel and energy resources (FER) for economic sec-

tors and social sphere of the Krasnodar region; 

 Ensuring a faster growth rate of capacities for electricity and gas supply in order to 

implement the long-term and higher-priority investment projects in the region; 

 Increasing the energy efficiency of the regional economy; 

 Meeting energy demands under constantly increasing energy consumption; 

 Increasing electricity generation from 40 to 60% of the required amount in the region. 

The energy system is pushed nearer to its limits while having a limited transfer capacity 

of the existing infrastructure so far. According to official federal statistic data (2015), 

deterioration of the energy networks may come up to 75%. Besides, heat and electric 

energy is transferred via outdated distribution schemes. Therefore, rather heavy losses 

may occur for this as well as for a variety of other reasons. All of this may surely reflect 

on power tariffs as well. On the other hand, the energy consumption growth in the region 

may increase the load on the entire infra-structure additionally (Butuzov et al., 2013). 

Basic production assets of the Kuban energy sector being rather worn out to date were 

produced several decades ago. The wear and tear of the existing power generation equip-

ment of JSC Kubanenergo may amount to about 70% on the average as compared to 52% 
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of the Russian average. Every year there is an increase in the number of worn-out equip-

ment, buildings and constructions to be replaced, reconstructed and technically re-

equipped since electric power substations, electric networks and heating systems have not 

been essentially modernized in the last 7 – 10 years (Rosstat Annual Report, 2015).  

According to KubanEnergo (2014), the overall technical condition of the investigated 

electric networks and heating systems is close to critical, and the situation would worsen 

in the future at current re-equipment rates since only 50 – 80% of capital construction and 

reconstruction programs are implemented. The planned increase in energy consumption 

due to 2014 Olympics and further active use of Olympic facilities as well as to the indus-

trial production growth along with the development of agricultural production and pro-

cessing amounts to 5.5% per year.  

Even now, the residents complain of poor quality of energy supply in agricultural areas 

of the region in particular (main voltage is 140 – 180V, lack of power). This is due to the 

fact that the industry has not kept pace of modernization with the rates determined by the 

economic development (RIA News, 2016). Therefore, these items are considered as prior 

strategic objectives of the Krasnodar region so far. It is imperative to develop and opti-

mize distribution networks, introduce additional RES at autonomous generation in par-

ticular and strive for improvement in quality of the energy supply at the expense of envi-

ronmentally friendly energy sources to solve these problems. 

Today, the use factor for RES in the energy balance of the region may not exceed 1.7% 

revealing a great potential for increasing the share of such power generation facilities 

(Frid et. al., 2014). Thus, the advisability of developing the Kuban energy sector on the 

basis of RES is based on a great number of fundamentals, and the region has all prereq-

uisites for gaining the lead in RE sector at that. As a consequence, the Krasnodar region 

could be a model for regions and countries with similar problems and initial conditions 

showing an example of effective introduction of new energy sources. 
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Methodology 

 

 

3.1 Significance of a comprehensive RES potential assessment 

As demonstrated, a multifactorial GIS approach can have a significant contribution in 

identifying environmentally feasible locations for RES, which require management and 

analysis of wide range of spatial data types (Loken, 2007). Current developments in the 

field of spatial multi-criteria analysis (SMCA) (Terrados et al., 2009) are characterized 

by gaps in the availability of adaptation schemes for the integration of non-georeferenced 

data into GIS. Many current approaches (Czaplicka-Kolarz et al., 2009; Celiktas et al., 

2010; Takigawa et al., 2012) do not include digitalization of large sets of non-georefer-

enced data thus preventing themselves from finding and selecting essential and some-

times critical characteristics of RES potentials. This information is often available in re-

porting and other non-georeferenced data. 

Consideration of such information is crucial for the success of RES introduction. Risks 

of incorrect evaluation are acute if this data is not addressed from the analysis in project 

studies. This situation may challenge realization of the project and increase initial capital 

expenditures connected with further correction of unaccounted criteria. Thus, an elabo-

rated set of methods may allow reducing risks of insufficient initial data. Digitalization 

and spatial referencing of crucial factors for the RES potential assessment is an innovation 

of the methodological approach proposed in this thesis. Another distinct feature is that 

the proposed evaluation stages have been considered in an overall workflow for the first 

time. So far, major research on RES studied by the author focused on several evaluation 

stages (cf. Chapter 2) having considerable gaps in methodological approaches. The results 

of such studies have require significant improvements and unaccounted parameters to be 

included. 

The development and implementation of this methodological approach may have a favor-

able effect on regions and countries where comprehensive assessment of RE potential as 

well as sufficient GIS data is unavailable. These areas may often have huge unexplored 

RES potential. Therefore, they should be studied with the same accuracy as the regions 

with sufficient initial information in such countries as Germany, Denmark, USA and oth-

ers. However, even these leaders may lack some free accessible data, which impedes the 

assessment and poses barriers to researchers and potential map users.  
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The proposed multi-criteria assessment methodology combined various parameters (e.g. 

RES potential and specific characteristics of the Krasnodar region) in one workflow. 

Some of these parameters will change only slowly in time saving the obtained results for 

5-10 years. For instance, the results on the assessment of the theoretical solar energy po-

tential may not change for decades (in case of initially robust estimation). The stable solar 

energy potential may be explained by constant natural climatic characteristics of the study 

region (Kowalski et al., 2009). The technical potential characteristics are more dependent 

on technological progress in their turn, e.g. the applied power system generations (wind 

turbines, solar panels). Therefore, the rate of change of the available technical potential 

is related to the degree of introduction of innovations into the market. Although a variety 

of improved and updated technologies are known, there are classical models of RES fa-

cilities considered reliable and being in steady demand for more than 5 years today 

(Greene et al., 2010). 

The economic potential is mostly dependent on and determined by two previous param-

eters combined. The economic potential is more flexible among all other parameters. This 

is because it is based on the price movement referred to design, manufacturing, installa-

tion, logistics and other costs of RES standard projects (Tenerelli and Carver, 2012). For 

instance, solar energy may become cheaper with the passage of time, while wind turbines 

and biogas facilities of medium power (2 – 15 MW) have remained at the same costs over 

the past 5 years (IRENA Global Report, 2016). 

A key feature of the proposed methodological approach is that initial data and calculation 

model may vary for each type of RE. Specific features according to characteristics of a 

particular type of RE may be considered in this manner. For instance, consideration of 

one types of limiting factors (e.g. bird migration routes, proximity to an airport) may be 

required for wind, while that of others (e.g. shadiness of the area, slope angle) would be 

essential for solar energy. Thus, there is a good reason to present the extended scheme for 

the data used and the processing procedure for particular energy sources, namely wind, 

sun and biomass, in the next section of the study. 
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3.2 The multi-criteria assessment methodology for the evaluation of RES potentials 

in the Krasnodar region 

Georeferenced mapping of RES is widely demanded due to the development of RE world-

wide. However, there may be a lack of baseline information on characteristics of the ter-

ritories for the proposed RES introduction.  

Mapping of wind, solar and other kinds of RE may have a number of features related to 

non-uniform spatial and temporal data distribution required for their comprehensive as-

sessment and obtaining realistic results. Therefore, the development of an integrated 

framework of interpolation methods for such data to evaluate RES potentials is relevant 

for research on RES. DB verification as well as the use of additional sources (statistical, 

cadastral and reporting) for adapting and mapping various RES characteristics may be 

required additionally.  

To facilitate a comprehensive exploration of RES potentials in cases of insufficient base-

line data, this thesis proposes a multi-criteria assessment methodology (Figure 3.1) con-

sisting of a sequence of steps that allow for the evaluation of wind, solar and biomass 

potential as theoretically, technologically, and economically exploitable. In this thesis, 

the proposed methodology is used to explore the exploitable potential of wind, solar and 

biomass energy resources in the Krasnodar region (Russian Federation). The multi-crite-

ria assessment methodology consists of three stages of evaluation, which represent sets 

of restrictions on the exploitation of the RES potential (Figure 3.1). First, the theoretical 

potential is assessed (Stage 1), and then the technological potential is evaluated (Stage 

2). Finally, the economic potential is evaluated on the basis of appropriate financial indi-

ces (Stage 3). For each assessment stage, thematic digital maps present the evaluation of 

the theoretical, technological and economic potential for the three RES. 

The proposed assessment methodology follows two analytical lines, herein the middle 

represents the resource parameters of the three RES (such as wind speed, irradiation, etc.) 

derived from appropriate data sources (left part), while the right represents specific local 

characteristics of the Krasnodar region that may limit the exploitation of the RES poten-

tial. Two types of data provided the empirical basis for the assessment of the RES poten-

tial in the Krasnodar region, namely georeferenced data and non-georeferenced data. The 

latter originated from statistical surveys, reports of public authorities and private investors 

etc. and were converted (i.e. digitized) into an appropriate form for GIS analysis. The 
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process of converting various non-georeferenced data into location-based GIS data is 

termed as adaptation in this thesis. The incorporation of the different types of data aimed 

at the evaluation of the maximum number of factors that may affect the exploitation of 

RES potentials in the Krasnodar region. 

 

 

 

Figure 3.1 Workflow of the multi-criteria assessment methodology 
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3.3 Data sources relevant for the assessment of RES potentials in Krasnodar region 

 

Two types of data provided the empirical basis for the assessment of the RES potential in 

the Krasnodar region, namely georeferenced data and non-georeferenced data. Large 

georeferenced data sets originated from the NASA Surface meteorology and Solar Energy 

(NASA SSE) and OpenStreetMap (OSM). For parameterization of NASA SSE models, 

constantly updated satellite data on radiative balance on the upper boundary of the atmos-

phere, earth albedo, cloud cover, concentration of aerosols etc. is used. The NASA SSE 

has been verified for Russian environment (Kiseleva et al., 2013; Rafikova et al., 2015) 

using surface measurement data including that of Russian weather stations (Meteocenter 

DB, 2013-2017). However, the NASA SSE may not display microclimate of certain areas, 

and so great may be the importance of valid surface measurements and georeferenced 

databases such as OSM. The OSM is a free map of the world with many thematic digital 

layers. 

The non-georeferenced data originated from statistical surveys, reports of public author-

ities and private investors etc. and were initially converted (i.e. digitized) into an appro-

priate form for GIS analysis. An example of georeferencing is given in Appendix 3.1.  
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3.4 Theoretical resource potential 

 

3.4.1 Onshore wind energy  

 

The assessment of the theoretical onshore wind potential was performed using the work-

flow depicted in Figure 3.2, which is the wind-specific component of the multi-criteria 

assessment methodology. Input data used for the assessment of the theoretical onshore 

wind potential is shown in Table 3.1. A detailed presentation of data input, data pro-

cessing and cartographical output is given in Appendix 3.3. 

 

 

 

Figure 3.2 Workflow of the theoretical onshore wind energy potential 
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Table 3.1 Data used for the assessment of the theoretical onshore wind potential 

(1): georeferenced data; (2) non-georeferenced data (official reports, statistics, etc.) 

 

First, data on wind speed collected from 45 meteorological stations of the Krasnodar re-

gion were extrapolated to the height of wind turbines (i.e. 80 m above ground) and georef-

erenced. The extrapolation was performed using the modified power law (Akpinar et al., 

2003) or 1/7 power law for the energy output variation (Patel, 2006) defined by equation 

[1]: 

𝐕𝟐

𝑽𝟏
= (

𝒁𝟐

𝒁𝟏
) 𝒂𝒎                                                                                                                              [1] 

V1:  average annual wind speed at a height Z1; 

V2:  average wind speed at the height of extrapolation; 

Z1:  height of wind speed measurements at meteorological stations; 

Z2:  height of wind turbines; 

am:  value dependent on the roughness of the physical surface defined empirically. 

The surface roughness, which is the determinant for variable wind speed was accounted 

by using the CORINE Land Cover data and the empirical roughness values (cf. Table 

3.1). The process of extrapolation and correction of initial wind speed data yielded aver-

age annual wind speed at a reference height of 80 m above ground level, with a horizontal 

spatial resolution of 2.5 km.  

Parameter Information Main reference 

Wind speed Empirical data (climate normal) from 45 meteoro-
logical stations of the Krasnodar region 

KubanMeteo, (1,2) 

Surface roughness Map of 44 land use classes in Europe (resolution, 
250 x 250 m); 
Empirical roughness values for the land use classes 

CORINE Land Cover (1) 
 
Roger and Brode, 2007 

Slope Slope of the topography is the critical characteris-
tic for installation of wind turbines and construct-
ing works 

Digital elevation model 
(DEM), ASTER GDEM, (1) 

Constraints  Minimum wind speed and distances to objects 
prohibiting installation of wind farms; 
Land use classes prohibiting wind farm installa-
tions 

Vogt et al. (2012), Table 3.2 
 
OpenStreetMap (OSM) (1)  
KubanCadaster (2) 
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As physical, planning, economic, etc. constraints may limit the available area for instal-

lation of wind farms and thus reduce the theoretical wind energy potential, a set of con-

straints (Table 3.2) was considered in the assessment of the theoretical potential. Besides 

the environmental constraints such as water bodies and areas of ecological value, digital 

topographical maps of elevation, slope and curvature with a spatial resolution of 30 m 

were derived using DEM (Table 3.1). Areas with slopes > 20% were excluded due to high 

costs of installing works and safety risks during erection of wind turbines and boring 

works for construction of foundations. 

  

Table 3.2 Constraints prohibiting the installation of wind farms  

Criteria Constraint factor Consideration 

1 Avoidance of summits of large hills Topography Physical 

2 Maximum slope 10% Topography Physical 

3 Westerly orientation Wind direction Planning 

4 Minimum wind speed 5 ms-1 Wind speed Planning 

5 Minimum distance to woodland 500 m Land use/cover Environmental 

6 Minimum distance to large settlements 10,000 m Population Planning 

7 Minimum distance to dwellings 500 m Population Planning 

8 Maximum distance from roads 10,000 m Access Economic 

9 Maximum distance from the National Grid 10,000 m Economy Economic 

10 Minimum distance to water bodies 400 m Hydrology Environmental 

11 Minimum distance to areas of ecological values/ Ecology Environmental 

 special scientific interest   

12 Minimum distance to historic sites 1,000 m Historical/cultural  Resource 
  resource  
13 Minimum distance to airports, 2,000 m Land use Infrastructure 

Author’s compilation after Vogt et al., 2012 

 

Taking into account limiting factors and restrictions, which act as exclusion criteria elim-

inated areas of the Krasnodar region with characteristics prohibiting the exploitation of 

wind energy and yielded the available theoretical onshore wind energy potential.  

Next, a land suitability analysis was conducted to find the most suitable areas for the 

installation of wind turbines. Mendoza (1997) defined land use suitability as a generic 

term associating a combination of factors and their effects with respect to potential land 

uses. The generic model of land suitability can be formulated according to formula [2]. 

𝑺 = 𝒇(𝐢𝟏, 𝐢𝟐, … 𝐢𝐧)                                                                                         [2] 
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S:    suitability measure (class in the present work); 

i1, i2, in: indicators affecting the suitability of the land.  

 

Wind speed is the most influential criterion in determining the suitability of land for wind 

turbines. Ideally, wind farm sites should be close to roads and the existing power grid 

systems. Moreover, several geographic criteria must be taken into account. Areas with 

lower slopes are more suitable for wind turbines than areas with steep slopes, as construc-

tion is significantly easier and costs lower where the ground is flat. Finally, economic 

factors including distance to roads, urban areas and transmission lines should be consid-

ered. However, economic factors are less restrictive for the theoretical wind potential, but 

may become more important for the calculation of the available economic potential since 

they may increase the overall costs due to the extension of the power grid.  

In the present work, suitability of areas for wind turbine installations was distinguished 

using five suitability classes (Table 3.3) applying pairwise comparison of criteria to offer 

a ratio scale. The weight of each criterion was derived, by directly comparing the im-

portance of one criterion to another (Saaty, 1980). The criteria are ordered according to 

their degree of importance and normalized on a scale of 1 to 5, where 1 is the highest 

value and 5 is the lowest for the current assessment stage. 
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Table 3.3 Suitability classes for the assessment of areas for the installation of wind tur-

bines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Criteria Importance Indicators Suitability class 

Wind speed 
 

1 > 9 m s-1 

7 - 8  m s-1 
6 - 7  m s-1 
5 - 6  m s-1 
< 4   m s-1 

High 
Good  
Medium  
Bad 
Not suitable 

Slope  
 

2 <1% 
1 - 2.5% 
2.5 - 5% 
5 - 10% 
> 10% 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
urban area 
 

3 <5 km 
5 - 10 km 
10 - 15 km 
15 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
power grids 

4 <5 km 
5 - 10 km 
10 - 15 km 
15 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
road 

5 <2 km 
2 - 5 km 
5 - 10 km 
10 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 
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3.4.2 Solar energy 

 

The assessment of the theoretical solar energy potential using a similar workflow (Figure 

3.3) as for the assessment of the theoretical onshore wind energy potential, except for the 

initial data, which is shown in Table 3.4.  A detailed presentation of data input, data pro-

cessing and cartographical output is given in Appendix 3.3. 

First, empirical data (climate normals) on wind collected from 45 meteorological stations 

of the Krasnodar region as well as data on surface albedo and cloudiness were georefer-

enced and transferred into the r.sun model of the open source GIS environment GRASS 

GIS for integration. 

 

 

Figure 3.3 Workflow of the theoretical solar energy potential 
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Table 3.4 Data used for the assessment of the theoretical solar potential 

PVGIS: Photovoltaic Geographical Information System; 

(1): georeferenced data; (2) non-georeferenced data (official reports, statistics, etc.) 

 

 

The r.sun model already contains georeferenced data on irradiation. However, due to the 

generalized characteristic of these data, it was corrected using empirical data from the 

meteorological stations of the Krasnodar region, which cover more evenly the 38 districts 

of the region. A further detailed description of the implementation of the r.sun model for 

the assessment of the theoretical solar energy potential is given in Appendix 3.2 

Limiting factors and objects prohibiting the installation of PV modules (Table 3.5) were 

excluded by eliminating of these areas from the theoretically available area for exploita-

tion of solar energy. In contrast to the onshore wind energy, the limitation criteria of ex-

clusion objects and buffer zones is less restrictive, resulting in a preferential use of PV 

systems in the Krasnodar region.  

The consideration of the set of limiting factors and object resulted in a reduced available 

theoretical solar energy potential presented as a thematic digital map pointing out the 

areas with: 

(1) Daily amounts of the total solar radiation on a sloped surface (kWhm-2), 

(2) Daily amounts of solar radiation falling on the optimally oriented surface (kWhm-2). 

 

 

 

 

 

 

 

Parameter Information Main reference 

Irradiation Generalized data for the Krasnodar region;    Empiri-
cal data (climate normal) from 45 meteorological sta-
tions of the Krasnodar region   

PVGIS (1), KubanMeteo (2) 
KrasnodarStat,(2) 

Albedo Reflectance of a specific surface KubanMeteo (2014) 
Cloudiness Atmospheric factor affecting solar irradiation KubanMeteo (2014) 
Constraints  Types of objects prohibiting installation of PV mod-

ules; 
Land use classes prohibiting installation of PV mod-
ules  

KubanCadaster (2),              
Table 3.2 
OSM (2016) (1) 
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Table 3.5 Constraints prohibiting the installation of PV systems  

 
Impacts due to facility construction                                             
and decommissioning 

Impacts due to facility presence, operation,                      
and maintenance 

Destruction and modification of wildlife habitat Habitat fragmentation and barriers for gene flow 

Direct mortality of wildlife Electromagnetic field effects 

Dust and dust-suppression effects Microclimate effects 

Road effects Fire effects 

Off-site impacts Water consumption effects  

 Light pollution effects, including polarized light 

Author’s compilation according to Hernandez et al., 2015 

 

 

Solar radiation is considered the most influential criterion in determining the suitability 

of land for solar farms. The sites of PV farms should avoid mountain summits and steep 

slopes, as the complex terrain makes the installation of PV modules and the construction 

of other infrastructure difficult. Moreover, PV module installation requires a large area, 

unlike wind turbines, and land cover type is an important indicator. Barren land is con-

sidered the most desirable; forest and farmland are less suitable. Ideally, solar farm sites 

should be close to roads, the existing power grid system and urban areas. Energy demand 

in urban areas is significantly higher than in rural areas, and locating solar farms near 

urban areas reduces loss during energy transmission. As multiple factors influence the 

suitability of an area or the establishment of a solar farm, the multi-criteria method is 

appropriate for land suitability analysis. The methodology is identical to that used in land 

suitability analysis for wind farms. The weight of each criterion was derived using the 

proposed classification, by directly comparing the importance of one criterion to another 

(Table 3.6). 
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Table 3.6 Suitability classes for the assessment of areas for the installation of PV mod-

ules 

 

 

 

 

 

 

 

 

 

Criteria Importance Indicators Suitability class 

Solar radiation 
 

1 > 1500 kWhm-2 

1400 - 1500 kWhm-2 
1300 -  1400 kWhm-2 
1300 - 1200 kWhm-2 
< 1200 kWhm-2 

High 
Good  
Medium  
Bad 
Not suitable 

Land cover 
 

2 Barren land 
Grassland 
Scrub 
Farmland and forest 
Water body, wetland, natural reserve 

High 
Good  
Medium  
Bad 
Not suitable 

Slope 3 <1% 
1 - 2.5% 
2.5 - 5% 
5 - 10% 
> 10% 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
urban area 
 

4 <5 km 
5 - 10 km 
10 - 15 km 
15 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
power grids 

5 <5 km 
5 - 10 km 
10 - 15 km 
15 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 

Distance to  
road 

6 <2 km 
2 - 5 km 
5 - 10 km 
10 - 20 km 
>20 km 

High 
Good  
Medium  
Bad 
Not suitable 
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3.4.3 Biomass energy 

 

The workflow used for assessment of the theoretical biomass energy potential (Figure 3.4 

and Table 3.7) is similar to that used for the assessment of the theoretical potential of the 

other two RES. The basis for the exploitation of biomass energy are agricultural and for-

estry residues, waster from intensive livestock industry farm and urban solid organic 

waste of the Krasnodar region. Initially, the empirical data on cultivated areas and types 

of cultures among the 38 districts of the region is georeferenced. A detailed presentation 

of data input, data processing and cartographical output is given in Appendix 3.3. 

Table 3.7 Data used for the assessment of the theoretical biomass energy potential 

OSM: OpenStreetMap; 

(1): georeferenced data; (2) non-georeferenced data (official reports, statistics, etc.) 

It is assumed that the biomass residue is uniformly spread over the entire area of the study 

area and is expressed in terms of energy per unit area (km2). The application of constraints 

(Table 3.8) such natural reserves and wetlands, water bodies etc. and their specific buffer 

zones in GIS excludes areas prohibiting collection of biomass for conversion into elec-

tricity and yields the available area for biomass exploitation. A digital thematic map pre-

sents the total available area pointing out the areas excluded from the theoretic biomass 

potential due to their restrictive characteristic. 

 

Table 3.8 Constraints for the installation of biomass power plants  

Criteria  Constraint factor Consideration 

1 Minimum distance to wetlands and lakes, 100 m Hydrology Environmental 

2 Minimum distance to lakes, 100 m Hydrology Environmental 

3 Minimum distance to protected areas, 500 m Ecology Environmental 

4 Minimum distance to airports, 500 m Land use Infrastructure 

5 Maximum slope 15% Topography Physical 

6 Minimum distance to residential area, 500 m Population Planning 

Author’s compilation according to Voivontas, 2001 and Perpina et al., 2009 

Parameter Information Main reference 

Cultivated areas 
Types of cultures  

Empirical statistical data on agricultural 
and forestry residues 

KubanCadaster (2), Ministry of agri-
culture and processing industry (2) 

Constraints  Minimum distances to objects prohibit-
ing installation of wind farms; 
Land use classes prohibiting installation 
of biomass plants 

Voivontas, (2001);                                         
Perpina et al. (2009); Table 3.7 
OSM (1) 
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Figure 3.4 Workflow of the theoretical biomass energy potential 
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Once constraints are excluded, selection of optimal sites biomass power plant is per-

formed. The techniques used to optimize the locations for plants include location-alloca-

tion modelling and supply area modelling. Location-allocation modeling optimizes plant 

locations based on all usable biomass in the area, even if some biomass locations are 

beyond the reasonable transportation distance to the plant locations. 

Environmental and social constrains must be considered when planning a site for 

a biomass power plant. Factors that affect location include bad smells, existence of pro-

tected areas, distance to crop production or farmlands and others (Ma et al. 2005). Based 

on studies by Voivontas (2001) and Perpiñá et al. (2009), the criteria in Table 3.9 were 

simplified and applied to site biomass power plants in the present work. Hence, the clas-

sification has two ranges and includes suitable and non-suitable class. 

Table 3.9 Suitability classes for the assessment of areas for the installation of biomass 

power plants 

Author`s compilation according to Ma et al. 2005; Voivontas (2001) and Perpiñá et al. 

(2009) 

 

 

 

 

 

 

 

 

 

Criteria Importance Indicators Suitability class 

Biomass production 
 

1 > 600 tons km-2 

< 600 tons km-2 
Suitable 
Not suitable 

Distance to  
protected areas 

2 > 500 m  
< 500 m 

Suitable 
Not suitable 

Slope 3 < 15% 
> 15% 

Suitable 
Not suitable 

Distance to  
urban area 
 

4 > 500 m  
< 500 m 

Suitable 
Not suitable 

Distance to  
power grids 

5 <5 km 
> 5 km 

Suitable 
Not suitable 

Distance to  
road 

6 < 100 m 
> 100 m 

Suitable 
Not suitable 
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3.5 Technical potential 

 

3.5.1 Onshore wind energy 

 

The input data for the assessment of the technical potential is the yield of available theo-

retical potential (i.e. available areas with distinctive wind speed), which was estimated in 

3.2.1 after the application of the restrictions characteristic for the Krasnodar region. The 

calculation of the wind energy output on available areas was performed using equation 

[3]:  

 

Qmax (Wm-2) = T x Wmax                                                                                                 [3] 
   

T:  number of hours during the time frame under consideration (a year, most often); 

W:  wind turbine capacity. 

When calculating maximum wind energy output for a selected wind turbine type, it is 

assumed that the wind turbine is operating at maximum capacity throughout the year.  

However, wind turbine cannot use 100% of this power due to the Berz limit. The wind 

power available according to the previous equation can be rewritten by adding a coeffi-

cient, Cp, which defines the maximum efficiency of the Betz limit (0.593) (Lima & Filho, 

2012).  

For the calculation of the energy output, the wind turbine Vestas V80 (rated 2 MW) with 

rotor diameter of 82 m and swept area of 5281 m2 was selected. The Vestas V80 operates 

at cut-in and cut-off wind speeds of approximately 4.5 ms-1 and 25 ms-1 respectively. The 

V80 is an extremely competitive turbine in areas with annually medium wind speed. It is 

optimised for sites with an average wind speed of 6 m/s at hub height, while a breeze of 

as little as 3.5 ms-1 is all that is needed to start production. 

Currently, the average capacity factor (W) for wind turbines used in the European Union 

reaches maximum levels of 25%. The capacity factor of 20% is considered high and ac-

ceptable to use wind power at the current level of development, for instance for Russian 

Federation.  The available technical wind energy potential of the Krasnodar region is pre-

sented as a digital thematic map pointing out areas with varying produced energy density 

for the selected wind turbine. 
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3.5.2 Solar energy 

For the assessment of the technical solar energy potential, several assumptions were in-

troduced that further reduced the potential areas for the exploitation of the available the-

oretical solar energy potential. First, it was assumed that not all the available sites may be 

fully exploited by grid-connected PV systems. Especially the remotest sites where the 

grid cannot penetrate are considered economically unfeasible due to high investment costs 

for the construction of roads up to the PV facilities and for the connection to the electricity 

network.  

Exploratory analysis on the energy infrastructure of the Krasnodar region showed that the 

central electricity network is susceptible to disruption due to windstorms and overloads. 

Off-grid PV systems operate more autonomously. Thus, stand-alone isolated systems that 

produce electricity independently of the grid are economically more attractive on the con-

sumers’ side. Stand-alone off-grid systems are a cost-effective choice also for rural ap-

plications remote from the utility grid. In this regards, the technical potential was further 

restricted to the rooftops of the residential and tourism and services sector. Given this 

rooftop area and the available theoretical solar energy potential estimated in 3.2.2, the 

technologically available electric power generation per year was calculated using equa-

tion [4]: 

 

Ei = Gi x A x ɳ                                     [4] 
 

Ei: electric power generation per year (kWh year-1), 

Gi: annual solar radiation received per unit horizontal area (kWhm-2 year-1), 

A: calculated total area of suitable rooftops, 

ɳ:   efficiency with which the solar system converts solar irradiation into electricity.                                                                                   

 

Conversion efficiency varies with PV cells. Based on the current report from the Fraun-

hofer Institution (2016), the highest conversion efficiency is between 36 and 41.1% using 

high-efficiency tandem cells. The efficiency of mainly c-Si cells is between 20 and 24%, 

and the conversion efficiency of simple c-Si cells is 14 to 18%. With thin film cell tech-

nology, efficiency is only 6 to 11%. Considering the technologies used in existing PV 

projects, efficiency falls between 11 and 15%. Thus, based on existing research conducted 

by Hoogwijk (2004) and Stoddard (2006), ɳ is taken as 14.3% in this study. 
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3.5.3 Biomass energy 

 

The technical biomass energy potential was estimated in two steps (Figure 3.5). First, the 

usable biomass power potential was estimated by calculating total quantity of residues 

from crops and forestry derived from the annual Net Primary Productivity (NPP). The 

NPP is defined as the net flux of carbon from the atmosphere into green plants per unit 

time (Zhang et al., 2014). The spatial distribution of total annual waste residues was esti-

mated for the 38 districts of the Krasnodar regional using as well as non-georeferenced 

empirical data (Table 3.10).  

 

 

Figure 3.5 Workflow of the technical biomass energy potential 
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Table 3.10 Data used for the assessment of the usable biomass energy potential 

OSM: OpenStreetMap; 

(1): georeferenced data; (2) non-georeferenced data (official reports, statistics, etc.) 

 

The regional NPP at a spatial resolution of 1 km was extracted from the database MODIS.  

Since only the biologically aboveground biomass was used, the total NPP was converted 

using equation [5] according to Shi et al. (2008): 

𝑩 = 𝑵𝑷𝑷 x 𝜶 𝜷⁄                                                                                                         [5] 

B:  biologically biomass; 

α:  proportion of above ground biomass in the total biomass; 

β:  carbon concentration in dry biomass. 

 

For crops and grass, α is 0.8 and β is 0.45, while for forest and other woody vegetation, α 

is 0.5 and β is 0.5 (Shi et al., 2008 ).  

Second, the technologically available annual electricity production was estimated for a 

combined heat and power technology using equation [6]. Thek (2004) demonstrated that 

the average efficiency for electricity from the heat value of biomass is 16.9%, and average 

efficiency for heat is 71%.  

𝑬𝒃 = 𝑭 x 𝒉𝒗 x 𝒆𝒑                                                                                                       [6] 

𝐸𝑏:  annual production of electricity from biomass residue; 

𝐹:  consumed biomass fuel; 

ℎ𝑣:  heat value; 

𝑒𝑝:  transfer efficiency from heat value of fuel to electricity production. 

Parameter Information Main reference 

Administrative 
boundaries 

Distribution of biomass among 38 districts                       
of the Krasnodar region  

OSM (2016), (1) 
 

Location of settlements  
Demographic data  

Distribution of urban organic solid waste 
 
Urban organic solid waste per capita and year 

OSM (2016), (1) 
 
OSM (2016), (1);  
RosStat (2016), (2) 

Usable biomass for 
power production 

Types of biomass and energetic value Ministry of agriculture 
and processing industry,                   
Krasnodar region (2016) 
(2) 
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3.6 Energy situation 

The assessment of the energy situation in the Krasnodar region included the evaluation 

of the energy demand, supply and import as well as the evaluation of the characteristics 

of the energy infrastructure (Figure 3.6). The assessment of the energy situation is im-

portant, insofar it may reveal potential deficits in energy supply (Figure 3.7) due to sea-

sonally or day-and-night fluctuations of energy demand. The assessment of the energy 

infrastructure is important for the estimation of the energy grid capacity and resilience to 

include electricity that may be produced from the technologically and economically ex-

ploitable potential of RES available in the Krasnodar region. 

 

 

Figure 3.6 Workflow for the assessment of the energy situation  

 

The energy balance accounts for major energy flows from the original supply sources 

through conversion processes to end-use demands and represents the current energy status 

of the region. The calculation of the electricity balance (as electric power in kWh) of the 

Krasnodar region was performed using equation [7] according to Frid (1980):  

Σ(𝑬k𝒏 + 𝑬𝒂𝒅 + 𝑬𝒊𝒎) = Σ(𝑬𝒋 + 𝑬𝒍𝒐𝒔 + 𝐸ex)                                                       [7]                                                     
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𝐸kn:  energy generated by n power plants,  

𝐸im:  energy purchased and imported from neighboring regions,  

𝐸ad:  energy generated from non-conventional sources,  

𝐸j:  energy consumed by different consumers,  

𝐸los:  energy used to cover losses (e.g. during electricity transmission),  

𝐸ex:  energy used to cover needs of power stations and transmission devices.  

In general, the total electricity produced by own power plants (𝐸kn) as well as electricity 

purchased and imported from neighboring regions (𝐸im) are the main positive energy 

flows accounting for the energy supply in the energy balance equation. 

Table 3.11 summarizes the main references and type of data that were used to evaluate 

generation, supply and consumption of electricity in the Krasnodar region. 

 

 

Table 3.11 Data used for the assessment of the energy situation and energy infrastruc-

ture in the Krasnodar region 

Energy/Infrastructure 
parameter 

Information 
  

Main reference 
 

Supply Electricity generation capacity of power 
plants and companies in the Krasnodar       
region 

CARMA, 2014(1);  
Rosstat, 2015-2016(2) 

Overal consumption Mean electricity consumption                          
per capita population 

KubanEnergo, 2015-2017 (2);                                     
RosStat 2015-2016( (2) 

Consumption by main 
sectors 

Electricity consumption by  
industry (machine building, metal-                         
working chemical, woodworking,                   
and others);                          
agriculture (i.e. food processing); 
transport; tourism and service  

KubanEnergo, 2015-2017 (2);                                       
KrasnodarStat, 2015-2016 (2); 
Kirby, 2003 (2) 

Grid capacity and 
disruption 

Spatio-temporal distribution of  
planned downtime (maintenance                     
work), unplanned downtime                                          
(no systematic disconnection;                         
overload of the network) and                           
outages in the electricity grid 

KubanEnergo, 2015-2017 (2); 
KubanEnergo 2015-2016, 
Figure 3.7 (2) 

CARMA: Carbon Monitoring for Action, provides an open-source DB containing information 

about the power generation capacity of over 60,000 power plants and 20,000 power companies 

worldwide;                                        

(1): georeferenced data; (2) non-georeferenced data (official reports, statistics, etc.). 
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The calculation of electricity consumption (kWh) in the agricultural sector of the Kras-

nodar region was performed using equation [8] according to Frid (1980): 

𝑬𝒂𝒈 = 𝑬𝒔𝒑𝒆𝒄 x 𝑬vil                                                                                                                     [8] 

 
𝐸𝑎𝑔:  energy consumption of the agricultural sector,  

𝐸𝑠𝑝𝑒𝑐:  specific power consumption per capita in the agricultural sector, 

𝐸𝑣𝑖𝑙:  number of rural residents (a share of population, specific to each region). 

The estimation of electricity consumption of the touristic and service sector during the 

tourist season was performed using equation [9]: 

 

𝑬𝒔𝒆𝒓 = 𝑬𝒔𝒑𝒆𝒄 x 𝑬tr                                                                                                                     [9]  
 

𝐸𝑠𝑒𝑟:  energy demand of the service sector (= touristic sector),  

𝐸𝑠𝑝𝑒𝑐:  specific power consumption per capita, e.g. tourists,  

𝐸𝑡𝑟:  number of tourist per year.  

The estimation of electricity deficits (i.e. undelivered energy; kWh year-1) that may arise 

when consumption exceeds electricity production was performed equation [10] according 

to Frid (1980): 

 

𝑬𝒖𝒏 = 𝑬𝒈𝒆𝒏 − 𝑬del                                                                                                        [10] 

 
𝐸un:  undelivered energy;  

𝐸gen:  total electric power fed into the electricity grid;  

𝐸del:  delivered energy.  

Besides that, energy deficits are estimated from equation [6] that represents the overall 

energy balance of the Krasnodar region. Secondly, dominant factors affecting the energy 

demand on identified, e.g. seasonal fluctuations in energy consumption caused by touris-

tic peaks or day-and-night fluctuations affected by differences in energy demand of pri-

vate households and the industry. 

The incorporation of electricity produced from RES requires a careful assessment of the 

energy infrastructure. The assessment of outages in the electricity infrastructure enables 

the evaluation of electricity grid resilience and capacity. The spatio-temporal distribution 

of outages, divided in five by causal classes (Table 3.12) was assessed, digitized and 

mapped in digital maps for the most severe and frequent events across the districts of the 
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Krasnodar region to demonstrate basic condition of the electricity grid. Besides that, the 

assessment aimed at identifying areas requiring energy inputs from additional sources 

that are not connected to the central energy grid to avoid overloads.  

 

 
Figure 3.7 Map of the energy system of the Krasnodar region 

KubanEnergo (2016) 

 

 

Table 3.12 Classification of outages in the electricity grid of the Krasnodar region 

Class Cause Features 

1 Planning errors Improper planning and architecture,                                    
high-density of buildings 

2 Natural disasters Floods, hurricanes, earthquakes,                                                            
rapid weather changes 

3 Outdated infrastructure Closures, accidents in local segments                                                 
of the net-work 

4 Grid errors Network errors in the distribution grid,                                   
deadlock threads in the power system 

5 Insufficient capacity Low resilience and reliability of network                                    
segments at peak load periods 

Author’s compilation based on official reports of KubanEnergo, 2015 
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3.7 Economic potential  

 

3.7.1 Onshore wind energy 

In Russian Federation, the total amount earned by the producers of wind energy is com-

posed of the market price of electricity and the government subsidy. The average annual 

cost per kWh of electricity generated by a wind turbine is derived from the sum of the 

total annual investment costs, operating costs and the turbine’s annual energy yield. The 

transmission cost has been neglected. The unit cost of energy was calculated using equa-

tion [11]: 

𝑷𝑪𝒊 =  
𝑪𝑶&𝑴+𝑳

𝑬𝒊
               𝑳 = 𝑰 

𝒓(𝟏+𝒓)𝒏

(𝟏+𝒓)𝒏 −𝟏
                                                                [11] 

 

PCj:  cost of 1 kWh of electricity; 

Co&m:  operation and maintenance costs, and is assumed to be a constant rate (0.03 of 

investment) over the life time cost (Hoogwijk, 2004); 

Ej:  annual energy yield in a grid; 

L:  annual loan payment, the total investment is obtained from loans; 

I:  initial investment cost, where turbine cost takes 80% of the investment; 

r:  interest rate (will be taken as 5%, according to calculations of Hoogwijk (2004));  

n:  life time of the system (25 years). 

 

According to He et al. (2013) and to existing wind energy projects (Vestas, 2014) the 

costs of wind turbines account for 75 – 85% of the total investment expenses. The ex-

penditure related to the auxiliary and road infrastructure as well as to grid connection may 

amount to up to 15% of the total costs. Of this share, the majority is the cost of connecting 

to existing transmission lines; this represents the 6 to 8% of the investment cost. Annual 

operation costs include debt service costs, insurance, property tax and lease of land, and 

expenditure on maintenance, and amount to 3% of the initial capital cost (Vestas, 2014). 

The energy production cost for wind turbines was estimated on an example of a wind 

farm of 30 wind turbines situated in an area of the Krasnodar region where the highest 

energy production was estimated from the assessment of the technical wind potential. In 

the second step the assessment of the market potential for wind energy was performed on 

the basis of methods described in 3.6 (Market potential). It describes additional factors 

that influence the wind energy utilization. These factors include electricity tariffs, subsi-

dies and administrative project-related policy.  
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3.7.2 Solar energy 

The assessment of the economic solar energy potential was performed using equation 

[12], which is the modified form of equation [11] used for the calculation of the economic 

onshore wind energy potential in 3.5.1. The variable L, i.e. annual loan payment was not 

implemented in the calculation equation as it was assumed that the total investment for 

PV module for a private household would not be obtained from loans. Furthermore, there 

are no governmental subsidies for PV modules or for electricity produced from RES. 

Therefore, the average annual cost per kWh electricity was derived from the sum of the 

annual investment and operating costs and the annual energy yield from the total area of 

selected rooftops. 

𝑷𝑪𝒊 =  
 𝑪𝑶&𝑴 + 𝑰

𝑬𝒊
                                                                                         [12] 

 

PCj:  cost of 1 kWh of electricity; 

Co&m:  operation and maintenance costs, and is assumed to be a constant rate (0.03 of 

investment) over the life time cost (Hoogwijk, 2004); 

Ej:  annual energy yield in a grid; 

I: initial investment cost, where turbine cost takes 80% of the investment 

 

Additional information on economic feasibility of PV development provides by the as-

sessment of the market potential in 3.6, which is aimed to evaluate factors such adminis-

trative project-related policy of the Krasnodar region that may influence the introduction 

of PV systems.  
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3.7.3 Biomass energy 

 

For the assessment of the biomass energy potential, it was assumed that installation of 

biomass power plants is economically feasible for sites, which are: 

(1) Within a maximum allowable biomass collection distance,  

(2) Have a good access to roads for collection and transportation of the usable bio-

mass and 

(3) Have an access to a grid network to feed the electricity produced.  

The criterion (1) applying exclusion of sub-optimal sites according to following re-

strictions:  

 A site is accepted when the available potential is higher than the required energy 

input and the biomass collection radius does not exceed the maximum allowable 

biomass collection distance;  

 A site is rejected when the radius exceeds the maximum allowable distance and 

the available potential is lower than the required energy input for the operation of 

the biomass power plant; 

 The available biomass potential of regions within an increasing radius is com-

pared with the required energy input for the operation of the power plant. 

The criteria (2) and (3) were assessed applying the road network and the energy infra-

structure of the Krasnodar region (Table 3.13). 

Table 3.13 Data used for the assessment of the economic biomass energy potential 

 

 

The unit cost of biomass energy was calculated using equation [13]: 
                                                                                          
                                                             

𝑷𝑪𝒊 =  
𝑪𝑶&𝑴+𝑳+𝑻+𝑮

𝑬𝒊
             𝑳 = 𝑰 

𝒓(𝟏+𝒓)𝒏

(𝟏+𝒓)𝒏 −𝟏
                                                       [13] 

 

PCj:  cost of 1 kWh of electricity; 

Co&m:  operation and maintenance costs; 

Ej:  annual energy yield in a grid; 

Parameter Information Main reference 

Roads A good road network is important for access to the     
biomass and transportation to biomass power plants; 

OSM (2016), (1) 
 

Energy  
infrastructure 

Access to local energy grid for feeding of produced 
electricity 

KubanEnergo (2016), (2) 
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L:  annual loan payment, the total investment is obtained from loans; 

T: biomass transportation cost; 

I:  initial investment cost; 

G:  local grid connection cost; 

r:  interest rate (will be taken as 5%, according to calculations of Hoogwijk (2004));  

n:  life time of the system (15 years). 

 

Each optimal site for the installation of a biomass power plant was set to be situated along 

the nearest road in order to avoid additional costs for road construction. The distance of 

the biomass power plant from the nearest high-voltage grid line was estimated using built-

in GIS methods. The biomass transportation cost was estimated using quantity of biomass 

and the transportation distance. 
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3.8 Market potential 

The assessment of the market potential entails a generic process involving two main cri-

teria (Bazmi and Zahedi, 2011; Gosens, 2016): 

(1) Yield of a broad array of national and regional market conditions, drivers, trends;  

(2) Utility regulations and rules. 

Input data can also include sales trends and projections, utility loads and supply including 

costs and prices, surveys, analysis of utility capital budget plans, detailed product cost 

estimations, forecasts, etc. The market potential assessment for exploitation of RES of 

the Krasnodar region was conducted on a combination of the following indicators:  

(1) Actual rules and regulations;  

(2) Market opportunities for RES electricity generation.   

To provide a picture on the market potential in the region, available data from the Ministry 

of the Economy of the Krasnodar region and the Regional Energy Commission, Depart-

ment of Prices and Tariffs of the Krasnodar Region were used. Besides that, relevant data 

(e.g. reports, tables, surveys and forecast models) from large investment, development 

and manufacturing companies with megawatt-class RE projects such as SOWITEC (wind 

energy), Hevel Solar (solar energy) and BioGazEnergoStroy (biomass energy) were in-

cluded in the examination. To present the spatial distribution of the factors influencing 

the market potential of RES, the available data was initially generalized for the three types 

of RES and classified: 

(1) Good conditions: governmental subsidies have been provided to compensate elec-

tricity costs produced from RES; 

(2) Satisfactory conditions: regional decision makers require a full range of documen-

tation for RE facilities to produce electricity autonomously;  

(3) Unsatisfactory conditions: transit areas of large energy mains coming from neigh-

boring regions to supply energy to the Krasnodar region. Therefore, these territo-

ries are not included in the regional energy strategy as a priority area for the RE. 

Due to the lack of initial information, it was not possible to account for the most of the 

major policy instruments such as feed-in-tariffs, investment tax credits, direct subsidies, 

and renewable energy portfolio standards (IRENA Global Report, 2016). For the same 

reason, the expected market potential for the technologically exploitable RES potentials 

of the Krasnodar region was evaluated without regard of storage costs. 
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3.9 Scenarios and recommendations on the development of RES  

The practice of developing and using energy scenarios emerged as a way to give decision 

makers collaborative foresight that can underpin their strategy and policy in an uncertain 

circumstance. Energy scenarios need rigorous research and analysis to map out possible 

contrasting future worlds. They identify significant events, dominant actors, and their 

motivations, and they convey how those factors function all together. 

Three scenarios for the development of wind, solar and biomass energy potential in the 

Krasnodar region are elaborated in this study, a best-case, worst-case and baseline sce-

nario. Five factors that may influence the development of RES potentials were consid-

ered: 

(1) Future energy demand;  

(2) Support of new technologies;  

(3) Environmental priorities; 

(4) Government and investor relationships to RES.  

Finally, a set of recommendations is provided for improved planning of feasible projects 

on RES in the Krasnodar region. The recommendations include specific measures pro-

posed with regard to the achieved results of the assessment and the investigated specific 

features (e.g. energy status, market conditions, etc.). 
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4 Results and discussion 

The assessment of RES potentials in the Krasnodar region revealed fundamental factors 

that influence all three types of RES in a similar way. These factors are: 

(1) Energy status of the Krasnodar region, 

(2) Constraints restricting the installation of RES facilities in the Krasnodar region, 

(3) Market climate for RES in the Krasnodar region. 

Since some of these factors apply equally to each of the investigated RES, their descrip-

tion will be provided prior to the individual results of the assessment of each RES poten-

tial. A brief introduction to the energy status of the Krasnodar region is considered first, 

inasmuch as it may be necessary to identify energy problems and to demonstrate the need 

for the exploitation of RES in the region. Second, the results of a suitability assessment 

is presented that identified territories where an introduction of RES facilities is legally 

prohibited or environmentally problematic. Third, a brief overview on the general market 

climate in the Krasnodar region is given.  

This presentation of the results is aimed at deducing all results to the level, which would 

be regarded as a credible source of information for designing and introducing RES to 

produce electricity. To provide a critical assessment, the individual RES potentials as well 

as risks related to their exploration in the Krasnodar region have been addressed.  
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4.1 Energy status of the Krasnodar region 

The Krasnodar region produces energy mainly from thermal fuel, with installed capacity 

of 1.158 GW, the largest installation being that of the Krasnodar Combined Heat and 

Power Plant (CHP) with 0.8 GW capacity fueled by natural gas (Figure 4.1). The share 

of the Hydropower Power Plant (HPP) stations is small and was not taken into account. 

 

Figure 4.1 The structure of the Krasnodar region energy system in 2016  

Author’s compilation according to official reports of KubanEnergo (2015) 

 

In recent years, the Krasnodar region records a steady increase in energy demand (Amer-

khanov et al., 2015). Because of fast economic development, the region has the compa-

rably biggest shortage of electricity in the Russian Federation. On average, the region 

consumes 30 TWh of electricity annually while the production in the region amounts to 

12 TWh (KubanEnergo, 2016). The rest of the energy comes from the power systems of 

neighboring regions: Rostov oblast (around 8 TWh) and Stavropol krai. (10 TWh). Thus, 

the current electricity production of the Krasnodar region amounts only to 40% of the 

total electricity demand (Butuzov et al., 2016). 

At the same time, the region has very good natural conditions for the development of RE. 

Up to 22 GWh of thermal power and 13 GWh of electric power may substitute the equiv-

alent energy quantities produced from hydrocarbon fuels (Kovalenko et al., 2012; IRENA 
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Global Report, 2014). However, the total installed capacity of RES facilities in the Kras-

nodar region is currently about 220 MWh (Grigorash et al., 2016).  

In terms of energy consumption, as part of the energy balance of the Krasnodar region, 

the sectors industry, farming and agriculture (including food processing), transport, pop-

ulation (i.e. private households), services (including tourism) dominate the electricity 

consumption in the Krasnodar region (Figure 4.2). The share of the farming and agricul-

ture sector in total electricity consumption is 33.3%; that of the population and the ser-

vices sector amounts to 26.5%. The sectors transport and industry have a share of 26.5%. 

The the private household (population) and tourism electricity consumption amounts to 

34.5% of the total electricity consumption in the region (KubanEnergo, 2016). On district 

scale, the highest average annual growth rates of electricity consumption were observed 

in the energy system of Sochi (19.4%), Yeysk (12.3%), Kuban (11.7%), Anapa (10.1%) 

and Tuapse (9.9%). The highest growth in energy consumption is in the Southern, South-

western and Central energy districts as a whole. 

 
Figure 4.2 Energy consumption by sectors in the areas of Krasnodar region 

Size of charts do not indicate different proportions of electricity consumption. 
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The large amount of electricity consumption in the above-mentioned sectors is explained 

by the fact that the Krasnodar region has the third largest population in Russian Federa-

tion. Furthermore, it has the heaviest volume of domestic tourists. At the same time, the 

Krasnodar region is the largest agriculture-oriented region of the Southern Federal Dis-

trict of Russian Federation (RosStat, 2016). 

In recent years, the steady increase in electricity consumption took place in several suc-

cessive steps: 

(1) 2011: beginning trend of increasing electricity consumption as result of economic 

stabilization in the region, 

(2) 2014: introduction of new facilities with additional electricity demand, 

(3) 2014: Winter Olympics in Sochi, 

(4) 2016-2017: large-scale modernization of the Taman Peninsula along with the con-

struction of the bridge across the Kerch Strait. 

In this period, the total electricity consumption of all districts of the Krasnodar region 

increased by 30% (Figure 4.3) from 21,960 to 31,103 million kWh. The total load on the 

energy system of the Krasnodar region is estimated to increase from 3,541 MW to 7,100 

MW within the period from 2009 to 2020, i.e. more than twice (Regional Dispatching 

Office of the System Operator of the United Power System). For the period from 2013 – 

2015, the critical electricity shortages amounted to 1,570 to 1,900 MWh per year and 

were covered by the Rostov and Stavropol energy systems. Thus, the Krasnodar region 

has an unbalanced energy status, which is characterized by a high percentage (50 – 60%) 

of electricity imports and frequent electricity shortages. Calculation of the regional energy 

balance demonstrate the average energy deficit amounts to 22 GWh year-1. 

Given these general dynamics of the energy consumption growth, districts of the Krasno-

dar region with available autonomous access to RE are considered as most promising for 

the introduction of new RES facilities.  
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Figure 4.3 The total electricity consumption in the study region in million kWh  

Author’s compilation according to KubanEnergo (2016). For the year 2020 an estimation 

of the electricity consumption is given. 

 

Besides the data on energy production and consumption, data on underdelivery of energy 

for 2013 – 2016 were analysed to assess the status of the energy infrastructure of the 

Krasnodar region. For a vivid depiction of the energy infrastructure, all districts of the 

Krasnodar region were grouped on the basis of similar infrastructure characteristics into 

11 energy polygons (Figure 4.4).  

 
Figure 4.4 Spatial distribution of energy polygons and main power plants  
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The northern parts (polygon 1 – 3) of the Krasnodar region have a poor ma maneuvera-

bility of the energy infrastructure and a poor energy supply reliability since the distribu-

tion networks lack capacity for additional electricity in-feed as well as a frequent occur-

rence of dead-end feeders. In cases of network overloads dead-end parts of the network 

are completely shut down without a possibility to transfer electricity to consumers pro-

duced in other parts of the energy network. 

For the western and southwestern parts (polygon 5, 7 and 8) of the region, typical char-

acteristics of the energy infrastructure are overloads of the electric transit network and a 

low capacity of substations. For the central parts (polygon 4 and 6), it is not possible to 

develop additional distribution capacities due to dense construction of buildings. The 

south and southeastern parts (polygon 9 – 11) of the some of these problematic energy 

infrastructure features may have a significant impact on successful introduction of RES 

facilities. The following features are main risks and challenges in the infrastructure:  

(1) Presence of isolated local energy systems operating on diesel generators;  

(2) Intense development of the industrial and transport sector; 

(3) Dead-end feeders of energy networks;  

(4) Areas with strict environmental limitations for expanding energy networks;  

(5) Frequent electricity network failures and repair of the outdated equipment.  

The spatial distribution of these factors as well as of the main settlements with high pop-

ulation density of the Krasnodar region is depicted in Figure 4.5. 

 
 

Figure 4.5 Spatial distribution of factors affecting the introduction of RES facilities 
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Figure 4.5 provides the distribution of areas in the Krasnodar region increasing level of 

energy consumption based on the density of the main settlements with high population 

numbers. RES facilities may provide an additional capacity for the main energy fund and, 

at least partially, cover the energy demands that are occurring periodically, for instance 

in sanatorium/resort facilities during high tourist seasons.   

At present, more than 6,000 MW of turbine equipment of the regional thermal and hydro 

power plants has expired its economic life (Nikolayev, 2013). Replacement of turbines 

and other equipment may be required at power stations built 40 or more years ago. The 

introduction of new auxiliary electricity producing facilities may be currently possible 

based on autonomous RES projects without grid connection. As demonstrated earlier, the 

energy infrastructure of the Krasnodar region may not allow for connection of new RES 

facilities to the grid due to high risk of overloading of the existing loads in the energy 

system, due to a lack of a relevant distribution network and due to a low throughput ca-

pacity of the outdated equipment. For reasons, further calculations of the RES potentials 

for independent, off-grid RES facilities.  

As demonstrated for the energy balance of the Krasnodar region, 40% of the regional 

electricity supply is provided by internal sources. Around 60% of electricity comes from 

neighboring regions. An integrated analysis of the energy infrastructure of the Krasnodar 

region has revealed further features of the energy situation: 

(1) Capacity deficiency persists along with high indicators of an energy underdelivery; 

(2) High energy consumption growth in a number of districts of the Krasnodar region 

has aggravated the challenges of electric power;  

(3) Depreciation and obsolescence of the equipment of electric power plants and elec-

tricity network facilities takes place; 

(4) Autonomous facilities along with remote-area power supply are the most appropri-

ate solution for using RES in the study region; 

A comprehensive picture of the energy status of the Krasnodar region has been obtained. 

Hence, further stages of the analysis were performed with allowance for an optimal de-

velopment scheme for RES facilities. The same calculation model could be used for the 

energy system assessment in other model regions.  
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4.2 Constraints restricting the installation of RES facilities 

A set of screening parameters was used to develop digital exclusion maps in this thesis. 

While some of these parameters are similar for all types of RES examined, others may 

differ due to technical requirements with regard to terrain. In the case of the assessment 

of the biomass energy potential, estimation of the available biomass may only cover areas 

that are unused and may not interfere with the food production. Thus, forest areas and 

agricultural lands currently used are excluded from the estimation of the available bio-

mass. There may be also some technical restrictions on the permissible noise level for 

wind turbines. The screening parameters similar for all types of RES (Table 4.1) were 

combined into an overall exclusion map. The total exclusion area was then subtracted 

from the territory of the Krasnodar region.   

From IRENA (2014) 

RET – renewable energy technologies; CSP - concentrated solar power systems 

 

 

Table 4.1 General screening parameters used for arranging of exclusion zones 
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While considering the complete list of factors influencing RES development in the Kras-

nodar region, constraint factors were combined three categories indicating areas with dif-

ferent degree of limitation (Figure 4.6).  

 

 

Figure 4.6 The suitability of the Krasnodar region for installation of RES facilities in 

terms of exclusion zones 

The map is produced by author together with Rafikova Julie from Laboratory of renew-

able energy of the Moscow State University, Russia. 

 

The constraint factors mentioned above originate from different “sources” and may be 

classified by following categories: 

Terrain is the first significant limiting factor for the installation of RES facilities. An 

impact of this factor may become apparent through the amount of natural resources along 

with dangerous geotechnical processes and an aesthetic value of the area as well.  

Hydrographic network is considered a strong limiting factor on RES maps. It should in-

clude the river net, channels, lakes, swamps, water storage basins and water protection 

areas corresponding to the scale and level of generalization. This thesis suggests that a 

water protection area (in addition to water bodies) should be considered a buffer zone 

which extent is determined by the Water Code of the Russian Federation and may amount 
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to 5 – 200 m depending on the high-water line (Water Code of the Russian Federation ed. 

43, 2016). 

Dangerous geological processes may have the same impact on installation of RES facil-

ities as on other engineering structures. The existing geotechnical zoning and cadastral 

data (KubanCadaster, 2016) was used in this thesis while conducting the evaluations of 

the geological framework of the Krasnodar region, soil analysis and monitoring of exist-

ing erosion processes. The following areas have been considered on the basis of geotech-

nical zoning data: karst and suffosion spreading zones; areas of possible underflooding; 

slope hazard areas; seismic extension areas; abrasion and erosion processes of river val-

leys; hurricane winds; sudden icing; subsidence of ash and loess etc.  

Land use limitations for the installation RES facilities are especially urban settlements, 

airports etc.  

Natural areas of preferential protection, which often have a considerable coverage, be-

long to environmental factors. For instance, the Caucasus Nature Reserve situated in the 

Krasnodar region covers total area of 2,848 km2. However, such areas were recently used 

for RES projects trying to solve local energy supply problems (RIA News, 2015).  

Ornithological areas were be selected on the basis of specific criteria developed by the 

BirdLife International requirements (BirdLife, 2016). Priority has been given to rare, de-

creasing in number or forming mass rookeries species of birds, whose migratory routes 

may be at risk due to RES installations. 

Properties of historical and cultural heritage and archaeological sites may also limit po-

tential locations for the installation of RES facilities. The aesthetic, tourism and recreation 

values are important to preserve especially in regions with unique natural and recreational 

resources. 

According to the assessment of the limiting factors, areas having weak limitations amount 

to 34,819 km2 or 50% of the total area of the Krasnodar region, indicating a comparably 

large area for the exploitation of various types of RES.  Medium limited areas amount to 

23,442 km2 or 34% of the Krasnodar region. Around 9,600 km2 or 14% of the Krasnodar 

region are not suitable for the installation of RES facilities and are excluded from further 
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assessment. The remaining areas of 2% require a more detailed assessment in terms of 

the scope of the RES project and the related environmental impact.  

The application of exclusion and buffer zones revealed that districts Bryukhovetsky, 

Vyselkovsky, Korenovsky, Krylovsky, Leningradsky, Pavlovsky, and Timashyovsky 

have maximum suitable locations for the installation of RES facilities in terms of the 

theoretical resource potential. In contrast, the most severe environment may characterize 

districts Apsheronsky, Mostovsky, Seversky, and Tuapsinsky. The remaining districts 

have a set of various limitations and require a more detailed assessment of the theoretical 

resource potential.  

At the further assessment levels, the evaluation of RES potentials accounted for specific 

technological, infrastructural and economic requirements for the installation of RES fa-

cilities and included such factors as the distance to existing grid lines, market access, 

population density, etc. Digital layers with more specific limitation factors were com-

bined with the theoretical natural resource potentials for all three types of RES and are 

shown in the sections 4.5 to 4.7. 
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4.3 Market climate for RES in the Krasnodar region 

 

The spatial distribution of areas with different market conditions is depicted in Figure 

4.7.  

 

Figure 4.7 Spatial distribution of factors affecting market conditions for RES introduc-

tion in the Krasnodar region 

 

Around 35% of the Krasnodar region has good conditions in terms of the market climate 

for the introduction of RES facilities. In this areas it may be necessary to finance such 

allied industries as research efforts in the field of alternative energy as well as manufac-

turing of the equipment necessary for constructing and completing electric power plants 

based of RE. These areas are well away from regional centers and thus may require a full 

range of documentation (due to the great bureaucracy procedures) to start to install RES 

facilities.  

Areas with satisfactory conditions represent around 56% of the Krasnodar region. The 

rest of the area of 9% has satisfactory conditions. This parts of the Krasnodar region are 

transit areas of large energy mains coming from neighboring regions to supply energy to 

the Krasnodar region. Modernization along with the work on the energy supply in these 

parts of the region is suggested to concern only conventional energy. Therefore, these 
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parts were initially excluded from programs for RES development in the Krasnodar re-

gion (KubanEnergo, 2016). 

In the Krasnodar region, no subsidies have been provided to compensate electricity costs 

produced from RES. At this point, there may be many bureaucratic and financial (i.e. 

local) barriers for further development and successful implementation of RES projects. 

For instance, high costs for the connection of even small RES facilities to the main energy 

grid for cases of overproduction or many bureaucratic and institutional barriers for meg-

awatt-class projects have a negative effect on the development of RES. This indicates the 

need of the region for the decentralized local RE stations of small and medium megawatt-

class (up to 5 MW). 

Nevertheless, amendments to the Federal Law № 35 were adopted in November 2015. 

They were first to establish the following basic provisions on legislative support for RES 

development in Russian Federation:  

(1) Stimulation by the amount of the produced energy only;  

(2) Fixed payment tariffs (Feed in Tariff (FIT));  

(3) Flat-rate benefit to a market price;  

(4) Development of a new executive order on numeric values of benefits.  

However, these amendments are still very general and do not provide concrete reference 

values. 

According to the Regional Energy Commission, issues related to subsidies for electric 

energy and energy efficient measures may be realized in 23.7% of regional target-oriented 

programs (Regional Energy report, 2014). This implies that there is still a substantial po-

tential for the development with regard to financial support for introduction of energy 

efficient measures including RES. Attraction of more than ₽180 billion (€2,570 million) 

until 2035 is suggested within the implementation framework of the electricity develop-

ment strategy of the Krasnodar region (Hevel solar systems, 2015).  

Within the framework of the program Development of Renewable Energy Sources and 

Modernization of Electricity Industry of Russia for the period until 2020, investment pro-

jects for the construction and operation of wind power plants (total capacity, 400 MW) at 

Blagoveshenskaya, Gelendzhik, Anapa and Yeysk sites have been prepared (Popel et al, 
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2016). The following two investment projects are currently at the design stage: the con-

struction of the modern wind power plant Blagoveshenskaya (the largest in Russia) with 

installed capacity of 120 MW on the outskirts of Anapa and the construction of the wind 

power plant Mirny with the planned capacity of 60 MW in Yeysk district. The scheduled 

implementation date for wind power plants is 2020 (SOWITEC GmbH, 2016). From 2020 

on, it is planned to attract implementation of new projects on RES using the following 

measures: 

(1) Attracting investments in RES projects to provide generating capacities in the most 

energy-deficient areas, 

 

(2) Implementation of attractive investment programs for RES development companies. 

Against this background, the Krasnodar region may be mainly interested in investing in 

reduction of energy deficits and the improvement of the energy supply at the expense of 

RES. Subsidies for introduction of RES into the market may be of particular relevance 

for state authorities that may seek new solutions for the energy supply due the presence 

of many dead-end feeders in the existing energy network. For this purpose, the Krasnodar 

region possess a high decentralized potential for the introduction of RES.     
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4.4 Wind energy potential 

 

Stage 1: Available Theoretical Potential 

The theoretical wind energy potential of the Krasnodar is represented by the spatial dis-

tribution of the average annual wind speed (Figure 4.8).  

 

Figure 4.8 Stage 1: Wind speed distribution of the Krasnodar region 

 

The application of constraints (wind regime, slope, urban area, etc.) prohibiting the in-

stallation of wind turbines reduced the theoretical potential and yielded all the available 

sites for technical exploitation (Figure 4.9). All the available sites are grouped in 6 land 

suitability classes. Sites with wind speeds > 9 ms-1 and no environmental and infrastruc-

tural restrictions are classified as having high suitability level. Sites with a high suitability 

level are lying in the north and south-west and cover an area of 12,000 km2, i.e. approxi-

mately 1/6th of the Krasnodar region.  

The distribution of the wind power density across the Krasnodar region (Figure 4.10) also 

confirms the location of the best-suited sites for the exploitation of wind energy. The wind 

power is a measure for the kinetic energy in the wind motion. As wind power density of 

≤ 200 Wm-2 is characterized as poor to fair, the most suitable sites are in the north and 

south-west of the region. 
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Sites of good and medium suitability have wind speeds > 9 ms-1, but may also have in-

frastructure limitations (e.g. large distance to the existing power grid). Frequent hurricane 

winds and floods characterize sites of bad suitability. The territory of the Caucasian Re-

serve is excluded due to prohibition of the installation of all technical facilities. The not 

suitable areas are sites with protected water bodies. 

 

Figure 4.9 Stage 1: Available theoretical wind potential of the Krasnodar region distin-

guished in suitability classes 
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Stage 2: Available Technical Potential 

For all sites of the high suitability class and power density of 250 Wm-2, the maximum 

installed capacity of wind turbines is estimated to yield an electricity production of 23 

GWh.  

Figure 4.10 Stage 2: Spatial distribution of the wind power density of the Krasnodar re-

gion 

 

Figure 4.12 and Table 4.2 demonstrate the location of districts with the highest technical 

wind energy potential. For the site Mirny (district Yeysky) (Table 4.2), the CUBE GmbH 

(2007) reported an estimation on the technical wind energy potential of 60 MW. For the 

estimation, wind speed data was collected on site using wind masts. The present estima-

tion of the technical wind energy potential shows a high correspondence with that of 

CUBE GmbH. The small difference between the on-site and the remote (this thesis) esti-

mations is probably due to different type of wind turbines that were used for the technical 

wind energy output (CUBE GmbH, 1.8 MW turbine; this thesis, 2 MW wind turbine).    
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The maxim annual technical potential for the sites of the high suitability class is estimated 

to be 1.8 MWh km-2 year-1. The calculation of the electricity production based on the 

characteristics of wind turbines Vestas80 (Figure 4.11). It is assumed that Vestas 80 has 

an efficiency ratio and 28% produces 40 – 70 % of time electric energy during the year 

according to the annual wind speed distribution of the Krasnodar region.  

 

Figure 4.11 Stage 2: Annual energy production for different Vestas turbines  

Vestas tutorial, (2011) 

 District:  
Location 

Maximum energy output, MW year-1 

1 Anapsky:  
(1) Bugazskaya spit;  
(2) suburbs of Anapa city  

320 
(1) 170;  
(2) 150 

2 
 

Temryuksky:  
(1) Taman peninsula;   
(2) Chushka peninsula;                      
(3) suburbs of Temryuk city 

400 
(1) 150;  
(2) 100; 
(3) 150 

3 
 

Novorossiysk:  
suburbs of Novorossiysk city 

200 

4 Gelendzhik:  
suburbs of Gelendzhik city 

200 

5 Primorsko-Akhtarsky:  
suburbs of the town Primorsko-Akhtarsk 

170 

6 Yeysky:  
(1)Mirny 
(2) other suburbs 

170 
70 
100 

Table 4.2 Districts with the highest technical potential for wind energy production 
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The estimation of the annual technical electricity production of 23 GWh year-1 based on 

data for the years 2014 – 2016. For the same period, the energy deficit in the Krasnodar 

region amounted around to 22 GWh year-1. Theoretically, the estimated technical wind 

electricity potential is sufficient to balance the energy deficit. The construction of wind 

power plants is reasonable especially for the coastal zones of the Azov and Black Seas 

since the construction sector along with access ways are available there, and the appro-

priate distance from direct electric energy consumers may be provided. Furthermore, 

there is a well-developed electric grid infrastructure with 110 – 220 kV power transmis-

sion lines as well as an adequate transportation network (highway and railroad) capable 

of delivering wind energy equipment to the installation site fast and inexpensively.   

 

Stage 3: Available Economic Potential 

The economic feasibility for the construction of wind power facility in the coastal zone 

is demonstrated using a hypothetical wind energy production facility of 40 – 60 MW at 

the area of Yeysk and Anapa (Figure 4.12). Input characteristics such as the number of 

wind turbines, rated generation power, etc. for both facilities are depicted in Table 4.3. 

Table 4.3 Economic potential based on two wind farm projects near Yeysk and Anapa 

Wind park lo-
cation 

Amount of wind turbines, 
2 MW 

Rated power, 
MW 

Overall project 
costs  

Cost for 1 kWh 
 

Yeysk 30 60 €7.2 million €0.20 – 0.15 

Anapa 23 46 €6.2 million €0.20 – 0.15 
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Figure 4.12 Stage 3: Economically feasible areas for the construction of wind energy fa-

cilities 

The total economic potential of wind energy along the coastline of the Azov Sea amounts 

maximum of 350 MW. The total costs for the Yeysk wind energy facility including design 

works, equipment, installation, and commissioning were estimated to be €7.2 million. If 

the project is fully funded (installation and putting into operation of 20 wind turbines) 

and financed through the state grant amounting to 50% of total investments, then the pay-

back period of funds provided on a repayable basis at the price for 1kWh of €0.20 (tariff 

for rural area) will be 7.6 years. With the cost of 1 kWh electricity of €0.15 (tariff for 

urban area of Yeysk) the payback period will be 12 years. After this period, the wind farm 

will generate net income for further 18-20 years. This price estimation is in accordance 

with Grigorash (2013) demonstrating the cost for 1 kWh wind electricity produced in the 

same area of €0.18. 

The total economic potential of wind energy along the coastline of the Black Sea amounts 

only 400 – 450 MW. This area is characterized by seasonally growing demand for electric 

energy due to high concentration of tourism and recreational facilities. Anapa is one of 

the tourist centers of the Black Sea coast and have suitable sites for the construction of 

wind energy facilities. The total expenditures of a hypothetical facility with 23 wind tur-

bines generating about 46 MW (Figure 4.2) are estimated to be €6.2 million. Putting the 
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wind energy facility into operation is designed to approach in two steps. First, the instal-

lation of a 25 MW capacity with the unit generation cost of €0.2 for kWh takes place. 

This energy production allows for partial abandonment of the centralized energy supply 

especially for the sanatorium-resort facilities. Recreational facilities, which are facing an 

energy deficit of 30 MW year-1 are the potential consumers of this energy. Thus, a con-

tinuous sale of the energy produced at the first stage may be ensured by the tourism and 

services sector. Second, the remaining 15 MW are put into operation within 3 – 5 years. 

These capacities may be distributed between residents of Anapa at a price of €0.15 per 

kWh, which would not be attended with a proportional reduction of total expenditures for 

a reconnection of energy consumers. The two-step development scheme may provide 

missing capacities and partially cover the energy deficits in Anapa. 

According to the report of SOWITEC GmbH (2016), only 5-7% of the technical potential 

can be realized into the economic potential of wind energy in the Krasnodar region. More-

over, based on the author's calculations this amount is even smaller and equal to 3.6 % 

(around 800 MW) from of the original technical potential.  

However, small wind energy systems, which typically generate just enough power to meet 

the demands of a household, farm or small business, belong to a renewables genre that 

continues to grow in stature. Small wind turbines (SWT) are now more reliable, quieter 

and safer than those introduced in past decades. According to SolarWindHome (2016), 

one 3 – 5 kW wind turbine is needed to cover the full consumption of average Russian 

household. The cost of wind turbines of this type produced in Russia is currently ranging 

from €2,400 to 4,250 depending on technical specifications and warranty period.  
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4.5 Solar energy potential 

 
 

Stage 1: Available Theoretical Potential 

Figure 4.13 demonstrates the theoretical solar energy potential of the Krasnodar region. 

While the areas with the highest yield of solar irradiation of 1400 – 1500 kWh m-2 are in 

the coastal zone of the Azov and Black Seas, the location with lower solar radiation of 

1200 – 1300 kWh m-2 are further inland. Thus, the region is attractive for the development 

of solar energy. 

 

Figure 4.13 Stage1: The theoretical solar energy potential of the Krasnodar region 

 

The application of exclusion zones and restricting factors limiting the installation of solar 

energy facilities have reduced the initial theoretical solar energy potential (Figure 4.14). 

Around 38% (29,000 km2) of the total area of the region is highly accessible for develop-

ing solar energy. Another 34% (26,000 km2) of the total territory have weak or a medium 

degree of limitations and may be characterized as having a “good” or “medium” suitabil-

ity. Areas of “bad” suitability or “not suitable” at all amount to 12% and 16% of the 

Krasnodar region.  

According to Kostukova et.al (2014) - the whole territory of the Krasnodar Territory is 

suitable for use PV systems as well solar collectors, due to “unlimited” possibility for 
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installation of solar systems on the most productive angle of inclination. But still, there 

are environmental and market restrictions that have not been taken into account. 

 

 

Figure 4.14 Stage 1: The theoretical solar energy potential of the Krasnodar region after 

application of limiting factors and grouped in suitability classes 

 

Thus, not much of the territory of the region has been excluded from the initial theoretical 

solar energy potential. The total area available for the technical exploitation of the solar 

energy is estimated to be 55,000 km2. However, not all the territory is technically acces-

sible for the installation of solar energy facilities, which indicates that the area may be 

further reduced. Charabi and Gastli (2010) propose a 10% factor for correction of the 

available area for the technical potential of solar energy.  

 

Stage 2: Available Technical Potential 

For reasons of rationalization and viability, the rooftop area of 550 km2 was used in this 

thesis for the assessment of the technical solar energy potential and the technologically 

exploitation via PV modules. This area implies PV systems in the decentralized and 
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sparsely populated areas of the region for rural application on roofs of private households, 

farms and industrial buildings.  

The efficiency of PV energy production depends on only solar radiation. The cloudiness 

and albedo play an important role in assessing technical potential, and therefore were 

included in the calculations (Figure 4.15).  

 

Figure 4.15 Stage 2: Average monthly values of the sky cover in the Krasnodar region 

Author’s calculation according to KubanMeteo, 2015-2016. Green line indicates the night 

trend; red line indicates the daily trend. 

 

The analysis of the average monthly cloudiness has revealed that the annual average 

cloudiness in the Krasnodar region may exceed 55% of time. The PV energy production 

on a cloudy day may decrease in comparison with that on a sunny day due to less solar 

radiation falling on the receiving surface. Usually, a PV system may generate up to 80% 

of its maximum capacity on a partly sunny day. This value may decrease to 30% on a 

cloudy day (Gastli and Charabi, 2010). Due to these factors, the energy conversion effi-

ciency may vary within a cloudy day in a range of 800 – 1,000 Wm-2. 

The radiation balance of the Krasnodar region may amount to 16 – 35% of the absorbed 

solar radiation in winter and to 50 – 66% in summer (KubanMeteo, 2015). The ground 

albedo values in the area under consideration may vary from 22 to 35%. Thus, 26 – 32% 

and 20 – 22% of incoming short-wave radiation may be reflected by the surface. The 

effective radiation in coastal area and on the territory of the Caucasus Nature Reserve 
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with dense vegetation may amount to 30 – 33% of total radiation, while in areas with thin 

vegetation it may be 34 –39%.  

By taking into account the average annual solar irradiation, the average monthly cloudi-

ness and the albedo factor, the average annual energy output was estimated to yield 3.7 

kWh m-2 day-1 or 1,350 kWh m-2 year-1. Private one-, two- and three-store houses account 

for 53.6% of the housing stock in the Krasnodar region (KrasnodarStat, 2015) have cho-

sen for estimation of the regional technical potential of PV systems. Thus, the technical 

potential of solar energy was calculated as a function of the total available rooftop area. 

The overall technical solar energy potential was calculated to yield 24 GWh year-1. This 

estimation is in accordance with the Voeikov Main Geophysical Observatory (2014) and 

their estimation of the overall technical solar energy potential of 25 GWh year-1. The 

explanation for the lower annual solar energy potential is the fact that the present assess-

ment accounted for the cloudiness and albedo as additional factors that have reduced the 

PV system output (Figure 4.16).  

 

Figure 4.16 Stage 2: Spatial distribution of the technical solar energy potential (Whm-2)  

 

The daily average total solar radiation on a horizontal surface within the Krasnodar region 

may amount to 3.5 – 4.0 kWh m-2 day-1; from April to October (warm half-year) average 
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– 5.0 – 6.0 kWh m-2 day-1; summer time can amount – 5.0 – 6.5 kWh m-2 day-1. Thus, the 

period from April to October has been selected as the most productive time for further 

analysis. This period is characterized by increased energy consumption related to the tour-

ist season as well as to an active air conditioning from May to October. Simultaneous 

occurrence of seasonal peak values of solar radiation and an increased energy demand 

make the Krasnodar region a favorable area for the development of solar energy projects 

(Figure 4.17). 

 

Figure 4.17 Stage 2: Variations in regional energy consumption and average electricity 

production from 1KW PV system by month in Krasnodar region. 

 

For the assessment of the economic solar energy potential, areas belonging to either the 

population or tourism and services sector were grouped and the available roof area of 

private household as well as recreational resorts was estimated to amount to 332 km2.  

Thus, the total economically useful potential amounts 4.5 GWh year-1.  

Therefore, it is possible to rely not only to cover local energy deficits but also an increas-

ing demand in the peak load periods during the tourist season (the estimated period is 

from May till October) actively. The increases of energy demand of the tourism and pop-

ulation sector coincide with the period of the longest sunshine duration and thus this sec-

tor was hypothesized to have the most benefit form installation of PV systems. The peak 

energy demands occur during the tourist season and due to active air conditioning.  
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Stage 3: Available Economic Potential 

The spatial distribution of the generation costs for 1 kWh are displayed in Figure 4.18.  

 

Figure 4.18 Stage 3: Spatial distribution of PV production unit energy cost 

 

The generation prices for 1 kWh range from €0.16 to 0.25 kWh. The comparably lower 

generation costs are related to large solar energy projects, which are generally more cost-

effective than small projects. Therefore, allocated areas with prices of €0.16 correspond 

to locations with large recreational complexes and peak values of solar radiation from 

May to October. However, these prices are considerably higher than the prices of tradi-

tional energy sources in the Krasnodar region (€0.06). Therefore, the benefit of solar en-

ergy for this region is primarily in covering the growing deficit and preserving the ecology 

at a level of recreational needs and requirements of environmental legislation. 

Introduction of solar energy facilities may become particularly critical in the Krasnodar 

region since the majority of tourists (up to 13 million per year) visit the region from May 

to October (KrasnodarStat, 2015). One-third of tourists stay for 10 days (KrasnodarStat, 

2015) and consume around 2.4 kWh day-1 and person. Under these circumstances, solar 

PV systems may return the investment costs within 7 – 8 years. An example is the “Smart 

Railway Station” in Anapa whereat most of energy consumption has been replaced by 
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solar energy via solar cells, and initial investments returned within 7 years (KubanMeteo, 

2017).  

An average family consumes from 2,556 kWh year-1 living in an apartment to 3,420 kWh                   

year-1 when living in a house (Ministry of Fuel and Energy Complex, Housing and Com-

munal Services of Krasnodar Region, 2017). Given that an average annual solar energy 

production in Krasnodar region may yield 1,350 kWh m-2, an area of ≥ 2 m2 of PV panels 

for an apartment and ≥ 3 m2 for a house is needed for private application to reach self-

sufficiency for a family of 3 – 4 persons.  

Grid connection costs reach in the Krasnodar region up to ₽1 million (i.e. €15,000) de-

pending on the remoteness from the central power grid and other infrastructure factors. 

This amount is equivalent to the procurement of all necessary constituent parts of a PV 

system with a nominal electricity generation capacity of 4,500 – 5,400 kW. This genera-

tion capacity would be sufficient to cover energy demands of an average family or to 

power four double rooms in recreational resort. 

However, under the current national energy policy, the generation of PV electricity is still 

economically not feasible. With regard to energy policy instruments, it is advisable to 

develop a governmental subsidy program in order to introduce new solar energy facilities 

in areas with high available technical potential to cover local electricity shortages. How-

ever, the government longer discusses the possibilities of subsidies for RES, despite the 

fact that the region continues to receive funds from the federal budget for the development 

of RE programs. Indeed, the Krasnodar region may be one of the most economically 

promising regions in Russian Federation for the generation of PV electricity as well as 

for solar water heating systems (IRENA, 2015). However, only a few projects are cur-

rently carried out at a private level by RES enthusiasts and by researchers as small pilot 

projects without any commercial benefit. 
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4.6 Biomass energy potential 

 

Stage 1: Available Theoretical Potential 

The Krasnodar region has a well-developed agriculture and is the leader in producing 

agricultural products in the Russian Federation (KrasnodarStat, 2016). Grain growing, 

plant growing (sunflower, sugar beet and maize) and animal husbandry (mainly cattle, 

pig breeding and aviculture) are the key branches of the agricultural sector in the Krasno-

dar region. 

The theoretical biomass potential of the Krasnodar region is depicted in Figure 4.19. The 

annual biomass residues vary from 0 to 2,400 t km-2. This amount of biomass relates to 

plant residues only and does not include farm wastes and organic wastes of settlements, 

which will be addressed later on. 

 

Figure 4.19 Stage 1: Model of the theoretical biomass potential 

Spatial vegetation layer from GIS-Lab (2016). Territory of Republic of Adygea was not 

excluded. 

 

The application of exclusion zones (mainly nature reserves, forests and gardens) reduced 

the initial theoretical biomass potential and yielded an available potential (Figure 4.20). 

The southwestern part of the Krasnodar region is occupied by forests with nature reserve 
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status. Farmland and residues from crop dominate the remaining territory. Thus, the avail-

able biomass potential in the study region is abundant. The suitable land area amounts to 

59,000 km2 and involves the following types of agricultural activities: hay harvesting 

(25%), tillage (55%) and pasteurage with farms (20%). Despite potential positive effects 

from biogas plants the territory of the Caucasus Nature Reserve (around 3,000 km2) was 

excluded. In the Caucasus Nature Reserve Reserve, there are species of flora and fauna 

listed in the Red Book of the Russian Federation, which legally prohibits any economic 

activity in this area (Red Book of the Russian Federation, 2015). Regional wetlands 

(around 3,000 km2) were also excluded from the potential area for biomass facilities. 

 

Figure 4.20 Stage 1: The available theoretical biomass potential after application of ex-

clusion zones 

Mainly the territory of the Caucasus Nature Reserve and flood areas are excluded. 

 

The Krasnodar region have the highest annual average vegetation growth in Russia with 

more than 2,000 tons km-2 (Saevitch et al., 2016). Having a suitable area of available 

biomass of 59,000 km2 the region generates annually 118 million tons plant biomass. 

Chernokov (2017) reported that 1 kWh electricity can be produced from about 1 kg bio-

mass using combustion technology in the Krasnodar region. Based on this transfer pa-

rameter, the annual initial biomass power potential in the region may amount to 118 TWh. 



119 
 

Stage 2: Available Technical Potential 

The technological energy potential for biomass energy in the Krasnodar region is esti-

mated to around to 30 GWh year-1 (Table 4.4; Ministry of Agriculture and Processing 

Industry of Russia, 2016). The estimation included data on animal wastes and organic 

waste of settlements, which significantly contribute to the overall energy potential. As 

can be seen, the combined technical potential of biomass is significantly less than the 

values on the initial potential.  

 

Table 4.4 Technical biomass potential from different types of biomass 

Type of biomass 
 

Usable biomass 
 

Theoretical power poten-
tial, MWh year-1 

Crop waste Straw and stems (cereals, legumes) 
Tops (potatoes, vegetables, sugar beets) 

  4,500 
  2,500 

Animal waste Cattle 
Small cattle 
Pigs 
Chickens (laying hens + broilers) 

  7,300                 
     850 
     650 
     250 

Organic waste of 
settlements 

Food industry waste 
Liquid household waste (sewage sludge) 
Municipal solid waste 
                                                                           Total 

  3,530 
  2,470 
  7,600 
29,650 

Data on types of biomass originate from the Ministry of Agriculture and Processing Industry of 

Russia (2016). 

Figure 4.16 demonstrates the spatial distribution of the biomass energy output on the dis-

trict level. Taken all districts together, the total estimated technical potential of biomass 

energy amounts to 25 GWh year-1. The result is initially different from the data obtained 

from the Ministry of Agriculture and Processing Industry of Russia (Table 4.4), since the 

territories with restrictions on economic activities such as nature reserves were excluded 

from the calculations (Figure 4.21). 
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Figure 4.21 Stage 2: Spatial distribution of technical biomass energy potential  

 

The productive bioenergy potential of the agricultural wastes in the Krasnodar region is 

suggested to be strategically an important energy resource of the region (Grigorash et al., 

2013). According to the draft of the regional development program for the Krasnodar 

region by 2020, all biogas energy facilities based on biomass waste may produce more 

than 100 MW heat or 80 MW electricity per day. However, in comparison with the results 

of this thesis, these production volumes are too optimistic and may never be achieved. 

Stage 3: Available Economic Potential 

The assessment of location that fulfil the requirements specific for an economic viable 

installation of biomass facilities is given in Figure 4.22 and 4.23. The results are pre-

sented through a distribution of possible projects for urban and rural energy consumer 

(and at the same time deliverers of biomass) from biogas plants. 
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Figure 4.22 Stage 3: Spatial distribution of annual usable biomass for rural biomass 

power plants  

 

Figure 4.23 Stage 3: Spatial distribution of annual usable biomass for urban biomass 

power plants 

 

The economic feasibility of a bioenergy technology is generally based on specific eco-

nomic factors, which vary with the energy demand/deficit, price of biomass energy unit 

(€/kWh) and many others (installation costs, transport costs). Since the cost of equipment 

generally amount to up to 60% of the total project cost, the equipment cost are the main 

investment expenditures when developing a biogas plant. Nevertheless, the following 
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specific cost components were also taken into account while calculating the economic 

potential and investment value of a biogas plant:  

(1) Cost of the design estimate and engineering documentation;  

(2) Cost of equipment and its delivery;  

(3) Cost of construction works;  

(4) Cost of testing and commissioning;  

(5) Other costs (permissions, coordination, personnel training etc.).  

The amount of capital costs for the construction of a biogas plants are given in Table 4.5. 
 

Table 4.5 Capital costs for the construction of a biogas plants 

Bioplant capacity by poultry 
manure recycling, tons day-1 

Energy production                      
kWh day-1 

Capital cost (€) with a cogeneration block* 
 

10  2,600    156,082 
50 13,000    344,882 
100 26,000    677,725 
200 52,000 1,239,570 

300 90,000 1,807,608 

* The cost includes a cogeneration block of the TCG-series (MWM GmbH, Germany) including 

value added tax and custom fees. 

Based on the experience of the biomass plant project implemented nearby the city of 

Tikhoretsk in 2012, previous capital costs for the construction have been reduced almost 

two times due to the German cogeneration block combined with locally produced instal-

lation parts (Agrobiogas Ltd., 2015). This indicates an optimal scheme for combining 

local with foreign constituent parts. 

In general, the installation of biomass power plants may allow obtaining energy for dif-

ferent applications simultaneously, namely as engine fuel, heat or electric energy. There-

fore, a regional program on decentralized biomass energy production is developed that 

intends to cover 44% of the region’s energy deficit with biomass energy (Ministry of 

agriculture of the Krasnodar region, 2017). However, there is no clear legal framework 

and information on subsidies from the government.  

The additional factor having a positive impact on the market attractiveness of biogas 

plants in Krasnodar region is the production of a high grade of bio fertilizers as a second-

ary product of the fermentation process. In general, wastes such as manure or grain stil-

lage become an effective fertilizer after 3 – 5 years only. While using a biogas plant, 
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fermented wastes become an effective fertilizer almost immediately, while their produc-

tion cost is equal to zero. Therefore, the energetic exploitation of biomass can solve prob-

lems of the energy production, but also provide savings in fertilizer costs. 

However, the collection of biomass residues is still in a great difficulty. The price of 1 

ton of biomass residues for biomass power plants is around €40 in the study region, which 

includes collection and transportation cost. The farmer has to collect the biomass residues 

from the farmland, take the residues to a retrieving point and receives a maximum of €10 

t-1 from the dealer. Compared to the revenue of €10 t-1, the physical collection workload 

is too heavy. Therefore, the combustion of the biomass residues is more preferable for the 

farmer to collection and sale. A possible solution to this problem is the purchase collec-

tion machines to collect residues free of charge. 

For the further analysis of the economic feasibility of biomass power plants, a production 

of two hypothetical power plants, one for the rural area and one for the urban area, is 

modelled taking into account the factors on biomass energy development described 

above. The biomass power plant in the rural area is near the village Vyselki and has a 

hypothetical installed capacity of 12 MW. The urban area power plant is situated near the 

city Anapa and has a 30 MW installed capacity.  

The Vyselki power plant is rated for conversion of 4 tons day-1 of meat processing wastes 

(a meat processing industry is located directly in the village), 6 tons day-1 of chicken 

manure (solids content is 5%), 2 tons day-1 of sewage (slime) and 13 tons day-1 of silage. 

The estimated annual production may amount to 27.6 million kWh of electricity and 

67,000 tons of organic fertilizer. The investments required for this project may amount to 

more than 270,000 €, including all costs mentioned above. This implies the energy unit 

price from such a power plant for rural areas of €0.12 per kWh.  

Raw materials for the energy production at the Anapa power plant include conversion of 

16 tons day-1 of organic waste from Anapa and neighboring settlements (solids content is 

5%), 14 tons day-1 of pig manure (solids content is 5%), 10 tons day-1 of chicken manure 

(solids content is 5%) and 12 tons day-1 of silage. The annual electricity production at the 

Anapa biogas power station may amount up to 48.7 million kWh. The project investments 

amount to €760,000. The estimated unit energy price is €0.14 per kWh due to higher 

O&M and transport costs for the bigger facility.  
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Nonetheless, based on the number of possible rural and urban biomass power stations, 

and assuming an average installation capacity of 10 MW (rural area) and 25 MW (urban 

area), the consolidated economic potential may amount to 4,700 MW, which can cover 

21% of the annual energy deficit in the Krasnodar region. 

Among the three energy sources investigated in this thesis, the biomass power is the most 

profitable, but still not competitive in comparison with conventional energy sources, since 

unit energy price of the latter is 0,06 € per kWh. However, the evaluation of the mentioned 

biomass energy potential is not considered to be a complete bioenergy assessment of the 

region (e.g. no payback period calculation was addressed). Nevertheless, the applied ap-

proach could be very necessary for investigating biomass as an additional source for de-

veloping modern and environmentally friendly energy infrastructure in the region. 
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4.7 Scenarios on development of RES potentials in the Krasnodar region 

 

This section deals with the prospects of RES in the Krasnodar region based on a series of 

possible scenarios for the development of RES facilities in the coming decades. The ex-

ploratory scenarios have considered to what extent the energy situation in the Krasnodar 

region may be improved (e.g. in case of energy deficits) with the exploitation of RES 

potentials under the existing economic, legal conditions and in case of changes (e.g. sub-

sidy programs). Following three scenarios for the development of the wind, solar and 

biomass energy potential in the Krasnodar region were elaborated: 

(1) Baseline scenario: current regional policy for the implementation of RES determines 

the further exploitation of RES in the Krasnodar region, 

(2) Worst-case scenario: maximum consideration of economic and infrastructural limi-

tations and restrictions determine the further exploitation of RES, 

(3) Best-case scenario: intensive government support determines further exploitation of 

RES. 

Baseline scenario or business as usual 

The projections of the baseline scenario are based on the current energy policy and as-

sume that the development of RE will be supported by certain federal and regional pro-

grams. The federal and regional authorities may define target areas for the development 

of energy supply from RES. The current energy program of the Krasnodar region for the 

period 2010 – 2030 provides the planning basis for development of new RES facilities. 

The energy program aims at supporting a series of investment projects for the implemen-

tation of RES facilities in industrial conglomerates with a minimum capacity of 500 MW 

year-1 for wind, 370 MW year-1 for solar and 400 MW year-1 for biomass energy.  

Furthermore, the energy program defines various actors to support the implementation of 

the proposed objectives. Therefore, a number of energy and refined petroleum products 

companies will have the task to diversify their activities and introduce new shares of en-

ergy produced from RES. Thus, the energy program aims at restructuring of a number of 

energy and refined petroleum products companies and the energy complex. The primary 

objective is, however, the development of new RES clusters in the Krasnodar region. 

Given the specific resource conditions of the region, an intensive implementation of PV 
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systems and biomass power plants on liquid waste will take place particularly in tourism 

areas. 

To support the exploitation of RES, the establishment of the Federal Agency for RES is 

envisaged (Krasnodar Chamber of Commerce and Industry, 2015). The Federal Agency 

for RES is an authority responsible for the development and implementation of state pol-

icy, supporting science and technology branches in the Krasnodar region with a budget 

of more than €1 billion. However, the Federal Agency for RES needs a close international 

scientific and technical collaboration with countries having a long standing experience in 

the exploitation of RES (e.g. Germany, Sweden, Canada) to build and expand knowledge 

on the assessment and development of RES potentials.  

The baseline scenario considers all limitations related to nature conservation interests. On 

the one hand, it reduces the available RES potentials, while on the other hand it may result 

in sustainable energy production due to environmental concerns and restrictions. Thus, 

under the baseline scenario, only limited development of certain types of RES will be 

possible. Nevertheless, the course taken on the gradual development of RE sector can 

provide valuable practical reference, since the role of the state in the development of RE 

remains unclear and still not manifested due to a lack of large realized projects.  

Worst-case scenario or reliance on exports of hydrocarbons 

The projections of the worst-case scenario seem more realistic against the background of 

the current development of RES in Russian Federation. The scenario was defined as 

worst-case since it implies the rejection of previous strategic energy plans for the period 

until 2035 due to strong foreign or domestic factors. It is assumed that planned structural 

reforms in the energy sector will not be carried out. This development path might imply 

a continuation of trends of the years 2015 – 2016 when the economic sanctions and the 

global collapse of oil prices postponed the implementation of previously projected RES 

downward (Krasnodar Chamber of Commerce and Industry, 2015).  

Currently, the energy infrastructure of the Krasnodar region is technologically underde-

veloped and heavily worn out. The development of the autonomous local energy produc-

tion may impose heavy demands on financial and human resources as well as on the qual-

ity of corporate governance and planning (KubanEnergo, 2016). The Russian companies 

cannot satisfy these requirements properly, the more so concerning RES projects.  



127 
 

The regional energy industry will not be able to explore and develop the RES potentials 

of the Krasnodar region without reforms in the energy and tariff sector. Therefore, the 

share of RES in the total energy balance of the study region does not exceed 2% (Butuzov 

(2017). Energy deficits along with the problems of the fuel and energy complex are pri-

marily associated with an imperfection of the Russian legal framework for RES. Very 

often RES projects were stopped at the financing stage.  

Besides that, there is no coherent development strategy for RES in the Krasnodar region. 

For instance, 58 wind turbines with a total capacity of 232 kW were installed in the Kras-

nodar region in 1970s. However, these projects are still considered as research ones. An-

other example is the Garrad Hassan & Partners Ltd. (UK) engineering company, which 

have confirmed the economic feasibility of constructing wind turbines in the most exten-

sive areas on the cost of the Black and Azov Sea (Monitoring Reports, 2007 – 2008). 

Despite investments of €1.8 million received from the Regional Commission on Energy 

Efficiency in 2012 (for the development of RE-based infrastructure facilities in Sochi), 

none of the proposed RE projects can be currently found in officially records and on sat-

ellite maps.  

Against this background, it can be assumed that the worst-case scenario is the most real-

istic for the exploration and exploitation of RES in the Krasnodar region.  

Best-case scenario or the scenario of 3 D’s 

The best-case scenario includes the three “D-components “: diversification, decentraliza-

tion and disintermediation (elimination of superfluous intermediaries). The assumptions 

of the best-case scenario are a sustainable development of the economy in the Krasnodar 

region, diversification of the economy structure, improvements of the investment climate 

as well as access to financial resources and new technologies at international markets for 

energy companies. All these factors can provide a successful sequential development of 

the RE sector in the Krasnodar region. This development path is characterized by a steady 

GDP growth along with enhanced investment in fixed capital and “green” technologies. 

Some of the positive effects of this development are:  

(1) Increased construction of RE facilities for decentralized energy supply; 

(2) Implementation of RE projects within the regional development strategy with 

the comprehensive energy supply based on local/intraregional RES; 

(3) Improvements in access to energy from RES for various consumer groups; 
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(4) Improvements in environmental and microclimate conditions; 

(5) Employment growth in the new economic sector; 

(6) Positive changes in the population mobility model. 

Successful reforms are strictly necessary for implementing the best-case scenario. In the 

case of Russian Federation, the reforms should affect monopolization and intermediation 

of the energy complex. A special role in these reforms should be envisaged for increasing 

the share of the decentralized energy production. The problem of decentralization may be 

also closely related to the problem of regionalizing the activities of energy companies to 

increase their efficiency. The solution to this problem may also assume building effective 

subregional relationships as well as developing long-term projects on energy supply using 

RES. 

One of the future idea of RE-enthusiasts in the Krasnodar region is the usage of hybrid 

systems including solar panels, wind generators and small hydropower systems or biogas 

plants to develop autonomous systems for the continuous energy supply (RIA News, 

2015). In such a case, if there were some disruptions in the energy supply from solar or 

wind plants, the remaining portion would be taken up from the primary source, the small 

hydropower or biogas systems. 

Therefore, the best-case scenario integrates a spatial diversification of RES, constant fi-

nancial support and creation of complementary autonomous systems based on RES. For 

instance, it may be more reasonable to develop wind projects as well as to build a network 

of medium-capacity biogas plants based on crop residues and livestock wastes in agricul-

ture areas. However, along with the baseline scenario and the worst-case scenario, the 

best-case scenario needs very strong, and in some cases, cardinal changes of the RE in-

troduction strategy in the Krasnodar region. Therefore, it is the most difficult and hard-

to-reach scenario for RES in the case of the Krasnodar region. 
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4.8 Recommendations for an improved introduction of RES in the model region 

 

Positive effects of using RES may be self-evident in most cases. However, this type of 

energy sources is progressing in a rather complicated way in many developing countries 

(IRENA Global Report, 2014). The world’s experience in the development of RE shows 

the need for the support from federal and regional authorities. In the case of Russian Fed-

eration, the support may come from the following sources: 

(1) Administrative bodies of constituent entities of the Russian Federation directly 

responsible for the energy supply; for the Krasnodar region it is the Administra-

tion of the Krasnodar region; 

(2) Funds for special federal programs to construct RES facilities as the implementa-

tion of the section on Energy Efficient Economy (KubanEnergy, 2015). Annual 

funding of €10 million and more to implement the subprogram on Energy Supply 

in Remote Regions Using RES may be in particular possible; 

(3) Funds from the investment component of the electricity tariff, which can be in-

vested in RES development. 

It may be essential not only to provide governmental support for this energy sector by 

subsidies, but also to finance related industries such as research and technical develop-

ment along with manufacturing of the equipment for constructing and completing RES 

systems and facilities. Promotion of consumers using RE facilities may be of prime im-

portance during integration of RES in the energy production. The following set of pro-

posed measures is aimed at overcoming the backwardness of Russian Federation and its 

regions in terms of RES exploration and exploitation: 

(1) To amend the Federal Law On Renewable Energy Sources (FZ-35, 2014) as well 

as to ensure proper control contributing to the consistent implementation of this 

law at the regional level; 

(2) To elaborate and adopt the Decree of the Government “On Measures to Promote 

the Use of Renewable Energy Sources” (Degree Nr. 165, 2012) specifying the 

state policy on introducing facilities based on RES; 

(3) To appoint federal executive body responsible for promoting the use of RES in 

constituent entities of the Russian Federation as well as to implement priority pro-

jects on the decentralized energy supply in the regions; 
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(4) To establish a network of energy clusters and support services for RES projects in 

different climatic zones of Russian Federation; 

(5) To establish the Centre-Association of industrial and scientific partners in order 

to facilitate an active national, regional, international cooperation and exchange 

of experience with the countries experienced in the exploitation of RES; 

(6) To finance and stimulate research efforts related to the development of equipment 

for power plants using RES; 

(7) To establish public database on the basis of open GIS maps allowing any inter-

ested person to assess RES potential available for the individual/group using; 

(8) To develop and implement a soft loan program for individuals, households and 

small business entrepreneurs to build power plants based on RES (like KfW 

Credit, Germany); 

(9) To subsidize enterprises and research laboratories producing equipment for power 

plants using RES; 

(10)  To subsidize calculated in this study unit energy prices to be competitive with the 

conventional unit energy price of €0.06 kWh: for wind energy by 70% (€0.14 

kWh) for rural area projects and by 67% (€0.09 kWh) for urban area projects; for 

solar energy by 65% (€0.1 kWh) for large PV installations and by 76% (€0.19 

kWh) for small PV installations; for biomass energy by 50% (€0.06 kWh) for 

small biomass plants (assumed to be typical for rural areas) and by 57% (€0.08 

kWh) for large biomass plants (assumed to be typical for urban areas); 

(11) To introduce a simplified tax system for manufacturers and users of the energy 

equipment based on RES and to establish a tax on using fossil fuels taking CO2 

emission into account; 

(12) To implement the purpose-oriented program on training specialists, required by 

the sector at higher education institutions and specialized schools. 

This set of recommendations can impart a positive impetus to RES development not only 

in the Krasnodar region, but also in other regions of Russian Federation and developing 

countries with the same policy on RES. Consistent implementation of these can result in 

considerable changes in the energy structure, economy and environment of the regions 

introducing RE. 
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5 Overall conclusion 

This thesis has presented a multi-criteria assessment methodology for estimation of wind, 

solar and biomass energy potentials at regional scale using GIS. The proposed methodol-

ogy allows for integration of climatic and geographical conditions as well as of techno-

logical and economic characteristics of a study region. The multi-criteria assessment 

methodology has been applied for the exploration of RES potentials of the Krasnodar 

region used as a model region. The exploration of RES potentials has been performed 

beginning with the assessment of the available resource potential of three types of RES 

to the assessment of the economically viable share of the initial resource potential. For a 

comprehensive and critical assessment, all available data and information on the energy 

status of the Krasnodar region, the specific environmental restrictions and the conditions 

of the market have been researched and evaluated. 

One of the priority objectives of this study was to contribute bridging the gap between 

insufficient data and decision-making for regions that have no comprehensive input data 

for the assessment of RES potentials in GIS.  

For the Krasnodar region, the assessment of wind, solar and biomass energy potential has 

been started with the description of three important regional characteristics: 

(1) Energy status  

The rapid economic development of the Krasnodar region has created a situation 

of energy infrastructure overload. The current energy deficits of the region amount 

to 22 GWh year-1 with a tendency for a further increase. Therefore, the current 

energy situation in the model has been described in the first place. Energy planners 

have to plan the implementation of new RES facilities taking into consideration 

the state and quality of energy infrastructure in order to find potential problems 

and weaknesses. 

(2) Environmental restrictions   

Second, the environmental restricts has been taken into consideration. Notably for 

the assessment of wind and solar energy potentials, the consideration of environ-

mental restrictions is necessary since many regions may have large recreational 

and natural protected areas, where activities related to the exploitation of RES po-

tentials are legally prohibited. Despite the positive effect of RES facilities (e.g. 
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GHG mitigation) some of side effects have to be analyzed (e.g. the impact on bio-

diversity migratory birds by wind installations). 

(3) Market conditions  

The assessment of the energy market conditions is an essential step in the analysis 

since it gives an impression on the truly viable share of the initial RES potential. 

The assessment of the market conditions for the exploration of RES potential may 

provide valuable insights into the current legal framework of development strate-

gies and help to understand the competitiveness of the energy produced from RES 

in the study region.  

In the case of the Krasnodar region, no subsidies have been provided to compensate 

electricity costs from RES production. Furthermore, there are many bureaucratic 

and financial barriers for a further development and implementation of RES pro-

jects. 

In order to describe the distribution of the theoretic resource potential for wind energy, 

wind speed and wind power density data of the Krasnodar region were digitalized, quan-

tified und displayed in digital maps. In the region, the wind speed varies from 3.6 to 9.0 

m s-1 at 80 m above ground. The wind power density range is 75 to 250 Wm-2. The north-

western and the southeastern cost areas have excellent wind energy potentials indicated 

by the high and constant wind speed and wind power density values. The most suitable 

area for the installation of wind turbines amounts to 12,000 km2 accounting for 15.2% of 

the Krasnodar region.  

Taking the Vestas 80 wind turbine (2.0 MW) as the reference turbine, the technical wind 

energy yield can reach 23 GWh year-1, whereas the electricity deficit in the Krasnodar 

region exceeded 22 GWh in 2016. However, a more detailed analysis of the market con-

ditions and relevant characteristics of the energy infrastructure have demonstrated that 

only 3.6 % (around 800 MW) of the technical wind energy yield may be economically 

viable now.  For two hypothetical wind farms with an installed capacity of 60 MW (Anapa 

wind farm) and 46 MW (Yeysk wind farm), the unit generation prices of €0.15 for kWh 

electricity (Anapa wind farm) and €0.20 (Yeysk wind farm) were calculated to demon-

strate the current economic potential of wind energy in the Krasnodar region. The ob-

tained unit generation prices demonstrate that wind energy is not competitive on the re-

gional market without any governmental subsidies and due to comparably low unit gen-

eration costs of conventional energy sources.  
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The theoretic resource potential for solar energy of the Krasnodar region ranges from 

1200 to 1500 kWhm-2. The most suitable area for installation of PV systems amounts to 

55,000 km2 accounting for 72 % of the Krasnodar region. The technical solar energy yield 

can reach 24 GWh year-1 with PV systems and, thus, can cover the regional energy deficit 

of 22 GWh year-1. However, the economically feasible output may amount to 4.5 GWh 

year-1 with the suitable rooftop area of 332 km2. For two hypothetical PV facilities, the 

unit generation prices of €0.16 for kWh electricity (large-scale PV facility) and €0.25 

(small-scale PV facility) were obtained. As for the wind power energy, the solar energy 

is not yet sufficiently competitive without government subsidies. Stronger energy policy 

incentives may help stimulate the development of large-scale PV facilities or of decen-

tralized small-scale PV facilities for households or multi-store buildings. 

The assessment of the biomass energy potential yielded the annual usable biomass resi-

dues density of up to 2400 tons km-2. The dominant land cover type is farmland, and the 

residues from crops provide opportunities for the exploitation of biomass energy. Animal 

wastes and organic wastes of settlements are also abundant. In the Krasnodar region, these 

three types of available biomass amount to 118 million tons. From this biomass, the tech-

nical biomass power potential was estimated to amount to 25 GWh year-1.  

Siting biomass power plants differ from siting wind and solar power plants, and their 

locations rely on the availability of resources. Biomass residue needs to be transported 

from retrieval points to power plants, thus optimal sites can reduce transportation costs. 

Once restricted areas have been excluded, the location allocation analysis model coupled 

with road network information is adopted to search for optimal sites. After considering 

population density and existing biomass potential, the author retained two optimal sites 

for the case assessment. 

For two hypothetical biomass power plants with a capacity of 12 MW (Vyselki; rural 

area) and 30 MW (Anapa; urban area), the unit generation prices of €0.12 for kWh elec-

tricity for the former and €0.14 for the later location were obtained. In comparison with 

the unit generation prices for the wind and solar energy, the unity generation prices for 

the biomass energy require the least amount of subsidies to compete with conventional 

energy sources.  
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For all three types of RES investigated, the initial theoretical resource potential experi-

enced a substantial reduction with each assessment stage to eventually, yield a compara-

bly low share of the economically feasible potential. However, the multi-criteria assess-

ment methodology allowed for the most realistic assessment of RES potentials in the 

Krasnodar region compared to other studies. 

However, RE still attract a great deal of attention, due to increasing energy shortages, 

notably in summer time when thousands of tourists need extra power. Many owners of 

off-grid solar systems name practicality and affordability as the main reasons for their 

purchase as a way to generate power and increase independence from unreliable local 

electricity systems. This is especially true for small tourist businesses such as mini-hotels, 

restaurants and stores. 

Based on the results of the assessment of RES potentials as well as on the current state of 

RE production in the Krasnodar region, energy scenarios and recommendations were pro-

vided for improved planning of future projects on RES. From these scenarios and recom-

mendations, decision makers may define different parameters for analyzing of effects 

from the exploitation of RES as an additional energy resource. Furthermore, energy pro-

ject developers may quickly identify new profitable projects based on the feasible areas 

for the development of RES provided in this study.  

In the present, such variables as constraints, the energy situation and the market climate 

were combined with renewable energy potentials for an comprehensive assessment. In 

addition, problems in the development of RE have been pointed out and possible solutions 

were provided particularly by proposal of specific measures such as subsidizing of unit 

generation costs for each studied RES. The present methodology is not limited to the 

studied model region; so that policy makers, project investors and developers, as well as 

energy planners in other study areas, can apply it. Policy makers can define different pa-

rameters (such as restricted areas and energy incentive policy) to analyse their effects on 

power generation, while energy project developers can quickly identify new profitable 

areas based on the land suitability analysis. 

To sum up, the results of the assessment of RES potentials in the Krasnodar region is a 

valuable data basis that facilitates the decision making process for policy makers, inves-

tors, private users and utility companies involved in the development of projects on RES.  
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6 Outlook 

 

With a few exceptions, most of the existing research on RES in the Krasnodar region has 

been focused on the estimation of the theoretic resource potential of RES. Some studies 

have combined the economic potential of RES with a qualitative description of the current 

energy policy. The multi-criteria assessment methodology proposed in this thesis com-

bined all the essential assessment stages in a certain sequence, which makes the approach 

applicable to other regions or study areas. The application of the proposed methodology 

for the exploration of RES potentials in the Krasnodar region allowed to successfully 

achieving the following intended objectives: 

(1) A multi-criteria GIS-analysis to present the spatial distribution of wind, solar and 

biomass energy potential in GIS maps; 

(2) Analysis of the energy status, environmental restrictions and market conditions*; 

(3) Adaptation of calculation schemes to conditions of insufficient input data; 

(4) Zoning of area allowing the installation of RES facilities based on the suitability 

maps; 

(5) Developing of energy scenarios and recommendations for improved implementa-

tion of RES in the model region;  

(6) Assessment of risks and benefits* for potential investors involved in projects on 

RES in the model region. 

* issues were not fully explored due to the lack of available data and information 

For many reasons, preliminary GIS-based assessments of RES potentials should become 

a fixed component in the development process of projects on RES. To improve the pre-

cision of the output data obtained, more initial better-resolved GIS data is needed, yet not 

possible due to many reasons. For instance, the access to large non-public databases is 

limited or expensive. Against this background, it is a significant achievement of this the-

sis, that despite the general lack of data and other limitations, sufficient input data for a 

multi-stage assessment of RES potentials in the Krasnodar region could be allocated and 

verified.   

The results of the assessment also show that it may be essential to focus on the end-user 

of the cartographic product, e.g. state administration bodies involved in in planning pro-

cesses, or investment companies planning to implement MW-class projects as well as 
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private consumers. In this case, it may be necessary to provide information in a manner 

easy to use and understand.  

The presented assessment of RES potentials can be used to highlight relevant support that 

would need to be put in place when RES were proposed for the future development. How-

ever, the proposed assessment methodology is not a universal blueprint and may be com-

plemented with other features specific for a study area. The proposed assessment meth-

odology provides an instrument for the assessment of supply-side options from RES for 

the regional electricity demand. Future work may address impacts from localized energy 

storage systems, the assessment of emission-savings from the implantation of RES along 

or surveys on social acceptance of RES. Understanding these and other factors may pro-

vide a deeper knowledge on the role of decentralized RE facilities and provide an evi-

dence base for future policy decisions.  

In case of the assessment of the economic potential of RES in the Krasnodar region more 

research on e.g. payback periods, forecasts on electricity prices under various schemes of 

governmental subsidies as well as supply cost curves for RES is need for a more elabo-

rated analysis. These calculations were not included in the present assessment due to the 

lack of relevant data. Furthermore, it is important to include surveys on social acceptance 

as well as the assessment of positive impacts (e.g. reduction of greenhouse gases) of RES 

on the environment to demonstrate a comprehensive picture of RES potentials in the Kras-

nodar region. 

The author of this thesis is aware of the complexity involved when estimating RES po-

tentials and recommends complementing the present analysis on the implementation of 

RES in the Krasnodar region with additional local conditions.   
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Appendix 

Appendix 3.1 

Georeferencing of data 

Raster data is commonly obtained by scanning maps or aerial photographs and satellite 

images. Normally, scanned map datasets do not contain spatial reference information 

(embedded either in the file or as a separate file). With aerial photography and satellite 

imagery, the location information sometimes delivered with them is inadequate, and the 

data does not align properly with other data you have. Thus, to use some raster datasets 

in conjunction with other spatial data it is necessary to align or georeference those to a 

map coordinate system (Lorenc, 2005). A map coordinate system is defined using a map 

projection (a method by which the curved surface of the earth is portrayed on a flat sur-

face). It will be briefly described the data conversion work flow using a file fragment 

(Figure A3.1). Each boundary of two neighboring regions is provided with a *.doc file 

containing the description of so called turning points belonging to a certain boundary.    

 

Figure A3.1 An example of Rosreestr table  

The Federal Service for State Registration, Cadastre and Cartography of Russia 

The first two columns of the Table may be the most important for GIS processing. They 

contain the description of the following elements: point number, X-coordinate and Y-

coordinate. These three columns should be selected and copied to any tabular processor, 

e.g. OO Calc. Then, empty lines as well as lines without data on coordinates should be 

deleted. The coordinates are indicated in kilometers in the example described, so the X- 

and Y-coordinate values should be multiplied by 1,000. The number of zone to which 
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each turning point belongs should be determined using raster images. Examining each 

raster sequentially, we shall find the point number from the Table and identify the page 

number (Figure A3.2). 

 

 

Figure A3.2 Determination and snapping of the turning points 

Data for Federal Service for State Registration, Cadastre and Cartography of Russia, a 

part of the land cadaster map layer. 

 

The points belonging to one layer should be selected into a separate *.csv-file (as a result, 

the number of csv-files should be equal to the number of zones with turning points of the 

boundary under consideration). Then, each csv-file should be converted and saved in the 

following sequence: 

1. Launch QGIS; 

2. Modules → Delimited Text → Add Delimited Text Layer; 

3. Open csv-file, select Y in X field and X in Y field, then click [OK]; 

4. Right click the layer name, select Properties and go to the General tab; 

5. Coordinate System Selection 

6. Select Coordinate System → WGS 84/Pseudo-Mercator projection; 

7. Right click the layer name and select Save As a shape file. Choose Pseudo Mer-

cator (WGS84) while saving. 

The result obtained could be checked by opening the saved file in any GIS program. If 

the points with identical numbers in raster coincide with those on the vector, then all steps 

are performed correctly. In case some points do not coincide, then an error may have 

occurred while selecting zones. However, errors might exist in the initial data as well, so 
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the quality of initial databases should be thoroughly verified. The official statistics and 

regional cadastral data would suit best of all.  As mentioned above, the problem of an 

inadequate network (i.e. inhomogeneity) of meteorological and aerological stations along 

with inhomogeneity in satellite data may determine the need for providing additional data 

and improving conventional calculation methods. Thus, an example of the adaptation or 

conversion of non-GIS data sources to GIS-referenced data, namely, the construction of 

the vector point layer from tables and text databases was demonstrated.  

Appendix 3.2 

The r.sun model 

The r.sun model is implemented in the GRASS GIS open source environment using the 

C programming language. The model works in two modes. In mode 1 for the instant time 

[second], it calculates raster maps of selected components (beam, diffuse and reflected) 

of solar irradiance [Wm-2] and solar incident angle [degrees]. In mode 2, the raster maps 

of daily sum of solar irradiation [Whm-2] and duration of the beam irradiation [minutes] 

are computed as integration of irradiance values that are calculated in a selected time step 

from sunrise to sunset. The model requires only a few mandatory input parameters, viz. 

digital terrain model (elevation, slope, aspect), day number (for mode 2), and additionally 

a local solar time (for mode 1). Several other parameters can be set to fit the specific user 

needs. Therefore, modelling of the solar energy potential combines two functions neces-

sary for this study, viz. the adaptation and computing of nonhomogeneous and non-uni-

formly distributed datasets. 

Spatially distributed parameters was set as raster maps. Geographical latitude for each 

cell was computed internally. The real-sky irradiance/irradiation was calculated from 

clear-sky raster maps by the application of a factor parameterizing the attenuation of cloud 

cover. Becker et al. (2001) give examples of explicit calculations of this parameter. The 

parameters have default values, unless they are overridden by user settings as a single 

value or a name of the raster. Solar declination was computed internally using equation 

[A3.1] according to Gruter (1984): 

  = arcsin (0.3978 sin (j’ - 1.4 + 0.0355 sin (j’ - 0.0489)))                           [A3.1] 

 

j’:   day angle [radians]; 

T:   hour angle [rad]; calculated from the local solar time t expressed in decimal hours  
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       on the 24-hour clock as T = 0.261799 (t - 12). 

According to the setting of the output parameters, the model automatically distinguishes 

between mode °1 and °2. When calculating in mode 1, the solar incident angle, and solar 

irradiance raster maps are computed. Calculation in mode 2 gives the sums of solar irra-

diation within a specified day for selected components of global irradiation. A raster map 

showing duration of beam irradiation can be computed as well. The incidence angle and 

irradiance/irradiation maps can be computed without considering the terrain shadowing 

by default or with shadowing effects by setting the flag -s. In mountainous areas, this can 

lead to very different results especially at low sun altitudes. The value of a shadowed area 

is written to the output maps as zero. Table A3.1 presents a list of all output raster maps 

and Table A3.2 the necessary input parameters. 

Table A.1 The output raster maps from the r.sun model 

Parameter name Description Mode Units 

incidout solar incidence angle 1 decimal degrees 
beam_rad  beam irradiance 1 W m-2 
diff_rad diffuse irradiance 1 W m-2 

refl_rad ground reflected irradiance 1 Wm-2 
insol_time duration of the beam irradiation 2 min 
beam_rad beam irradiation 2 Wh m-2 day-1 

diff_rad diffuse irradiation 2 Wh m-2 day-1 
refl_rad ground reflected irradiation 2 Wh m-2 day-1 

GRASS GIS manual, 2016 
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Table A.2 Necessary input parameters for r.sun model 

GRASS GIS manual, 2016    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Type of input Description Mode Units Interval of values 

elevin raster elevation 1, 2 meters 0 – 8900 
aspin raster aspect (solar panel azimuth) 1, 2 decimal degrees 0 – 360 
slopein raster slope (solar panel inclina-

tion) 
1, 2 decimal degrees 0 – 90 

linkein raster linked atmospheric turbidity 1, 2 dimensionless 0 - 7 
lin   single value linked atmospheric turbidity 1, 2 dimensionless 0 - 7 
albedo raster ground albedo 1, 2 dimensionless 0 – 1 
alb   single value ground albedo 1, 2 dimensionless 0 – 1 
latin raster latitude 1, 2 decimal degrees -90 – 90 
lat   single value latitude 1, 2 decimal degrees -90 – 90 
coefbh raster clear-sky index for beam 

component 
1, 2 dimensionless 0 – 1 

coefdh raster clear-sky index for diffuse 
component  

1, 2 dimensionless 0 – 1 

day single value day number 1, 2 dimensionless 0 – 366 
declin single value solar declination 1, 2 radians -0.40928 – 0.40928 
time   single value local (solar) time 1 decimal hours   0 – 24 
step single value time step   2 decimal hours   0.01 – 1.0 
dist   single value sampling distance coefficient 

for shadowing 
1, 2 dimensionless 0.1 – 2.0 
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Appendix 3.3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 = kubanmeteo.ru; 2 = meteonorm.com; 3 = lpdaac.usgs.gov; 4 = frskuban.ru; 5 = openstreetmap.org; 

6 = eosweb.larc.nasa.gov; 7 = soda-is.com; 8 = kubanenergo.ru; 9 = gks.ru; 10 = rma.org; 11 = 

http://krsdstat.gks.ru/; 12 = dsh.krasnodar.ru; 13 = sowitec.com 

a = open source; b = partially open; c = paid access 

 

 

Stage 1: Theoretical Potential 
 
1. KubanMeteo1,b                               
    Meteonorm2,c 

  
2. Digital Elevation Model (DEM) 
    ASTER GDEM3,a 

    KubanCadaster4,b 

 
3. OpenStreetMap (OSM)5,a 

 

 
 
 
Stage 2: Technical Potential 
 
1. NASA POWER6,a 

    Solar and Wind Energy           
    Resource Assessment    
    (SWERA)7,a  
 
2. KubanEnergo8,b 

    RosStat9,b 

 
3. Carbon Monitoring for Action  
    (CARMA)10,a 

    KubanStat11,b 

 
4. KubanEnergo8,b 

    KubanStat11,b 

 
 
Stage 3: Economical Potential 
 
1. Ministry of Agriculture and  
    Processing Industry of    
    Krasnodar region12,b 
 
2. SOWITEC GmbH13,c 

 

 
 

Data sources 
 

Stage 1: Theoretical Potential 
 
1. Figure 4.1 Wind speed distribu-
tion of the Krasnodar region                             
2. Figure 4.24 Available theoreti-
cal wind potential of the Krasno-
dar region (Suitability classes) 
 
3. Figure 4.25 The suitability of 
the Krasnodar region for installa-
tion of RES facilities in terms of 
exclusion zones 
 

Stage 2: Technical Potential 
 
1. Figure 4.26 Spatial distribution 
of the wind power density of the 
Krasnodar region 
 
2. Figure 4.27 Energy consump-
tion by sectors in the areas of 
Krasnodar region 
 

3. Figure 4.28 Spatial distribution 
of energy polygons and main 
power plants  

4. Figure 4.29 Spatial distribution 
of factors affecting the introduc-
tion of RES facilities 
 

Stage 3: Economical Potential 
 
1. Figure 4.30 Economically feasi-
ble areas for the construction of 
wind energy facilities 

2. Figure 4.31 Spatial distribution 
of factors affecting market condi-
tions for RES introduction    in the 
Krasnodar region 

 

 

Cartographical output 
 

Stage 1: Theoretical Potential 
 
1. Georeferencing, spatial analysis 
 
 
2. Collecting and integration of 
data in GIS, digitalization 
 
 
3. Association of raster data into 
classes 

 
 
 
Stage 2: Technical Potential 
 
1. Spatial statistics analysis 
 
 
 
2. Georeferencing, spatial analysis 
 
 
3. Georeferencing, spatial analysis 
 
 
 
4. Georeferencing, spatial analysis 
 

 
 
 
Stage 3: Economical Potential 
 
1. Transformation of the statisti-
cal datasets, georeferencing 
 
 
2. Transformation of the statisti-
cal datasets, georeferencing 
 

Data processing 
 

Figure A3.3 Wind energy potential: data sources, data processing and cartographical out-

put 
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1 = kubanmeteo.ru; 2 = meteonorm.com; 3 = lpdaac.usgs.gov; 4 = frskuban.ru; 5 = openstreetmap.org; 

6 = eosweb.larc.nasa.gov; 7 = soda-is.com; 8 = kubanenergo.ru; 9 = gks.ru; 10 = rma.org; 11 = 

http://krsdstat.gks.ru/; 12 = dsh.krasnodar.ru; 13 = sowitec.com; 14 = wrdc.mgo.rssi.ru; 15 = 

http://re.jrc.ec.europa.eu/pvgis;  

a = open source; b = partially open; c = paid access 

 

 

Stage 1: Theoretical Potential 
 
1. KubanMeteo1,b                               
    HelioClim-17,b 

  
2. HelioClim-17,b 
    World Radiation Data Center  
    (WRDC)14,a 

    KubanCadaster4,b 

 
3. OpenStreetMap (OSM)5,a 

    KubanCadaster4,b 

 

 
 
 
 
Stage 2: Technical Potential 
 
1. NASA POWER6,a 

    PV GIS15,a 

 
2. KubanEnergo8,b 

    RosStat9,b 

 
3. Carbon Monitoring for Action  
    (CARMA)10,a 

    KubanStat11,b 

 
4. KubanEnergo8,b 

    KubanStat11,b 

 
 
 
 
Stage 3: Economical Potential 
 
1. Ministry of Agriculture and  
    Processing Industry of Krasnodar  
    region12,b 

 
2. SOWITEC GmbH13,c 

 

 
 

Data sources 
 

Stage 1: Theoretical Potential 

1.  Figure 4.32 The theoretical so-
lar energy potential of the Krasno-
dar region 

2. Figure 4.33 The theoretical solar 
energy potential of the Krasnodar 
region after application of limiting 
factors and grouped in suitability 
classes 

3. Figure 4.34 The suitability of the 
Krasnodar region for installation of 
RES facilities in terms of exclusion 
zones 
 

Stage 2: Technical Potential 
 
1. Figure 4.35 Spatial distribution 
of the technical solar energy po-
tential 
 
2. Figure 4.36 Energy consumption 
by sectors in the areas of Krasno-
dar region 
 
3. Figure 4.37 Spatial distribution 
of energy polygons and main 
power plants  
  
4. Figure 4.38 Spatial distribution 
of factors affecting the introduc-
tion of RES facilities 

 
 
Stage 3: Economical Potential 
 
1. Figure 4.39 Spatial distribution 
of PV production unit energy cost 

2. Figure 4.40 Spatial distribution 
of factors affecting market condi-
tions for RES introduction in the 
Krasnodar region 
 

Cartographical output 
 

Stage 1: Theoretical Potential 
 
1. Georeferencing, spatial analysis 
 
 
2. Collecting and integration of 
data in GIS, digitalization 
 
 
 
3. Collecting and integration of 
data in GIS, association of raster 
data into classes 
 

 
 
 
Stage 2: Technical Potential 
 
1. Spatial statistics analysis 
 
 
2. Georeferencing, spatial analysis 
 
 
3. Georeferencing, spatial analysis 
 
 
 
4. Georeferencing, spatial analysis 
 

 
 
 
 
Stage 3: Economical Potential 
 
1. Transformation of the statistical 
datasets, georeferencing 
 
 
2. Transformation of the statistical 
datasets, georeferencing 

 
 

Data processing 
 

Figure A3.4 Solar energy potential: data sources, data processing and cartographical output 

http://wrdc.mgo.rssi.ru/
http://re.jrc.ec.europa.eu/pvgis
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1 = kubanmeteo.ru; 2 = meteonorm.com; 3 = lpdaac.usgs.gov; 4 = frskuban.ru; 5 = openstreetmap.org; 6 = 

eosweb.larc.nasa.gov; 7 = soda-is.com; 8 = kubanenergo.ru; 9 = gks.ru; 10 = rma.org; 11 = 

http://krsdstat.gks.ru/; 12 = dsh.krasnodar.ru; 13 = sowitec.com 

a = open source; b = partially open; c = paid access 

 

 

Stage 1: Theoretical Potential 
 
1. KubanStat11,b                               
    OSM5,c 

  
2. OSM5,c 
    KubanCadaster4,b 

 
3. OSM5,c 
    KubanCadaster4,b 

 

 
 
 
Stage 2: Technical Potential 
 
1. Ministry of Agriculture and  
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Stage 1: Theoretical Potential 
 
1. Figure 4.41 Model of the theoret-
ical biomass potential 

2. Figure 4.20 The available theoret-

ical biomass potential after applica-

tion of exclusion zones 

3. Figure 4.42 The suitability of the 
Krasnodar region for installation of 
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zones 
 

Stage 2: Technical Potential 
 
1. Figure 4.43 Spatial distribution       
of technical biomass energy poten-
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2. Figure 4.44 Energy consumption 
by sectors in the areas of Krasnodar 
region 

3. Figure 4.45 Spatial distribution   
of energy polygons and main power 
plants  

4. Figure 4.46 Spatial distribution   
of factors affecting the introduction 
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Stage 3: Economical Potential 
 
1. Figure 4.47 Spatial distribution      
of annual usable biomass for rural 
biomass power plants  

2. Figure 4.48 Spatial distribution       
of annual usable biomass for urban 
biomass power plants 

3. Figure 4.49 Spatial distribution    
of factors affecting market condi-
tions for RES introduction       in the 
Krasnodar region 
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Stage 1: Theoretical Potential 
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analysis 
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Stage 3: Economical Potential 
 
1. Transformation of the statistical 
datasets, georeferencing 
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Data processing 
 

Figure A3.5 Biomass energy potential: data sources, data processing and cartographical output 
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