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Spatiotemporal Analysis Framework for Identifying 

Emerging Hot Spots and Energy Potential from 

Livestock Manure in Turkey 

Abstract 

Biogas technology offers both an environmentally sustainable solution for livestock 

manure and generates renewable energy. Renewable energy production from livestock 

manure highly depends on the feedstock availability; therefore, the spatial and 

temporal variability of livestock manure is critical for sustainable management of 

livestock manure via biogas plants. In this regard, this study aims to develop a 

replicable geographic information system-based spatiotemporal method to determine 

emerging hot spots and power capacities for new biogas plants and capacity expansion 

for the existing plants. The method was conducted to analyze energy production from 

livestock manure at the district level in Turkey between 2013 and 2019. 

The spatial dimension consists of 970 districts, which makes this study the spatially 

most detailed investigation of energy potential from livestock manure in Turkey, while 

the temporal dimension consists of 13-time steps. 66 districts were determined as 

emerging hot spots in which 43 have no biogas plants. These hot spots were specified 

as districts with high priority for the installation of new biogas plants with power 

capacities ranging between 6.30 MWe and 22.54 MWe. The total theoretical power 

capacity was calculated as 640 MWe. Capacity expansions were calculated between 

0.52 to 13.87 MWe for the existing 63 biogas plants. The unit cost of electricity 

generation from livestock manure via biogas plants was calculated as greater than the 

feed-in tariff paid by the government. This is the major reason for the small number of 
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biogas plants considering that Turkey has one of the highest livestock animal and 

poultry populations in Europe. The method aids in the decision-making process of 

environmentally and economically sustainable livestock manure management 

planning and biogas investors to direct their investments into profitable locations. 

Keywords: Biogas; manure; GIS; renewable energy; spatial analysis; Turkey 
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Türkiye’deki Hayvan Gübresinin Yoğun Olarak 

Bulunduğu Bölgelerin ve Bu Bölgelerin Enerji 

Potansiyellerinin Mekansal ve Zamansal Analizler ile 

Belirlenmesi 

Öz 

Biyogaz teknolojisi, hem hayvan gübresi için çevresel açıdan sürdürülebilir bir çözüm 

sunar hem de yenilenebilir enerji üretir. Hayvan gübresinden yenilenebilir enerji 

üretimi, büyük ölçüde hammadde mevcudiyetine bağlıdır; bu nedenle, canı hayvan 

gübresinin mekânsal ve zamansal değişkenliği, biyogaz tesisleri aracılığıyla hayvan 

gübresinin sürdürebilir yönetimi için kritik öneme sahiptir. Bu bağlamda, bu çalışma, 

yeni biyogaz tesisleri için ortaya çıkan sıcak noktaları, güç kapasitelerini ve mevcut 

tesisler için kapasite genişletme potansiyellerini belirlemek için tekrarlanabilir bir 

coğrafi bilgi sistemi tabanlı zaman-uzamsal bir yöntem geliştirmeyi amaçlamaktadır. 

Bu yöntem, 2013-2019 yılları arasında Türkiye’de ilçe düzeyinde, hayvan gübresinden 

enerji üretimini analiz etmek için geliştirilmiştir.  

Çalışmanın mekânsal boyutu 970 ilçeden oluşmaktadır, bu da bu çalışmayı 

Türkiye’deki canlı hayvan gübresinden elde edilen enerji potansiyelinin mekânsal 

olarak en detaylı incelemesi haline getirirken, zamansal boyut 13 zaman adımından 

oluşmaktadır. 43’ünde biyogaz tesisi bulunmayan 66 ilçe, yükselen sıcak noktalar 

olarak belirlendi. Bu sıcak noktalar, güç kapasiteleri 6,3 MWe ve 22,54 MWe arasında 

değişen yeni biyogaz santrallerinin kurulumu için yüksek önceliğe sahip ilçeler olarak 

belirlendi. Toplam teorik güç kapasitesi 640 MWe olarak hesaplanmıştır. Mevcut 63 
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biyogaz tesisi için kapasite artışları 0,52 ile 13,87 MWe arasında hesaplanmıştır. 

Biyogaz tesisleri aracılığıyla canlı hayvan gübresinden elektrik üretimin birim 

maliyeti, devlet tarafından ödenen tarife garantisinden daha fazla olduğu 

hesaplanmıştır. Türkiye’nin Avrupa’daki en yüksek besi ve kümes hayvanı 

popülasyonlarından birine sahip olduğu düşünüldüğünde, biyogaz tesislerinin az 

sayıda olmasının başlıca nedeni budur. Geliştirilen bu yöntem, çevresel ve ekonomik 

olarak sürdürülebilir hayvan gübresi yönetimi planlanmasına ve biyogaz 

yatırımcılarına yatırımlarını karlı yerlere yönlendirmek için karar verme sürecine 

yardımcı olur. 

 

Anahtar Kelimeler: Biyogaz; hayyvan gübresi; GIS, yenilenebilir enerji; mekansal 

analiz; Türkiye 
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Chapter 1 

Introduction 

The unregulated disposal of livestock manure and direct use as fertilizer in farmlands 

are the two major problems in livestock manure management in Turkey. A new 

regulation was legislated to control livestock manure management [1]. To be valid 

from the second half of 2021, this new regulation restricts the direct application of 

livestock manure onto the soil. In addition, livestock farms have been made 

responsible for the proper storage of livestock manure and the development of manure 

management plans. This regulation also encourages the use of livestock manure for 

biogas production as a management strategy. 

Biogas is produced by the breakdown of organic materials such as manure, agricultural 

waste, sewage sludge, and food waste in the absence of oxygen. It mainly consists of 

methane and carbon dioxide that can be converted into heat and electric energy. Biogas 

is also known as a renewable energy resource. It is widely used throughout Europe 

since it has matured technology. There were 17,783 biogas plants in operation in 

Europe by the end of 2017 and most of them utilize agricultural waste, including 

livestock manure, as feedstock. Germany alone has 10,971 biogas plants using manure 

and other biowastes for biogas production [2]. There are only 72 biogas plants 

(excluding the plants utilizing landfill gas) in Turkey, 63 uses livestock manure as 

feedstock [3]. Considering the number of livestock (evaluated under the study area 

section) and the need for a livestock manure management strategy, the number and 

capacity of existing biogas plants are insufficient in Turkey. Biogas energy is also 

considered a renewable energy source. Therefore, the purchase of electric energy 

generated from biogas is guaranteed for the first ten years by a higher feed-in tariff by 

the government. Installation of new biogas plants or capacity expansion may still 

require special attention to spatiotemporal variability of feedstock availability for 
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economically sustainable investment. Knowing where the resources are located, and 

their spatiotemporal trends are important aspects of planning biogas investments. 

According to the previously mentioned statements, this study consists of four main 

steps to evaluate biogas potential from livestock manure in Turkey. This study started 

with a data collection step. In this step, the administrative boundaries (districts, 

provinces, and country), existing biogas plants locations, and livestock data between 

2013 and 2019 were collected. The second step included geocoding of existing biogas 

plants and livestock data for geodatabase design and generation to be used in 

spatiotemporal analyses. Spatiotemporal pattern mining of biogas potential from 

livestock manure was the third step of this study. This step was divided into two 

sections: Creating a space-time cube with 2013-2019 livestock data and the density 

analysis with the 2019 livestock data. Trend analyses and the emerging hot spot 

analyses were performed in creating a space-time cube section. In the fourth and the 

final step, the emerging biogas plant locations were determined. According to the 

overall results, an economic analysis was performed for the sustainable planning of 

biogas energy generation.  

This thesis consists of 5 chapters. In the first chapter, an introduction is made for a 

better understanding of biogas energy potential from livestock manure and the 

upcoming chapters. The second and the third chapters include a literature review and 

materials and methods used in the scope of the thesis along with the procedure of the 

spatiotemporal analysis, respectively. The results and discussion part were included in 

the fourth chapter. The fifth chapter consists of general conclusions and a few 

recommendations for possible future studies.  
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Chapter 2 

Literature Review  

In this chapter, renewable biogas energy was discussed in detail. The literature review 

was divided into the following topics to give the reader an in-depth explanation of 

biogas energy and its potential as a renewable energy source: The renewable energy 

needs in Turkey and the world, biogas as an inseparable part of renewable energy, 

literature.   

2.1 The Renewable Energy Needs in Turkey and the 

World 

Energy can be defined as the ability to do work. From the past today, people have used 

energy in various forms by changing it from one form to another such as heat, 

electrical, chemical act. The main sources of this energy production have been 

obtained from nature and utilized directly in the energy generation process. These main 

sources can be listed as coal, oil, nuclear energy, natural gas, and these are called fossil 

fuels [4]. Besides providing a high amount of energy, fossil fuels cause various 

environmental problems which are simultaneously related to the continuity of 

humanity from global warming to acid precipitation, air pollution, greenhouse gas 

emissions, etc. On contrary to these sources, there are renewable energy sources that 

can be utilized more sustainably for the good future of nature like wind, hand, wave 

energy, biomass, geothermal, solar, hydraulic [5]. The categorization of energy 

sources as renewable and non-renewable is demonstrated in Figure 2.1 [6]. As an 

important asset, renewable energy usage comes to the fore with reducing the energy-

related environmental problems with the ability of self-perpetuation and reduction 

greenhouse gas emission. 
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Figure 2.1: The categorization of energy sources as renewable and non-renewable 

[6]. 

E
n
er

g
y

Non-Renewable

Fossil Fuel

Natural gas

LPG

CNG

Ethane,methane 

Petroleum crude 
oil

Kerosene oil

Petrol

DieselCoke

Coal

Peat

Lignite

Anthracite

BituminousNuclear Fuel

Thorium

Uranium

Renewable

Wind

Hydro

Solar

Hydrogen

Ocean

Geothermal

Biomass

Biological

Biogas

Alcohol 
Fermentation

Thermo-
chemical

Pyrolysis

Gasification

Briquetting



5 

 

The world has a population of a consistently increasing number and it will continue to 

increase. Parallel to this fact, the energy demand of the world is predicted to increase 

by 1000 EJ (EJ=1018J) or even more [7]. Another result shows that while global 

energy demand was 254 EJ in 1973, it reached 606 EJ in 2019 [8]. The world's total 

energy supply sources and their percentages in total consumption are demonstrated in 

Figure 2.2. 

Like the rest of the world, Turkey’s energy consumption has grown in years. For 

instance, while the energy consumption of Turkey was calculated as 3,1 EJ in 2000, it 

increased to 6,5 EJ in 2019 [9]. The energy consumption of Turkey between 2000 and 

2019 is demonstrated in Figure 2.2. All these results show that fossil fuels can not meet 

this increasing energy demand alone when sustainability and the amount of energy are 

considered. The leading cause of environmental problems like air pollution and global 

warming is an increase in the amount of fossil fuels usage to meet the world’s energy 

needs. Besides environmental problems, this amounts of fossil fuels utilization 

increase the external dependence of Turkey and affect the country’s economy [10]. 

 

Figure 2.2: The world's total energy supply sources and their percentages in total 

consumption (in exajoules) [8]. 

Fossil fuel reserves are limited, can require outsourcing because of the absence, and 

they may run out in the future. These emergencies obligate the countries to take 



6 

 

precautions to decrease the negative environmental and economic effects of fossil fuel 

usage. Renewable energy sources can decrease this fossil fuels rate in the total energy 

generation. Their utilization also has much fewer negative consequences both on the 

environment and economies. 

 

 

Figure 2.3: The energy consumption of Turkey between 2000 and 2019 (in 

exajoules) [9]. 

 

2.2 Biogas as an Inseparable Part of Renewable Energy 

In recent years, the search for new and renewable energy source technologies has 

significantly increased in the world and our country because of its decreasing effect on 

climate change while contributing to economic growth by creating new working 

opportunities. Several sources are used as renewable energy sources such as biomass, 

hydroelectric, geothermal, wind, and solar [11,12].  These sources generate a more 

secure and diverse energy supply to the world. 
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The production of biogas from organic wastes is considered an effective and 

alternative way of producing energy  [11]. When biogas energy potential is considered, 

it is seen that there are lots of agricultural biomass in the world [13]. The same situation 

is situated for Turkey too. Agricultural biomass and livestock manure are important 

and suitable sources for biogas production with a big market share of agricultural 

activities in the national economy. Besides these benefits, livestock manure utilization 

for biogas production is an effective way of livestock manure management. In this 

way, the water, soil, and air contamination from unregulated biomass applications are 

prevented [14].   

While renewable energy needs increases day by day, biogas energy technology can 

meet some parts of energy needs efficiently. For example, it is calculated by Polpraser 

[15] that 1 m3  of biogas combustion is enough to: 

 work an engine with a 0,73 KW for two hours, 

 generate 1,25 kWh electricity  

 generate heat for cooking 3 times a day for five persons 

 generate light equivalent for 6 hours with 60 W lamp 

 operate a cooler with a capacity of 1 m3 for one hour  

 operate an incubator with a capacity of 1 m3 for half-hour. 

All these reasons clearly state that the technologies for the energy generation from 

organic wastes like livestock manure or agricultural biomass have significant 

importance and biogas production is an inseparable part of this energy generation 

process.  

2.2.1 The Definition and Components of Biogas 

Biogas is essentially a combustive mixture of gasses. This mixture is obtained by the 

degradation of organic materials such as livestock manure, crops, wastes, etc. under 

anaerobic conditions as a result of biochemical fermentation and microbiological 

activity and it is %20 lighter than air. The calorific value of biogas is 21 MJ/m3  

[16,17].  
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There is a diversity in biogas components. For instance, the biogas which is obtained 

by sewage digester generally consists of %35-45 carbon dioxide (CO2), %55-60 

methane (CH4), lesser than %1 nitrogen (N). On the other hand, the biogas from 

organic waste mainly consists of %30-40 carbon dioxide, %60-70 methane, lesser than 

%1 nitrogen (N2).  The landfills biogas usually consists of %30-40 carbon dioxide, 

%45-55 methane, %5-15 nitrogen. With these components, there are also aromatic 

compounds, hydrogen sulfide, siloxane, and halogenated compounds [18]. The 

components and the average percentages of biogas components are given in Table 2.1 

[19]. The last two components can observe more commonly in landfill biogas than 

biogas from the anaerobic digestion of livestock manure [18]. The CO2 and CH4 

percentages of biogas from organic waste are demonstrated in Figure 2.4.  

Table 2.1: Ranges of Components of Biogas [18]. 

 
Chemical 

Symbol 

Anaerobic Digester 

Biogas 
Landfill Biogas 

Density (kg/m3) - 1.1 1.3 

Relative density (air 

=1.0) 
- 0.9 1.1 

Methane (%) CH4 60-70 35-65 

Heavy hydrocarbons - 0 0 

Hydrogen (%) H2 0 0-3 

Carbon dioxide (%) CO2 30-40 15-40 

Nitrogen (%) N2 - 5-40 

Oxygen (%) O2 - 0-5 

Hydrogen sulfide 

(Ppm) 
H2S 0-400 0-100 

Ammonia (Ppm) NH3 100 5 

Total chlorine (Ppm) Cl 0-5 20-200 
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Figure 2.4: The CH4 and CO2 percentages of biogas from organic waste 

 

2.2.2 The Technical Properties of Biogas  

Biogas has lesser energy contents than other energy sources which are gas formed 

except hydrogen. Since it is lighter than air, it does not precipitate to the bottom. With 

this property, it can easily mix with the air, and this reduces the risk of an explosion. 

The combustion velocity of biogas is low with 0,25 m/s in the air because of the low 

CO2 value. It needs to be at least %5 percent in the air to combustion. But %30 percent 

is preferred to ensure the ideal combustion [20]. 

The combustion of biogas produces water vapor, carbon dioxide, sulfur dioxide, 

carbon monoxide, nitrogen oxides, and carbon black.   The energy equations of 1 m3 

of biogas are given in Table 2.2 [21].   

Biogas is colorless and odorless. While biogas is like other gases in terms of 

combustion and calorific values because of the methane it contains, it is different in 

physical properties from propane and butane gases. For the same amounts, the energy 

generation of biogas is 2/3 of natural gas. The comparison of biogas with natural gas 

is given in Table 2.3 [22]. 

 

CH4 %60-70
CO2 % 30-40

Others %1

CH4 %60-70

CO2 % 30-40

Others %1
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Table 2.2: The energy equations of 1 m3 of biogas [21]. 

                                                                        

 

1 m3 biogas = 

0.66 lt diesel fuel 0.75 lt gasoline 

0.25 m3 propane 0,2 m3 butane 

0,85 kg coal 0.62 lt gas oil 

1.46 kg wood charcoal 3.47 wood 

4.70 kWh electricity energy 12.3 kg cowpat 

 

Table 2.3: The comparison of biogas with natural gas [22]. 

Properties  Biogas Natural Gas 

 Composition volume 

percentage (%) 
55-65 95-98 

Molecular weight 

(kg/mol.kg) 
26.18 16.04 

Density (k/m3) 0.82 1.21 

Calorific value (MJ/m3) 21.48 36.14 

Max combustion speed 

(m/s) 
0,25 0,39 

 

The amount of methane gas in the biogas is high if the waiting period is long in the 

process. Besides this, the methane amount of biogas depends on carbohydrates, fats, 

and proteins of feedstock as shown in Table 2.4 [19].   Shorts period for generating 

biogas brings methane gas less than %50 and this causes short combustion time. On 

the other hand, the liquefaction of biogas is not feasible economically. While propane, 
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butane, etc. gases liquefaction occurs in the terms of room temperature and low 

pressure, biogas needs high temperature and pressure values for liquefaction. As a 

result of these non-feasibility conditions of liquefaction, biogas utilization needs to be 

in the same place where it is generated, or it needs to carry with pipes [20].  

Table 2.4: The methane amount of different feedstocks [19]. 

Feedstock Type Methane 

(%) 

Biogas (m3/t fresh 

feedstock) 

Liquid pig manure  68 28 

Liquid cattle manure 60 25 

Distillers’ grains with soluble 61 40 

Pig manure 60 60 

Cattle manure 60 45 

Poultry manure 60 80 

Organic waste 61 100 

Beet 53 88 

Forage beet 51 111 

Sweet sorghum 54 108 

Corn silage 52 202 

Grass silage 54 172 

 

2.2.3 Production of Biogas  

Unlike the other combustible gases like natural gas, biogas is produced only from 

organic materials. The main materials as a feedstock used in the production of biogas 
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such as livestock manure, agricultural biomass, industrial organic waste, municipal 

organic waste, harvest residues are shown in Figure 2.5 [23].  

The usage of organic wastes in the biogas production process is an effective way of 

waste management in the terms of waste disposal and at the same time obtaining 

energy from waste. With this effective waste management, it is ensured that the 

fertilizer gain into the soil mature earlier within the fermentation period and this is 

increases productivity in agricultural areas [24].  

 

Figure 2.5: General view of the biogas system [23]. 

 

Biogas production depends on the existence of four main compounds. These 

components are organic material, microorganisms, anaerobic environment, and heat 

[25]. Organic material is the substance of the microorganisms for methane production. 

The most important resources for these organic materials are husbandry and 

agricultural activities.  

The transaction for the biogas production that occurs as a result of all several steps is 

called anaerobic digestion. Degradation of organic wastes happens with anaerobic 

digestion under anaerobic conditions by microorganisms. This biogas production has 
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an integrated system in which four consecutive steps.  As can be shown in Figure 2.6., 

the biological stages of anaerobic digestion are named hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis [26]. As seen with these steps, there are important 

main factors in biogas production. These can be defined as:  

 Time of retention, 

 Composition of sublayer, 

 Digester temperature, 

 Working pressure of the digester, 

 Volatile fatty acids, 

 pH of the fermentation [27].  

 

 

 

Figure 2.6: The biogas production process [26]. 
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2.2.3.1 Hydrolysis 

Hydrolysis is the first step of the anaerobic digestion process. Generally, biomass is 

the total of the complex organic polymers. In this step, the decomposition of organic 

polymers to the soluble, simple monomers is occurred by hydrolytic microorganisms 

such as amylase, lipase, protease, and cellulase throughout extracellular enzymes [28]. 

This decomposition creates evaporative more simple organic materials. At this stage, 

carbohydrates such as cellulose, hemicellulose, lignin are converted to the smaller 

monomer glucose, pentose, and hexose. On the other hand, proteins turn into a 

polypeptide, amino acids, and fats also are broken down into alcohol, fatty acids, and 

hydrogen.  While the processing time about hydrolysis of carbohydrates can take an 

average of 5 hours, the hydrolysis of lipids and proteins can occur within a few days. 

Decomposition of lignin and lignocellulose is very slow, and it cannot occur 

completely [29]. The important factors affecting the rate of hydrolysis are pH, 

temperature [30].   

2.2.3.2 Acidogenesis 

After decomposition of polymers such as fat, carbohydrate, and protein into smaller 

monomers by anaerobic microorganisms occurs in hydrolysis, in the acidogenesis step 

these monomers are degraded to short-chain organic acids, alcohols, C1-C5 molecules, 

carbon dioxide, and hydrogen [29]. 

2.2.3.3 Acetogenesis  

The result products of the acidogenic step are used as the substrate for the 

microorganisms of the third acetogenesis step. In the acetogenic step, endergonic 

reactions occur [29]. Acetogenic microorganisms convert fatty acids into acetate, 

hydrogen, and carbon dioxide [28]. These microorganisms necessarily produce H2. 

They can only get the energy they need to live and grow at very low hydrogen 

concentrations. When there is a low hydrogen partial pressure; hydrogen, carbon 

dioxide, and acetate are formed by acetogenic bacteria. At high hydrogen partial 

pressure, ethanol is formed mainly with butyric, Capron, propionic, and valeric acids. 

From these products, methanogenic microorganisms can only use acetate, hydrogen, 

and carbon dioxide [29].  
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Methanogenic bacteria 

Methanogenic bacteria 

2.2.3.4 Methanogenesis 

The methanogenesis step is the final step of the anaerobic digestion process. In this 

step, methane gases occur under very high anaerobic conditions. The resulting step is 

categorized as an exergonic reaction  [29]. Firstly, acetic acids, hydrogen, and carbon 

dioxide are converted to methane by absolute anaerobic methanogenic bacteria. As can 

be seen in equation 2.1., hydrogen-utilizing methanogens produce methane from 

hydrogen and carbon dioxide, while acetolactic methane formers decompose acetic 

acid into methane.  While %30 of the methane comes from the conversion of carbon 

dioxide and hydrogen, the main part of methane as %70 is generated from acetate [19]. 

The most critical step is the methanogenesis in the anaerobic digestion process with 

the reason of the being slowest reaction of the process.  Operation conditions influence 

this step.  Overloading of the digester, a large amount of oxygen entering, or sudden 

temperature changes can cause the termination of methane production [19]. 

2.2.4 The Utilization of Biogas Energy 

Biogas has great usage potential as an energy source within local demand. It can be 

used in the generation of electricity through micro turbines or fuel cells. On the other 

hand, with the direct combustion of biogas, it can be used for heating, CHP generation, 

or can be used as fuel for vehicles. A general overview of biogas utilization is shown 

in Figure 2.7. [19].  

 

 𝐴𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑                                              𝑚𝑒𝑡ℎ𝑎𝑛𝑒 + 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒                 

 
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 + 𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑥𝑜𝑖𝑑𝑒                                              𝑚𝑒𝑡ℎ𝑎𝑛𝑒 +
                                                                                                              𝑤𝑎𝑡𝑒𝑟                

 

(2.1) 
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Figure 2.7: General overview of biogas utilization [19]. 

 

2.3 Literature 

Biogas potential depends on feedstock availability, which is geographically dispersed. 

Therefore, most of the previous studies involve spatial analysis. Studies considering 

spatial and temporal aspects together are rare in the literature. Yalcinkaya [31], for 

example, investigated the siting, sizing, and economic feasibility of management of 

livestock manure and organic fraction of municipal solid waste (OFMSW) through 

biogas plants in Izmir, Turkey. In this study, a stepwise methodology was performed. 

First, a land suitability analysis was conducted to determine the potential biogas plant 

sites. Then, a location-allocation analysis was conducted to determine the relationship 

between the number of biogas plants, and plant location, capacity, and transportation 

distances. Finally, an economic assessment was performed to determine the optimum 

solution out of the potentials. The most recent annual average feedstock availability 

and collection of all livestock manure and OFMSW were considered in this study.  

Sharma et al. [32] developed a geographic information system (GIS) based spatial 

model for identifying suitable sites and capacities for bioethanol plants throughout the 

US. Energy crops, switchgrass, miscanthus, and corn stover, were considered as 
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feedstock. Feedstock availability was calculated using a crop growth and production 

model.  

A 64 km radius buffer zone was used in the determination of available feedstocks. 

Valenti et al. [33] ) also conducted a GIS-based spatial analysis for siting and sizing of 

potential regional biogas plants in Sicily, Italy. Agricultural residues, including 

livestock manure, and food wastes were used as feedstock. A 45 km radius buffer zone 

was defined as the biogas plant service area. Spatial analysis results were used in the 

economic assessment of the proposed biogas plant investments. 

A GIS-based land suitability model was developed by Zareei [34] for determining the 

suitable locations of potential biogas plants in Iran. Rural household waste and 

livestock manure were used as feedstock in this study. The spatial density of theoretical 

biogas potential was determined at province scale (31 provinces) and utilized as a 

preference factor in the model.  

Sliz-Szkliniarz and Vogt [35] conducted a GIS-based spatial analysis for the 

assessment of biogas potential from selected crops and livestock manure at Kujawsko- 

Pomorskie Voivodeship in Poland. Poland set ambitious goals for increasing biogas 

power starting in 2010. The study was aimed to provide insights into the economic 

feasibility of biogas plant installation, to evaluate the incentives to encourage biogas 

development and to determine the amount of biogas feedstock within reasonable 

collection distances that make the system economically sustainable. 

Rios and Kaltschmitt [36] performed statistical and GIS-based spatial analyses for 

the calculation of electricity generation potential from biogas in Mexico. Municipal 

solid waste, industrial and municipal wastewater, and livestock manure were utilized as 

feedstock. The study was also aimed to identify the most promising municipalities 

(2,454 municipalities) for electricity generation from biogas. 

Venier and Yabar [37] applied consecutive GIS-based land suitability and spatial 

cluster analyses for the determination of biogas energy potential from cattle manure in 

the Buenos Aires Province of Argentina. Siting and sizing of potential biogas plants 

were identified considering the economically feasible transportation distances. 
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Díaz-Vázquez et al. [38] targeted a similar goal to this thesis which is developing a 

replicable GIS-based approach to identify priority sites for biogas plants to provide an 

environmentally sustainable livestock manure management. Similar to Venier and 

Yabar [37], Díaz-Vázquez et al. [38] were also applied consecutive GIS-based land 

suitability and spatial cluster analyses. Priority sites were identified based on clusters 

of nitrogen and phosphorous recovery and energy generation from livestock manure 

were identified in the Jalisco State of Mexico.  

Investigation of energy potentials from livestock manure in Turkey gained attention 

after the increase of feed-in tariff for renewable energy in 2011. Ekinci et al. [39] and 

Avcioǧlu and Türker [40] conducted one of the first studies on this subject. They 

estimated province-scale biogas potentials from 2009 livestock manure data. 

Karaca [41], and Ersoy and Ugurlu [42] investigated spatial distribution and magnitude 

of energy potentials from poultry and dairy cattle manure, and all livestock manure, 

respectively. Both studies conducted GIS-based analyses using 2015 livestock data at 

province (81 provinces) scale in Turkey.  

Melikoglu and Menekse [43] on the other hand, forecasted Turkey’s energy generation 

potential from sheep and cattle manure regardless of spatial distribution from 2018 to 

2026. They utilized the historical data on per capita milk production and meat 

consumption for the estimation of the livestock population.  
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Chapter 3 

Materials and Methods 

The methodology of this study consists of four consecutive steps: data collection for 

the calculation of biogas production from livestock manure (1), geodatabase design 

and generation for spatiotemporal analyses (2), spatiotemporal pattern mining of 

biogas potential from livestock manure (3), and economic assessment of potential 

biogas plants (4). The  step-by-step methodology is demonstrated in Fig 3.1. 
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Figure 3.1: Demonstration of the step-by-step methodology. 

 

3.1 Study Area  

Turkey is located between Asia and Europe as shown in Figure 3.2. continents with a 

780,043 km2 surface area. There are 81 provinces and 970 districts in Turkey [44]. 

The area of districts ranges between 4,036 km2 and 7 km2, while the average district 

area is approximately 802 km2 [45]. 
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Figure 3.2: The study area located in the world. 

 

According to the 2020 population census, Turkey’s population is approximately 83.6 

million. The population is significantly high in the northwest of the country, which 

causes high urbanization, while the northeast region is the least populated [46]. Turkey 

has the highest livestock population in Europe with 17.221 million bovine animals, 

33.678 million sheep, and 10.635 million goats, and it comes second in the poultry 

population [47]. Bovine animal, sheep and goat, and poultry population increased by 

23%, 26%, and 29% between the spatiotemporal analysis time range of the present 

study, 2013 and 2019, respectively [48]. However, Turkey, with only 72 active biogas 

plants (63 utilize livestock manure as feedstock), is listed towards the end of the list of 

the number of biogas plants in Europe [2,3]. The plant power capacities range between 

0.24 and 15.25 MWe, while the average capacity is 3.71 MWe. The study area and the 

existing biogas plants utilizing livestock manure are shown in Figure 3.3. 
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3.2 Data Collection and Geodatabase Design and 

Generation  

The first step of the methodology is data collection and geodatabase design and 

generation. District level livestock and poultry population data were obtained from the 

Turkish Statistical Institute for 7 years, between 2013 and 2019 [46].  

The data was obtained in 63 different categories based on type, age, and gender of 

animals in tabular format. Livestock categories and their weekly manure production 

rates are presented in Table 3.1. [49].  

 

Table 3.1: Weekly slurry production rates. 

Livestock 
Slurry 

(m3/week) 

Dairy Cattle (6.000 L/year milk 

production) 
0.33 

Dairy Cattle (3.000 L/year milk 

production) 
0.29 

Cattle˃2 years 0.26 

Cattle (18-24 months) 0.26 

Cattle (12-18 months) 0.15 

Cattle (6-12 months) 0.15 

Cattle (0-6 months) 0.08 

Goat 0.02 

Sheep 0.03 

Lamb (baby sheep) 0.01 

Poultry - 1000  0.81 
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Livestock manure represents manure from bovine animals, sheep and goat, and poultry 

in this study. Livestock manure production, biogas production, energy generation, and 

power capacities were calculated from livestock population data, as explained in the 

following section. Administrative boundaries at nation, province, and district levels 

were obtained from the General Directorate of Mapping in vector format [50]. Tabular 

livestock data was converted into georeferenced data by associating each district with 

its livestock population, manure production, biogas production, energy generation, and 

power capacities. 13-time steps were established for each district (2 periods for each 

year). Existing biogas plants and their locations were gathered from the Energy Market 

Regulatory Authority [51]. The ArcGIS Pro software version 2.7 was used to create 

the geodatabase, process data, create a space-time cube, and perform trend analysis, 

emerging hot spot analysis, and density analysis. All data were transformed to World 

Geodetic System 1984 (WGS 1984) Universal Traverse Mercator (UTM) Zone 35 

projected coordinate system to preserve the integrity of the spatiotemporal analyses. 

Data types and sources used in this study are presented in Table 3.2. 

 

Table 3.2: Data types and sources 

Data Type Source 

Administrative boundaries General Directorate of Mapping [50] 

Livestock data Turkish Statistical Institute [48] 

Existing biogas plants data Energy Market Regulatory Authority 

[51] 
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3.3 Spatiotemporal Pattern Mining of Energy Potential 

from Livestock Manure  

3.3.1 Energy Potential from livestock manure 

Equations and parameters to estimate energy potentials were adopted from Yalcinkaya 

[31]. Energy potential from livestock manure was calculated using Equation (3.1), as 

follows:  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝐿𝑀 = ∑  

𝑛

𝑖=1

∑ 𝐻𝑖𝑗 × 𝑆𝑇𝑆𝐽
× 𝑀𝐿𝑀𝑗

× 𝛼𝑗 × 𝐷 × 𝑄𝑀 × 𝜂 ×
1

7

𝑤𝑒𝑒𝑘

𝑑𝑎𝑦

𝑚

𝑗=1

 

                                                                                                                              (3.1) 

where H (ton/year) represents the amount of the livestock manure; i and j are indexed 

for district and livestock type, respectively; n is the total number of districts; m is the 

total number of livestock type; STS is the total solid content (kg TS/kg manure); MLM 

indicates the methane generation per unit of total solids (m3 CH4/kg TS); D is the 

average manure density (kg/m3); α is the collectible livestock manure, QM is lower 

heating value for methane (MJ/m3), and η is the electrical energy conversion efficiency 

[31].  STS and MLM values vary depending on the type of livestock, therefore indexed 

by j. D values were reported between 1009 and 1041 kg/m3 for bovine animals, sheep 

and goat, and poultry by Lorimor et al. [52].  D was taken as 1000 kg/m3 for all livestock 

manure in this study. QM was taken as 37.2 MJ/m3 [53]. η for electrical energy 

generation from biogas by internal combustion engines was reported between 38 % 

and 46% by the manufacturer (General Electric, 2018). η was taken as 0.4 (40%) in 

this study. Hij was calculated by multiplying the amount of each livestock type and the 

weekly manure production rate reported in Table 3.1  [49].  

Yalcinkaya [31] conducted field studies in Izmir, Turkey, and determined that 

collectible livestock manure (α) values vary depending on the scale of facilities. In 

large industrial farms where animals are kept in closed areas the manure collection rate 

is close to the theoretical level (where α=0.99), while most of the livestock manure 

cannot be collected due to the insufficient infrastructure in small enterprises. In this 
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case, the α value is approximately 0.5 for cattle, sheep, and goats. High rates were 

observed (α = 0.99) at poultry facilities which are generally well-equipped large 

facilities. Because the new regulation will be in charge by the end of 2021, theoretical 

energy potentials with high collection rates (α = 0.99) were also considered in the 

following spatiotemporal analyses. Finally, energy potentials for each district were 

converted into installed power capacities in MWe units. MLM, STS, and α values for 

different livestock animals are given in Table 3.3. 

 

Table 3.3: Methane generation per unit of total solids (MLM), total solids content (STS), 

and collectible part of the total livestock manure (α) for different livestock types a 

([53]), b ([54]), c ( [31]). 

Livestock 

MLM
a STS

a 

α 

(m3 CH4/kg TS) (kg TS/kg manure) 

Dairy Cattle > 24 months 0.14 0.11 0.5c 

Cattle > 24 months 0.14 0.11 0.5c 

Cattle 12-14 months 0.14 0.15 0.5c 

Cattle < 12 months 0.14 0.15 0.5c 

Sheep 0.11 0.23 0.5b 

Goat 0.07 0.32 0.5b 

Poultry 0.19 0.16 0.99c 

    

 

District level density analyses were conducted using the most recent livestock data in 

2019. The spatial distribution and magnitude of livestock manure were investigated. 

Density analyses were performed for both theoretical and collectible livestock manure. 
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3.3.2 Spatiotemporal Pattern Mining 

The first step of spatiotemporal analyses is to create a space-time cube. A space-time 

cube consists of bins over constant locations. Each bin contains temporal data for those 

defined locations and may accumulate on top of each other for a designed time. By 

creating a space-time cube spatiotemporal data is stored into a netCDF data structure 

which allows to visualize and analyze spatiotemporal data in GIS software. In our case, 

there are 970 spatial variables (districts) that do not change over time and 13 temporal 

variables (livestock data 2 periods per year for 7 years). The number of data and 

statistics (sum, mean, median, minimum, maximum, and standard deviation) are 

calculated for every bin of the defined location cube.  

Mann-Kendall trend test was used in trend analysis to determine the temporal trend of 

bin values at each defined location. In the Mann-Kendall trend test, bin values and 

their time sequence are analyzed with rank correlation. The first bin value of a defined 

location is compared to the second bin value. The result becomes +1 if the second bin 

value is larger than the first bin value. The result becomes -1 if the second bin value is 

smaller than the first bin value. The result becomes 0 if the first and second bin values 

are equal. Every bin value is compared to its successive bin value and the results are 

summed. If the sum is zero, which is the expected result, it means that there is no 

temporal trend in the variable for the defined location. To determine the statistical 

significance of the difference, the calculated sum and the expected sum are compared. 

Z-scores (standard deviation) and p-values (probability) are used to determine the 

statistical significance of the bin time series’ trends. The trend with a small p-value is 

statistically significant. If the trend is increasing, it has a positive z-score, and if it is 

decreasing it has a negative z-score [55].  

Besides trend analysis for temporal trends and density analysis for the magnitude of 

the variable, emerging hot spot analysis was conducted to determine the locations that 

require the highest attention or priority in a decision-making process. Emerging hot spot 

analysis classifies each defined location into new, consecutive, intensifying, persistent, 

diminishing, sporadic, oscillating, and historical hot and cold spots based on patterns 

detected over time and space. It might also detect no pattern. The space-time cube in 

the netCDF data structure is used as input for the emerging hot spot analysis. First, 
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Getis-Ord Gi* statistic is calculated for each bin to determine the intensity of clusters 

for high and low values. Every bin is compared with its neighboring space-time bins 

to assess whether its value contributes to a statistically significant hot or cold spot or 

not. A high bin value may not be a statistically significant hot spot unless it is 

surrounded by space-time bins, which also have high values. Two parameters, namely, 

neighborhood time step and neighborhood distance are inputted to describe the 

neighborhood of each bin [56]. A fixed neighborhood distance of 10 km and 70 km, 

and a time step of 1 (the current and preceding time periods) were set in this study. 

The impacts of selected neighborhood distances were evaluated in the results and 

discussion section. Following the Getis-Ord Gi* statistic calculations, the Mann-

Kendall trend test is performed to determine whether these hot and cold spots are new, 

consecutive, intensifying, persistent, diminishing, sporadic, oscillating, or historical 

over time [57].  

3.4 Economic Assessment  

An economic assessment was conducted to evaluate the economic feasibility of biogas 

plants installation at the emerging hot spots. The economic assessment was conducted 

based on costs and revenues. District-level central biogas plants were considered in 

the economic assessment. Costs include investment costs (I), and operation and 

maintenance (O&M) costs, while electricity generation from biogas was considered as 

the revenue.  

The unit costs were taken from the International Renewable Energy Agency reports 

[58]. The investment cost of biogas plants was reported between 2,574 and 6,104 

$/kW. The average reported value of 4,339 $/kW was used in Equation 2. The 

investment cost includes feedstock handling and preparation machinery, construction, 

engineering, equipment, and planning costs. Operation and maintenance costs were 

classified into variable and fixed costs. Fixed O&M consists of scheduled 

maintenance, labor, insurance, and routine component/equipment replacement. 2.1 to 

7% of investment cost was reported as the annual fixed O&M costs. Variable O&M 

costs are estimated based on the energy generation rate of the plant and were reported 

as 4.2 $ per MWh energy generation. Variable O&M costs include incremental 

servicing, unplanned maintenance, and equipment replacement costs. The installed 
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capacity (xp) and energy generation (xe) were calculated using the most recent 

livestock data (2019) for each district in the density analysis. The cost equations (3.2-

3.3) are given below:  

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡, 𝐼 ($) = 4339𝑥𝑝(𝑥𝑝, 𝑘𝑊  )                   (3.2) 

𝑂&𝑀 𝑐𝑜𝑠𝑡 (
$

𝑦
)=0.045 𝐼 +4.2 𝑥𝑒(𝑥𝑒 , 𝑀𝑊ℎ )                    (3.3) 

The annual cost (Tc) of a biogas plant was estimated using the equation (3.4):                   

𝑇𝑐 = 𝐼𝑎 + 𝑂&𝑀 

𝑎 =
𝑖  (1 +𝑖  ) 𝑇

((1 +𝑖  ) 𝑇−1 )
                               (3.4) 

where TC indicates the annual total cost ($/y); α indicates the annuitization co-efficient; 

I represent the investment cost ($); O&M represents operation and maintenance costs 

($/y); i stands for the discount rate; T indicates the lifetime of a biogas plant. A 20-

year lifetime is generally considered for biogas plants [35,53,58] and 10% discount 

rate was taken [31,58]. 

The annual revenue from the electric energy generation at a biogas plant was estimated 

using the following equation (3.5): 

𝑇𝑅 = 𝐾𝐹 ×  𝐼𝑇 ×  𝑃𝑒  × 𝑈𝑒                                    (3.5)        

where 𝑇𝑅 is the annual revenue collected due to electricity sale ($/y); KF indicates the 

capacity factor for the power plant; IT indicates the rate of internal energy 

consumption; Pe is the annual electricity generation of a plant (kWh/y); Ue is the unit 

electric sale price $/kWh. The capacity factor (KF) and rate of internal consumption 

(IT) were taken as 91.3% and 5%, respectively [59]. Annual electricity generation (Pe) 

was calculated using the most recent livestock data (2019) for each district in the 

density analysis. The net unit revenue from electricity generation ($/kWh) was 

calculated by subtracting the costs from the revenue and diving the result by the total 

energy generation.  
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Chapter 4 

Result and Discussion 

Results of the spatiotemporal trend analyses, density analyses, opportunity analysis, 

impact analysis, and conclusion are given in this chapter respectively. 

4.1 Spatiotemporal Trend Analyses  

The spatiotemporal analyses of energy potential from livestock manure were 

conducted for 970 districts with 13-time steps (time steps of 6 months). Temporal trend 

analysis for energy potential at each district was measured using the Mann-Kendall 

trend test. An increasing trend was observed over the study area in general, which 

complies with the increase in livestock and poultry population between 2013 and 2019 

as stated in the study area section. 532 districts were classified with a p-value of less 

than 0.1 while 529 of those are classified with a p-value less than 0.01. Low p-values 

indicate that rather than a random pattern, energy potentials across time exhibit a 

statistically significant increase for those 532 districts. Increasing trends were 

observed especially in the central and southeast regions of Turkey. Despite this 

positive trend, few active biogas plants are located in the central and the southeast 

regions. By increasing the number of active biogas plants, a sustainable method in the 

management of livestock manure will also be achieved in these regions. On the other 

hand, 113 districts exhibited decreasing trends. In addition, no particular trend of 

increase or decrease was observed in 328 districts. The results of temporal trend 

analysis are presented in Figure 4.1. 
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Emerging hot spot analysis considers spatial distribution, magnitude, and temporal 

trends together; therefore, it provides better insights into the prioritization of districts 

for livestock manure management through biogas plants. Emerging hot spot analysis 

was conducted within fixed distances of 10 km and 70 km considering the 

transportation of livestock manure. Time step interval was defined as 1 which 

encompasses the analysis time step and one preceding time step. The resulting 

emerging hot spots map indicates the districts that require priority when planning to 

construct new biogas plants or expand the capacity of existing biogas plants. Since the 

maximum district radius is approximately 35 km (if districts are assumed to have 

circular shapes), emerging hot spot analysis was performed with 70 km neighborhood 

distance at first to allow every district has at least 1 neighbor (bin). It was observed 

that even if a district has high energy potential, it may not be pointed as a hot spot due 

to the surrounding districts within 70 km distance from its center. When the emerging 

hot spot analysis was conducted within the 10 km distance, all districts with high 

energy potentials were correctly specified as hot spots. Because most of the districts 

were evaluated within themselves when the neighborhood distance was less than 10 

km. Transportation distance between feedstock sources and potential plant sites is one 

of the most important factors for the economically sustainable management of 

livestock manure through biogas plants. It was reported that if the transportation 

distance between livestock manure source and biogas plant is more than 20 km, it 

results in a negative energy inflow/outflow ratio [60]. Even with a 5 km distance, the 

ratio is over 60%. This indicates that biogas plants must be located close to feedstock 

sources if livestock manure is the feedstock. Therefore, further analyses were 

conducted within a 10 km distance band. 

Emerging hot spot analysis with a 10 km distance band resulted in 66 emerging hot 

spots as shown in Table 4.1.  
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The only district identified as the new hot spot is located in central Turkey. This district 

was never classified as a hot spot except for the last time step. 24 districts were 

classified as intensifying hot spots. High energy potentials through ninety percent of 

all time steps were calculated for these districts and the intensity of energy increased 

in each time step. Although the biogas potential is high, the most important region that 

does not have a biogas plant is again the eastern region. There are active biogas plants 

in most of the other regions. However, this number of biogas plants in these districts 

is insufficient when compared to the biogas potential of the regions. Consecutive hot 

spots are the most abundant hots spots with 25 districts. These districts have 

continuously high energy potentials over time. 8 districts were classified as persistent 

hot spots. They have high energy potentials over time but neither increasing nor 

decreasing temporal trends was observed. 7 districts were classified as sporadic 

hotspots. These districts have high energy potentials through less than 90 percent of 

all-time steps but never were a cold spot. The only diminishing hot spot is in the 

northwest. This district has significant energy potential in each time step, but the 

intensity of the energy potential has been decreasing. Cold spots were observed in the 

metropolitan areas of the northwest region (in Istanbul) as a result of urbanization. The 

emerging hot spots are presented in Figure 4.2.  

Emerging hot spots analysis showed that Turkey has a significant biogas potential. 

This potential needs to be used in the management of livestock manure and energy 

production. Per this purpose, it should be developed depending on the characteristics 

of regions. At this point, the components of the biogas production process such as 

transportation and cost, which vary from region to region should be evaluated 

sustainably. As a result of these differences, a single planning system to be applied to 

all regions will not be effective on livestock manure management. The regulation on 

the livestock manure management and the energy needs are the major subjects as the 

priority of this planning of livestock manure.   
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4.2 Density Analyses  

District level density analyses were conducted to analyze spatial distribution and 

magnitude of theoretical and collectable installed power capacity (MWe) from 

livestock manure using 2019 data. Energy Potential Equation 3.1. was used to obtain 

the following results. The total theoretical and collectable power capacity were 

calculated as 2,269.61 MWe and 1,238.57 MWe, respectively. There is an important 

difference between the theoretical and collectable installed power capacities due to the 

poor manure management. This gap is expected to be significantly reduced by the 

application of the new regulation. The highest power capacities were observed in the 

eastern, central, and some western districts, where livestock and poultry populations 

are higher than in the other regions. The highest theoretical power capacity of 22.5 

MWe was calculated for the central district of the city of Aksaray, located in the central 

region (Table 4.1). There are 3 existing biogas plants in this district with a total 

installed capacity of 8.67 MWe. Despite the high-power capacity of the eastern region, 

there is not any biogas plant in this region. Another important region is the southeast 

of Turkey, where power capacities range between 4 MWe and 22 MWe. There are 

only a few biogas plants in this region. Similarly, a great part of the south and central 

regions shows high rates of power capacities. The third highest power capacity of 17 

MWe was calculated for one of the western districts, Odemis (city of Izmir, Table 4.1). 

An important number of the existing plants are located in the western region. The 

results of density analyses are presented in Figure 4.3. 
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4.3 Opportunity Analysis 

Districts defined as emerging hot spots along with their cities, power capacity 

rankings, installed power capacities, services area radiuses, existing biogas plant 

capacities, capacity expansions for the existing plants, and the number of existing 

plants are listed in Table 4.1. These districts emerge as priority locations in terms of 

livestock manure management investments via biogas plants considering their energy 

potential. These results do not mean that districts not defined as hot spots do not have 

enough feedstock for constructing new biogas plants. It means that the resulting hot 

spot districts are prominent among others considering the magnitude and temporal 

variation in energy potentials. The results may be used to determine the 1st phase of 

biogas plant installation sites. The same analyses may be performed consecutively by 

excluding the previous hot spots to determine the next phases. 

Energy Potential Equation 3.1. was used to obtain the following results. 66 districts 

were defined as emerging hot spots which are listed among the 72 highest power 

capacity districts. Theoretical power capacities of these 66 districts range between 6.4 

to 22.54 Mwe. The total theoretical and calculated power capacities of these districts 

are 640 and 357.62 MWe, corresponding to 28% and 29% of the total power capacities, 

respectively. 16% (102.71 MWe) of the theoretical power capacity of the emerging 

hot spots is already in use by the 31 existing biogas plants. Capacity expansion can 

range between 0.52 to 13.87 MWe, while 2 districts have more installed power 

capacity than the theoretical power capacity. 43 out of 66 districts have no biogas plant, 

which indicates the importance of this study. Service area radiuses were calculated 

assuming that the districts have circular shapes. The service area radius ranges between 

45.6 and 15.4 km, while the average is 29.5 km.  

Another important finding is that 63 existing biogas plants are located in 52 districts 

and 12 of those districts have biogas plants with installed power capacities more than 

the district’s theoretical power capacity as presented in Table 4.2. 4 of those are 

defined as districts with overcapacity since their existing plants only utilize livestock 

manure. Biogas plants in the remaining 8 districts utilize other feedstock besides 
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livestock manure. Therefore, they can compensate for the negative capacity difference 

by other feedstock sources. 
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4.4 Impact Analysis 

Turkey’s electricity energy generation was 303,898 GWh in 2019. According to 

electricity generation statistics of the Turkish Electricity Transmission Corporation, 

43.88% of the electricity was generated from renewable energy sources (including 

reservoir hydropower, 21.69%) and the remaining %56.1 was from fossil fuels [61]. ). 

As a result of the high energy demands, a significant part of the energy is imported 

from external suppliers. Turkey’s current energy policy aims to decrease this 

dependency and increase the amount of renewable energy generation. The government 

guarantees the purchase of electricity generated from renewable sources for 10 years 

with constant feed-in tariffs (8.6 cents/kWh for biomass) [62]. Annual theoretical and 

collectable energy generation from livestock manure at the emerging hot spots were 

calculated as 4,849.78 GWh (Eqn. 3.1) and 2,714.1 GWh (Eqn. 3.1) in this study, 

respectively. The theoretical and collectable energy from livestock manure at the hot 

spots corresponds to 1.5% and 0.89% of the total energy generation in Turkey, 

respectively. Management of livestock manure through biogas plants can help reduce 

the energy dependence of Turkey and use of fossil fuels, while providing 

environmentally sustainable livestock manure management.  

The economic feasibility of the installation of biogas plants at the emerging hotspots 

was evaluated through the comparison of the unit cost of electricity generation and 

revenues. The transportation of livestock manure from livestock facilities to biogas 

was assumed to be conducted by the producer at their own expense.  Equations 3.2, 

3.3, 3.4, and 3.5 were used to obtain the following results. The total cost of 4,849.78 

GWh electricity generation from livestock manure was calculated as 450,440,152 

$/year which equals 0.093 $/kWh unit cost of electricity generation. Total revenue, on 

the other hand, was calculated as 359,052,224 $/year and corresponds to 0.07 $/kWh 

unit revenue. The annual deficit is calculated as 91 million $ with the existing feed-in 

tariff. Turkish Association of Electricity Producers suggested a minimum feed-in tariff 

of 12.2 cents/kWh for biogas plants utilizing agricultural waste including livestock 

manure and extension of the existing 10-year purchase guarantee [59]. On the 
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contrary, the previous 13.3 cents/kWh feed-in tariff was reduced to 8.6 cents/kWh in 

2021, and the 10-year purchase guarantee did not change. It can be concluded that the 

existing feed-in tariff for biomass-based renewable energy fails to satisfy the investors. 

The economic downsides along with the lack of regulation in livestock manure 

management may have made energy generation from livestock manure unfavorable. 
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Chapter 5 

Conclusions 

In this study, a replicable GIS-based spatiotemporal method was developed to 

determine emerging hot spots and power capacities for new biogas plants and capacity 

expansion for the existing plants. The method was conducted to analyze energy 

production from livestock manure at the district level in Turkey between 2013 and 2019. 

This study calculated the energy potential from livestock manure in Turkey at the 

smallest spatial scale ever. 66 districts were determined as emerging hot spots that had 

high power capacities. 43 out of 66 districts have no biogas plants. The total theoretical 

power capacity was calculated as 640 MWe. These hot spots were specified as districts 

with high priority for the installation of new biogas plants with power capacities 

ranging between 6.30 MWe and 22.54 MWe. Capacity expansion was also 

investigated for the existing 63 biogas plants in Turkey. Capacity expansions were 

calculated between 0.52 to 13.87 MWe. 4 districts were determined to have existing 

biogas plants with more installed power capacity than the district's theoretical installed 

power capacity. The results indicate the need for a systematic method in planning 

biogas plant installations. Our method aids in the decision-making process of 

environmentally and economically sustainable livestock manure management planning 

and biogas investors to direct their investments into profitable locations.  

Livestock manure amounts and the biogas potential of livestock manure has significant 

importance for energy demand, prevention of environmental pollution and 

sustainability. Biogas potential and planning require the access to the number of 

animals in small scales. This numbers can not be determined in very specifically and 

the study is performed with more limited animal data. Access to all data for the 

calculation of biogas potential of Turkey needs to be more detailed for the future 
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studies. With this way, not just even for district, it can be considered for the 

neighborhood scale. 

Energy demand emerges as a need that constantly exist all over the world. Parallel to 

this fact, environmental problems have become one of the most important problems. 

To prevent these problems, measures are taken to reduce the usage of fossil fuels with 

interstate agreements such as the Paris Agreement, which is also signed by Turkey. 

High biogas energy potential of Turkey which emerged because of this study can be 

an important solution in clean energy production.  

The unit cost of electricity generation from livestock manure via biogas plants was 

calculated as greater than the feed-in tariff paid by the government. Increasing the 

existing feed-in tariff and 10-year purchase guarantee to 20 years may increase biogas 

investments. In addition, the new regulation, which will be in practice towards the 

second half of 2021, may force livestock facilities to perform more environmentally 

sustainable manure management practices including biogas. In this case, this study can 

guide biogas investors and environmental agencies to prioritize the districts and make 

economically more sustainable choices. 
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