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Abstract

This paper presents the biogas potential of animal manure and agricultural waste in Turkey. In the study, results such as the
amount of animal manure and agricultural wastes, biogas potential, and electricity generation from biogas are mapped for
12 regions and 81 cities. Additionally, the rate of meeting the electricity demands of cities is found if the biogas potential
is converted into electrical energy. Besides, the costs of biogas plant installations for the cities with the highest biogas
potential in each region are calculated according to the highest investment conditions. Later, as a result of using biogas for
electrical energy, the reduced CO, emissions are calculated. According to the results, Turkey’s total collectible manure,
total collectible agricultural waste, and biogas potential are more than 176 million tons, 17 million tons, and 17 billion m’
per year, respectively. Turkey’s electricity generation potential and total CO, emission reduction are more than 38 GWh and
174 million tons per year, respectively. The lowest payback period on investment is determined in the selected city of the
Mediterranean region with 5.14 years, while the highest is in the Northeastern Anatolia region with 7.55 years. The results
obtained will guide the priority given to the region and type of waste in biogas plant installation. Moreover, it will enable
comparison with the investment costs of other renewable energy sources.

Keywords Biogas potential of Turkey - Animal manure - Agricultural waste - Electricity generation - CO, emission -
Biogas plant - Investment cost
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URP; Unit Residue Potential for cereal type i,
tonnes /da

VSi Volatile Solid value for type i.

Abbreviations

ARCGIS Geographical Information System software

FAO Food and Agriculture Organization of the
United Nations

IDBT Industrial development bank of Turkey

IRENA The International Renewable Energy Agency

OECD Organisation for Economic Co-operation and
Development

RES Renewable energy sources

TETC Turkish Electricity Transmission
Corporation

TPSBO Turkish Presidency Strategy and Budget
Office,

TSI Turkish Statistical Institute

WBA World Biogas Association

1 Introduction

Researchers and energy-producing industries switch to alter-
native energy sources due to environmental pollution created
by fossil resources and the decrease in reserves. Renewable
energy sources (RES) have started to be preferred more for
reasons such as being available in every country in different
forms, not releasing carbon, and rapidly decreasing costs in
recent years [1, 2].

Especially, developing and developed countries tend to
diversify resources while planning their energy supply and
making arrangements for the widespread use of RES. The
Turkish government plans to increase the share of RES in
electricity generation to at least 40% in 2023 [3].

It can benefit from different RES worldwide, such as
hydraulic, solar, wind, biomass, and geothermal energy.
However, biogas technology has advantages in waste man-
agement, partial control of energy production management,
environment, and health compared to other RES [4, 5]. Bio-
mass fuels provide baseload power and generate electricity
more reliably than intermittent renewable energy sources
such as wind and solar since the fuel can be stored and used
when in demand [6]. Another advantage of biomass energy
is reducing the greenhouse gas effect [7-9].

With the upward growth of population and welfare, the
demand for animal food such as meat, milk, dairy products,
and eggs increases. Simultaneously with the government’s
support for farming, animals are advancing in number each
year. The increase in animals and agricultural production
causes environmental pollution problems. In addition, in
developing countries where the agricultural waste manage-
ment is weak, burning or leaving the post-harvest waste in
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the field harms the chemical and physical structure of the
soil. Biomass energy can be obtained from these biomass
sources, reducing the environmental pollution [§—10].

Animal manures and agricultural wastes have been
included in many studies in the literature. Ali et al. (2020)
[11] investigated the biogas potential from wastes obtained
from animal manure and slaughterhouses in Mauritania
of Africa. The study indicated that the country’s southern
regions have high potential, while the northern regions
have low potential. Neto and Gallo (2021) [12] presented
the biogas potential for anaerobic digestion of vinasse in
Brazil. The greenhouse gas emissions prevented by gener-
ating electricity from biogas were evaluated by considering
fossil-based power plants. Calculations for replacing fossil-
based plants with biogas power plants were carried out. Yan
et al. (2021) [13] demonstrated the theoretical potential of
agricultural wastes of cities in China, and they revealed
the rate of utilizing this potential as biogas. Manesh et al.
(2020) [14] searched the biogas potential of poultry manure
in Iran. Economic analysis, environmental analysis, and
environmental impacts in different regions of the country
were presented. In the literature, there are few studies on
the biogas potential of Turkey. Abusoglu et al. (2021) [15]
evaluated the biogas potential of municipal wastewater treat-
ment plants in terms of heating and electricity generation.
Ozer (2017) [16] determined the biogas potential for animal
waste in Ardahan city of Turkey and calculated the reduced
CO, emissions due to the electrical energy generated from
biogas. Caligkan and Ozdil (2020) [17] demonstrated the
potential of biogas obtained from animal wastes in Turkey
between 2007 and 2019. According to the results, electric-
ity potential supplied from wastes meets 7.99% of the elec-
tricity consumption between 2007 and 2019. Akyiirek and
Cogkun (2018) [18] revealed the biogas potential obtained
from animal waste for the Aegean Region (the western part
of Turkey). The study specifies the possible electrical energy
produced with this potential and the reduction in CO, emis-
sions. Kizilaslan and Kizilaslan (2007) [19] investigated the
biogas potential obtained from the waste of different ani-
mals. They determined the biogas potential of these animals
as 3 billion m*/year. They have pointed out that Turkey’s
potential is satisfactory compared with European and middle
eastern countries.

When studies on the biogas potential of Turkey are exam-
ined, it is seen that a more detailed and comprehensive cal-
culation is required. Since the investment will be around
millions of dollars, it is essential to determine the raw mate-
rial and electricity generation potential closest to the actual
values.

Regarding the previous studies, the biogas poten-
tial obtained for Turkey is often calculated over animal
wastes for specific regions or cities. However, in this
study, the amounts of animal manure, agricultural waste,
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and electricity generation for 12 regions and 81 cities are
revealed separately. Additionally, unlike the previous stud-
ies, the amount of manure obtained from cattle is determined
according to the animal’s age. Besides, goat and sheep,
laying hen, and broiler chicken were calculated separately
instead of categorized as small ruminants and poultry.

Figure 1 shows the level-1 regions of Turkey. Unlike Tur-
key’s geographical regions, this map has been prepared by
considering more parameters and in line with the European
Union harmonization period. Accordingly, as can be seen
from the map, there are 12 regions in Turkey [20].

As a result of the evaluation of biogas potential in Tur-
key, the possible CO, reduction is calculated to reveal the
greenhouse gas effect. Furthermore, the cost of biogas plant
installation is predicted for the city with the highest potential
in each region. Since the study is comprehensive and the
results are explained in detail, it benefits academicians and
guides the investors.

The rest of the article is designed as follows: Section 2
presents the mathematical expressions used in theoretical
calculations, Section 3 gives the results obtained after the
calculations, and Section 4 expresses the conclusion.

2 Materials and methods

In this section, mathematical expressions related to obtain-
ing the amount of biogas derived from animal and agri-
cultural wastes, reducing CO, emission, and calculating

facility costs are explained. ARCGIS software is used to
acquire the maps.

2.1 Calculation of manure and biogas potential
of animals

To determine the biogas potential, obtaining the collectible
animal manure is essential. Calculation of collectible animal
manure amount is given in Eq. (1) [16-18].

TCM = )" NA; x UMP; x CR, (1)

TCM represents total collectible manure for all types of
animal (tonnes/year), NA, is the number of animals for type
i, UMP; is unit manure potential by animal type i, (tonnes/
animal-year), CR; is collection ratio.

Since it is practically not possible to collect all the
manures, in this study, the collection ratio parameter is used
in Eq. (1) to make a more realistic calculation. Calculation of
theoretical biogas potentials is given in Eq. (2) [16-18, 21].

TMP,, = ) TCM,; X TS; X VS; x SMY, )

TMP,, is total methane (CH,) potential of animal manure
(m® CH,/year), T8, is total solid value for animal type i, VS;
is volatile solid value for animal type i, SMY is specific
methane (CH,) yield of manure for animal type i (m? CH,/
tonnes VS).
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We fresiean Eastern Black
Maerizzr:a Eastern Black Sea Seq
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Fig.1 Level-1 regions of Turkey
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2.2 Calculation of waste and biogas potential
of agricultural crops

Equation (3) is used to calculate the amount of collectible
agricultural waste [16, 22, 23].

TCA = ) HA, X URP; X CR, 3)

where TCA represents total collectible agricultural
residue (tonnes/year), i is type of cereal, HA,; is annual
harvested area for cereal type i (decare (da)), URP; is unit
residue potential for cereal type i (tonnes /da), CR; is col-
lection ratio of agricultural residue.

Calculation of biogas potential obtained from agricul-
tural wastes is given in Eq. (4) [16, 22-24]

TMP,, = ) TCA; X UMP,,, (4)

TMP,, denotes total CH, potential of agricultural resi-
due (m*® CH,/year), UMP,,, is unit CH, potential of agri-

cultural residue for cereal type i (m*CH,/ tonnes).

2.3 Calculation of energy production from methane

The total methane production obtained from animal and
agricultural wastes are calculated by Eq. (5) [16].

TMP, = TMP,, + TMP,, (5)

TMP, is total CH, potential (m®> CH,/year). The possible
electricity generation from methane potential is calculated
by Eq. (6) [16, 17, 25, 26].

EE=TMP,XcXn 6)

EFE is the amount of possible electricity generation from
methane (kWh/year), ¢ is energy content of methane (9.94 kWh/
m3CH4) is assumed according to [25], # is Combined Heat and
Power (CHP) efficiency. The energy efficiency of cogeneration
units is accepted as 90% (40% electrical and 50% thermal) [26].

2.4 Reduction of CO, emissions

In this study, the data based on the biogas potential are
calculated as m3CH4/t0nnes waste. In the calculations, it
is assumed that the biogas contains 55% methane. Equa-
tion (7) shows the emissions by storage and land spread
of waste (kg) [16, 27].

BCO2 =BPXx9.2 @)

where, BP is biogas potential (m?®) and given in Eq. (8).
In Eq. (7), the value of 9.2 is CO, emission coefficient
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of directly released biogas to the atmosphere (kg COz/m3
biogas) [16, 27].

TMP,
55%

BP = ®)
Equation (9) gives the CO, emission from CHP (kg) [16,
27, 28].

CHPCO2 = FE x0.734 9)

where EFE is the amount of possible electricity generation
from methane (kWh/year), 0.734 is the emission coefficient of
electricity production by CHP plants (kg CO,/kWh).

Equation (10) shows the emission produced by coal fired
plant for the same amount of electricity production (kgCO,/
kWh). The emission factor for Turkish coal is assumed as 1 kg
of CO, per kWh [16, 28].

COAL¢p, =EEX 1 (10)

Equation (11) gives the total CO, emission (TTL,) reduc-
tion achieved using Eq. (7), (9)—(10) [16].

TTLco, = Bco, + COALCO2 — CHPCO2 a1

2.5 Cost analyses for biogas plant installation

The main factors that constitute the costs of biogas plants can
be expressed as initial investment costs and annual operating
expenses. Annual operating expenses include fermenter utiliza-
tion and maintenance, cogeneration unit use and maintenance,
labor expenses, insurance and taxes, raw material procurement,
and transportation expenses. Annual revenues are determined
as electricity sales, heat usage, carbon trade, organic fertilizer
sales. Table 1 gives the coefficients of cost analyses [17, 29-32].
The coefficients are precisely identified in Table 1 according to
Turkey’s conditions and data from the literature.

3 Results and discussion

This section includes results of biogas and electricity poten-
tials, greenhouse gas emission reduction, and the installation
costs predictions of the facilities planned to be built in selected
regions. Results are expressed and interpreted through tables,
graphs, and maps.

3.1 Assessment of Turkey’s animal manure
and biogas potential

Despite the growth in the number of animals leading to
waste and environmental pollution issues, biogas, energy,
and organic fertilizer can be obtained by appropriate waste
management.
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Table 1 Coefficients of cost analyses
Costs Method Ref
Initial cost Installation cost Installed capacity (kW) X invesment cost (4000 €/kW) [17, 29, 32]
Expenses  Utilization and maintenance of fermenter (Total installation cost — Cogenaration invesment costs) X 3% [17,29, 31]
Utilization and maintenance of cogeneration unit Operating hours (8000 h/year) X (0.8-1.1) € /h [17,29]
Labor expenses 10 people x 12 months X 1500 € [17,29]
Insurance and taxes Total installation cost X (5—-10%) [17,29]
Raw material supply and transport Annual raw material (tonnes) X 3—6 €/tonnes [17,29,30]
Revenues  Electricity sales Installed capacity (kW) x 80% operating hours (8000 h/year) X Elec- [17, 29]
tricity price (0.113 €/kWh)
Heat usage Installed heat capacity (kW) X Operating hours (8000 h/ [17,29]
year) X 0.03 €/kWh
Organic fertilizer sale Organic fertilizer production X 30 €/tonnes [17,29]
Carbon trade Installed capacity (kW) X (—5%) Operating hours (8000 h/ [17,29]

year) X Green certificate payment (0.02 €/kWh)

The number of animals used in calculations relating to
manure is acquired from data provided by Turkish Statistical
Institute (2020) and classified as cattle, goat, sheep, poultry
(egg), poultry (broiler) [33].The total amount of manure that
can be obtained depends on the number of animals, type,
size, unit manure production, and collection rate; moreo-
ver, the amount of biogas varies according to the amount
of manure, total solids, volatile solids, and methane yield.
These values are obtained from studies in the literature and
are shown in Table 2 [16, 18, 24, 34, 35].

The unit manure production amount for cattle 2 years and
older is assumed as 13.7 kg/day, and the unit coefficients of
animals for 2 years and over, 1-2 years, and less than 1 year
old are considered as 1.0.7 and 0.3, respectively. [24]. The
unit manure production of goats and sheep is mostly stated
under a single value under the name of small ruminants in
related studies, but in this study, these data are indicated sep-
arately. Likewise, broiler and laying hens are also mentioned
as poultry in the literature, and unit manure productions are
frequently stated under a single value. Still, in this study,
these data are given individually. Since the unit manure
production amount of goats, sheep, and especially poultry
is relatively low compared to cattle and does not show a

Table 2 Manure characteristics for methane production

significant difference according to the animal’s age, it is not
calculated separately according to their age. Animals other
than those specified above are not evaluated owing to their
small population or the futility of gathering their manure.

Table 3 gives the total manure and biogas potential of
Turkey. It is clear from Table 3 that the maximum methane
is supplied with a volume of 2.22 billion m* CH, from cattle
over 2 years old. This yield is followed by a 1-2-year-old
cow and poultry (broiler), respectively. Goats with 24 mil-
lion m* CH, have the minimum methane potential.

Important factors in biogas production, such as total
solids, volatile solids and methane yield, vary according to
animal species. Maximum methane potential in Turkey can
be obtained from the manure of cattle, poultry, and small
ruminants, respectively. In animal husbandry, issues such
as climatic conditions that animals require, the growing
potential of forage crops, the population of the region and
the balance of demand and supply for animal products, the
public’s interest in agriculture and animal husbandry, and
livelihoods of residents are significant [36].

Figure 2 shows the manure potential by region in Tur-
key. As shown in Fig. 2, cattle manure potential is pre-
dominantly formed in Northeastern Anatolia and Aegean

Type of animal Unit manure production  Collection Total solids (%) Volatile Specific methane yield d
(tonnes manure/year) ratio (%) solids (%) m3CH4 /tonnes VS
Cattle 0-1 yo 4.11 0.5 0.15 0.8 200 [24, 25]
Cattle 1-2 yo 9.59 0.5 0.15 0.8 200
Cattle>2 yo 13.7 0.5 0.15 0.8 200
Sheep 0.75 0.13 0.25 0.2 300 [17, 18, 25, 34, 35]
Goat 0.87 0.13 0.3 0.2 300
Poultry (broiler) 0.069 0.99 0.25 0.7 350 [16, 18, 25]
Poultry (egg) 0.047 0.99 0.25 0.7 350
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Table 3 Total manure and

. . Type of animal
biogas potential of Turkey

Number of animals in
Turkey-2020

Total collectible manure
(tonnes manure/year)

Total methane potential
(m® CH,)

Cattle 0-1 yo 4,617,821 9,489,622.15 227,750,931.7
Cattle 1-2 yo 9,575,530 45,914,666.35 1,101,951,992
Cattle>2 yo 13,524,891 92,645,503.35 2,223,492,080
Sheep 42,126,781 4,107,361.15 61,610,417.21
Goat 11,985,845 1,355,599.07 24,400,783.25
Poultry (broiler) 258,046,340 17,627,145.49 1,079,662,661
Poultry (egg) 121,302,869 5,644,222.49 345,708.627.8
Total 461,180,077 176,784,120.10 5,064,577,494

Region. The Northeastern Anatolia region is leading due
to its provincial location and the great number of meadow
fields [17, 37]. Istanbul is a metropolitan city where about
20% of Turkey’s population lives; animal husbandry is not
common because of the high population and lack of space.
Consequently, it is the region with minimum potential for
animal manure [38].

When Fig. 2 is evaluated in terms of small ruminants, it is
seen that manure potentials emerging from small ruminants
are at significant levels in Southeastern Anatolia, Mid-East-
ern Anatolia, Mediterranean, Aegean, and Western Anatolia,
respectively. One of the remarkable reasons the Southeastern
Anatolia Region is the leader is owing to the cuisine cul-
ture of the region. Climatic conditions and the abundance
of sheep and goat fodder plants are other critical conditions
for animal husbandry [17, 39].

When evaluating the poultry manure potential in Fig. 2, it
is clear that the regions with the highest percentage of poul-
try manure potential are Eastern Marmara, Aegean, West
Marmara, and Mediterranean regions, respectively. The most
prominent reason is that Istanbul is neighbor to the East

Fig.2 Manure potential by
region in Turkey

Animal Manure (kton)

W Cattle Manure Potential
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and the West Marmara, and a substantial part of Turkey’s
population lives in these regions. In addition, unfortunately,
because of the increasing demand and rapid production in
poultry farming, animals are usually held in closed areas,
and there is no demand for as much space as cattle and
sheep. For this reason, the number of poultry farms is high,
close to big cities [40].

In Fig. 3, where biogas yields from animal waste are
shown, the Aegean region is the leader in total methane
potential. Aegean possesses tremendous potential due to
having a convenient climate for agriculture and animal
husbandry and owning Turkey’s 3rd most populated city
(Izmir). It has a high demand for animal products, conse-
quent high tourism potential of the region and people’s
interest in agriculture and animal husbandry [18]. The
yields of other regions seem in balance. Nevertheless,
the reason for the poor potential of the eastern Black Sea
region is a sparse population of animals because of the
mountainous nature of the region [41]. Due to the surplus
amount of manure, the most substantial yield is generated
from cattle manure. The low methane yield obtained from
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Fig.3 Methane potential from
manures by region in Turkey
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small ruminants is because of the collectibility, low total
solids, volatile solids ratios, and the small number of ani-
mals and manures.

The methane potential of cities from cattle manure is
shown in Fig. 4. The wealthiest cities in terms of meth-
ane potential arising from cattle manure are considered as
Erzurum (Northeastern Anatolia) with 182 million mSCH4/
year, Konya (Western Anatolia) with 167 million m3CH4/
year, Diyarbakir (Southeastern Anatolia) with 143 million
m3CH4/year, Izmir (Aegean) with 133 million m3CH4/year,
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Fig.4 Methane potential of cities from cattle manure
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Kars (Northeastern Anatolia) with 126 million m3CH4/year,
and Ankara (Western Anatolia) with 125 million m3CH4/
year, respectively. In the predictions carried out for other
regions, the cities with the most significant potential and
their values are as follows; Balikesir (Western Marmara)
with 96 million mSCH4/year, Samsun (Western Black Sea)
with 80.8 million m3CH4/year, Sivas (Central Anatolia) with
80 million m? CH, /year, Mus (Mid-Eastern Anatolia) with
69 million m? CH,/year, Adana (Mediterranean) 50 million
m? CH,/year, Bursa (Eastern Marmara) with 45 million m?

N
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CH,/year, Trabzon (Eastern Black Sea) with 32 million m’
CH,/year, Istanbul with 23 million m®> CH,/year.

Although the values given in Figs. 2 and 3 differ from
the relevant studies in the literature due to the number of
animals in the selected year, it is still seen that they are com-
patible in determining the city with high potential. Caglayan
(2020) evaluated the biogas potential of cattle manure in the
Northeastern Anatolia region and pointed out that Erzurum
and Kars have the greatest potential in the region, respec-
tively [42]. Caliskan and Ozdil (2020) investigated the
biogas and electricity production potential of Turkey and
indicated that the Eastern Anatolia and the Western Anatolia
regions have higher potential with 19% compared to the rest
of Turkey [17]. Lule (2019) determined the biogas potential
of animal manures in the Southeastern Anatolia Region, and
according to the results, Diyarbakir had the most potential,
whereas Kilis has the least [43]. In another study, Karaca
(2018) investigated the biogas potential of animal manures
in Turkey with 2015 data. The most remarkable cities were
Konya, [zmir, Erzurum, Balikesir, Afyon and Kars, respec-
tively [44].

Figure 5 shows the methane potential of cities from
small ruminants. The wealthiest cities in terms of methane
potential from small ruminants manure are noted as Van
(Mid-Eastern Anatolia) with 4.7 million mSCH4/year, Konya
(Western Anatolia) with 4.3 million m3CH4/year, Sanliurfa

Small Ruminants Methane Potential (103m3lyr)
o - 140

140 - 310

[1310- 656

1656 - 1018

11018 - 1525

1525 - 2361

W 2361 - 4776

Fig. 5 Methane potential of cities from small ruminants
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(Southeastern Anatolia) with 3.9 million m3CH4/year,
Diyarbakir (Southeastern Anatolia) with 3.3 million m3CH4/
year, Mersin (Mediterranean) with 3.2 million m3CH4/year,
Ankara (Western Anatolia) with 3.1 million m3CH4/year,
respectively.

In other regions, the cities with the highest potential in
their regions are listed as follows; Balikesir (Western Mar-
mara), with 2.2 million m’ CH,/year, Agr1 (Northeastern Ana-
tolia), with 2 million m? CH,/year, Afyon (Aegean), with 1.8
million m*CH,/year, Eskisehir (Eastern Marmara), with 1.7
million m? CH,/year, Aksaray (Central Anatolia), with 1.5
million m*>CH,/year, Tokat (Western Black Sea), with 0.7
million m*CH,/year, Trabzon (Eastern Black Sea), with 0.27
million m3CH4/year, Istanbul, with 0.25 million m3CH4/year.

In relevant studies, Yilmaz and Saka (2017) examined the
biogas potential from small ruminants in the Southeastern
region. They pointed out that Diyarbakir and Sanliurfa have
the highest biogas potentials in the region [45]. Caglayan
(2020) studied Mid-Eastern Anatolia region biogas poten-
tials, and results showed that Van was the wealthiest city on
small ruminants-based biogas potential [42]. Thus, it is seen
that the data given above are compatible with the literature.
In addition, there are no similar studies related to other cities.

It has been observed that the methane potential derived
from small ruminant manure is slighter than the cattle
manure potential due to the small amount of livestock and

120 240 480 720

Kilometers
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unit manure production. In line with the data above, it does
not seem possible to establish a facility where only sheep
and goat manure are handled as raw material. However, in
some studies in the literature, it has been stated that this
manure increases methane yield due to cofermentation with
other animal wastes or agricultural wastes [46—49]. For this
reason, it is recommended to establish a facility in places
with high potential if the volume and supply of alternative
wastes in the region are possible.

Figure 6 demonstrates the methane potential of cities
from poultry manure. Regarding the poultry methane poten-
tials given in Fig. 8, it is seen that Manisa (Aegean) with 190
million m3CH4/year, Balikesir (Western Marmara) with 148
million m3CH4/year, Bolu (Eastern Marmara) with 136 mil-
lion m*CH, /year and Sakarya (Eastern Marmara) with 125
million m*CH,/year, have a strong capacity, respectively.

The municipalities with the most considerable efficiency
in other regions and the data obtained are specified as fol-
lows; Ankara (Western Anatolia), with 55 million m3CH4/
year, Zonguldak (Western Black Sea), with 27 million
m3CH4/year, Malatya (Mid-Eastern Anatolia), with 16.7
million m3CH4/year, Gaziantep (Southeastern Anatolia),
with 16.1 million m*CH,/year, Erzincan (Northeastern Ana-
tolia), with 4.7 million m3CH4/year, Istanbul, with 4.4 mil-
lion m3CH4/year, Ordu (Eastern Black Sea), with 1.5 million
m3CH4/year, Aksaray (Central Anatolia), with 0.8 million
m>CH,/year.

Avcioglu et al. (2013) investigated the biogas potential of
chicken waste in Turkey with the data of 2009. They listed

Poultry Methane Potential (10°m’/yr)
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Fig.6 Methane potential of cities from poultry manure
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the provinces with the highest potential as Bolu, Balikesir,
Sakarya, Manisa, Afyon, Konya, Izmir, Ankara, Corum and
Bursa, respectively, according to the waste map they pre-
pared. Comparing data above, the number of animals and
biogas potential has increased even more, and some new
cities have progressed in this sector [50].

It is clearly observed that the potential is less than the
other regions in the east of the map, along the Black Sea and
Mediterranean coasts. Intensity is growing in the west of the
country, in the Aegean and neighboring Marmara regions.
Poultry manure, nevertheless, has valuable potential. How-
ever, not as much as the methane potential of cattle manure
can be applied as co-substrate by installing cofermentation
type systems in cities with high potential or in regions where
other animals and agricultural waste are abundant. Research
in the literature on this subject has been observed to enhance
methane yield [51-55].

In Fig. 7, where methane yields from all animal manures
are shown, cities of Balikesir (Western Marmara) with 247
million m*CH,/year, Manisa (Aegean) with 237 million
m3CH4/year, Izmir (Aegean) with 214 million m3CH4/year,
Konya (Western Anatolia) with 204,364,467.8 m3CH4/year,
Erzurum (Northeastern Anatolia) with 184.5 million m*CH,/
year, Ankara (Western Anatolia) with 184.2 million m3CH4/
year, Sakarya (Eastern Marmara) with 163 million m3CH4/
year, Bolu (Eastern Marmara) with 161 million m3CH4/
year, Diyarbakir (Southeastern Anatolia) with 149 million
m>CH,/year, are listed as the municipalities with the highest
potential, respectively.

120 240 480 720
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Fig. 7 Methane potential of cities from animal waste

The cities with the lowest potential are low-populated cities
with inadequate animal presence. These are Osmaniye (Medi-
terranean) with 20.8 million m3CH4/year, Sinop (Western Black
Sea) with 20.4 million m3CH4/year, Sirnak (Southeastern Ana-
tolia) with 19.7 million m3CH4 /year, Karaman (Western Ana-
tolia) with 19.4 million m*CH,/year, Bayburt (Northeastern
Anatolia) with 19.3 million m3CH4/year, Karabiik (Western
Black Sea) with 19.1 million m*CH,/year, Giimiigshane (East-
ern Black Sea) with 18.3 million m3CH4/year, Artvin (Eastern
Black Sea) with 17 million m3CH4/year, Kirikkale (Central
Anatolia) with 16.7 million m3CH4/year, Bartin (Western Black
Sea) with 15 million m3CH4/year, Siirt (Southeastern Anatolia)
with 11.4 million m3CH4/year, Hakkari (Mid-Eastern Anatolia)
with 10.8 million m3CH4/year, Tunceli (Mid-Eastern Anatolia)
with 8.5 million m3CH4/year, Rize (Eastern Black Sea) with
4.6 million m3CH4/year, Kilis (Southeastern Anatolia) with 4.1
million m*CH,/year, respectively.

Avcioglu and Turker (2013) examined possible biogas
values from manures in Turkey in a related study. And Bolu,
Balikesir, Izmir, Sakarya, Konya, Manisa, Erzurum, Afyon,
Kars ve Ankara were the cities that have the potential of
biogas over 1 PJ. Thus, it is seen that the data obtained in this
study and given above are compatible with the literature [34].

Some regions may include cities with both poor and rich
biomass potentials. Decrease in the number of labor in agri-
culture and animal husbandry, insufficient area for agriculture
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and animal husbandry, incentives, and supports for smaller
cities development are some reasons for this situation.
When the potentials of animal-sourced methane are
assessed based on regions, it is listed as follows; Aegean,
with 922 million m3CH4/year, Eastern Marmara, with
609 million m3CH4/year, Northeastern Anatolia, with 561
million m3CH4/year, Western Black Sea, with 461 mil-
lion m3CH4/year, Southeastern Anatolia, with 416 million
m’CH,/year, Central Anatolia, with 413 million m*CH,/
year, Western Anatolia, with 408 million m3CH4/year, Medi-
terranean, with 407 million m3CH4/yeaI, Western Marmara,
with 400 million m3CH4 /year, Mid-Eastern Anatolia, with
305 million m*CH, /year, Eastern Black Sea, with 130 mil-
lion m*CH,/year and Istanbul, with 27 million m*CH,/year.
Regarding data calculated, it can be expressed that almost
all regions have a respectable biogas potential. Biogas can
be purified and utilized to meet the local natural gas need
or get electricity and heat energy by operating cogeneration
systems. In addition, organic fertilizer remains at the end
of biogas production can be used for agricultural activities
in the region. Thus, the cost of fertilizers and the damages
caused by artificial fertilizers in the soil can be reduced.
The amounts of animal waste that can be collected
regionally are as follows; Aegean with 53 million tonnes/
year, Northeastern Anatolia with 49 million tonnes/year,
Southeastern Anatolia with 39 million tonnes/year, Central
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Anatolia with 35 million tonnes/year, Western Black Sea
with 34 million tonnes/year, Western Anatolia with 31 mil-
lion tonnes/year, Mediterranean with 29 million tonnes/year,
Mid-Eastern Anatolia with 28 million tonnes/year, Eastern
Marmara with 24 million tonnes/year, Western Marmara
with 23 million tonnes/year, Eastern Black Sea with 11 mil-
lion tonnes/year, Istanbul with 2 million tonnes/year.

3.2 Assessment of Turkey’s agricultural waste
and biogas potential

The total amount of agricultural waste that can be obtained
varies according to the size of the cultivated area, the amount
of agricultural waste generated per decare, and the collec-
tion ratio. The amount of biogas varies according to the total
amount of collectible agricultural waste and the unit methane
yield of the agricultural waste. These values are obtained from
studies in the literature and are shown in Table 4 [16, 22-24].

In agricultural waste estimations, the fields where the top
5 most-produced agricultural crops harvested in each region
are used. These statistics are taken from the data provided
by the Turkish Statistical Institute for the year 2020 [33].
According to data obtained from the literature, the collection
ratios of agricultural wastes are adopted as 40% for cere-
als such as wheat, rye, barley, oat, and 50% for sunflower,
rapeseed, rice, and maize, regardless of location [23]. The
issue that should be given priority in obtaining energy from
agricultural wastes is that those wastes that can be used as
animal fodder are not considered. Thus, agricultural prod-
ucts such as sainfoin, wild vetches, maize silage, beets for
fodder, turnip (for fodder), wheat (green), barley (green), rye
(green), pea (fodder) (green), cow vetches, clover, alfalfa,

meadow grass, oats (green), sorghum (green), triticale
(green), grass pea (green), Italian ryegrass are not held in
the assessment. The harvested areas of agricultural crops
held in the calculations and the amount of waste that can be
obtained are given in Table 5.

Figure 8 shows the methane potential from agricultural
residues by region in Turkey. As seen in Fig. 8, the South-
eastern Anatolia region and the Western Anatolia region are
the leaders in terms of agricultural waste potential. Here,
factors such as the interest of the people in agriculture and
the livelihood, the climatic conditions in cereal production,
the access of water resources to the field, and soil productiv-
ity play an important role. The reason the Istanbul region has
the lowest potential stems from the fact that it is a metropolis
with a huge population. There are no adequate fields for
agriculture and animal husbandry. Although the Northeast
Anatolia region has high values in terms of animal hus-
bandry, it has a low agricultural methane potential due to
the climatic conditions and the fact that agricultural products
used as animal fodder in this study are not considered in this
study. The Eastern Black Sea region also has low values due
to the adverse effects of its climate and geographic charac-
teristics on cereal production and the widespread cultivation
of products such as tea and hazelnut. These productions are
excluded from the calculations.

The methane potential of cities from agricultural waste
is demonstrated in Fig. 9. Regarding the methane potentials
of agricultural residues given in Fig. 9, it is seen that Konya
(Western Anatolia) with 478 million m* CH,/year, Sanliurfa
with 358 million m? CH,/year, Adana (Mediterranean)
with 221 million m? CH,/year, Ankara (Western Anatolia)
with 220 million m* CH,/year, Diyarbakir (Southeastern

Table 4 Agro-waste

e Cereal type Wheat Barley Maize Rice Oat Rye Sunflower  Ref
characteristics for methane
production Residue 0.325 0.20 1.48 0.60 0.434 0450 0.6 [22,24]
(tonnes/da)
Collection ratio (%) 40 40 50 50 40 40 50 [23]
Unit CH, (m’/tonnes)  295.2 351.9 250.9 260.5 156 273.6 154 [16, 24]

Table5 Total agro-waste

. Type of crop Harvested area (da) Collectible waste (tonnes) Total methane potential
potential of Turkey (m® CH,)

Wheat 56,574,622 7,354,700 2,171,107,693

Maize 6,699,454 4,951,953 1,242,445,123

Barley 29,005,975 2,320,478 816,576,208

Sunflower 7,283,680 2,185,104 336,506,016

Rice 1,202,705 359,941.50 93,764,760.75

Oat 1,062,648 184,475.69 28,778,208.08

Rye 615,799 111,829.10 30,596,441.32

Total 102,444,883 17,468,482.61 4,719,774,451.34
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Fig.8 Methane potential from
agricultural residues by region
in Turkey
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Fig. 9 Methane potential of cities from agricultural waste

Anatolia) with 162 million m* CH,/year, Eskigehir (Eastern
Marmara) with 143 million m? CH,/year, Edirne (Western
Marmara) with 133 million m? CH, /year, Mardin (South-
eastern Anatolia) with 118 million m®> CH,/year, have a great
volume, respectively.

When the methane potentials deriving from agricultural
wastes are classified based on regions, the ranking is as fol-
lows; Southeastern Anatolia with 779.16 million m* CH,/
year, Western Anatolia with 779.12 million m? CH,/year,
Mediterranean with 581 million/year, Central Anatolia with

@ Springer

573 million m> CH,/year, Western Marmara with 487 mil-
lion m? CH,/year, Western Black Sea with 426 million m’
CH,/year, Aegean with 360 million m®> CH,/year, Eastern
Marmara with 320 million m® CH,/year, Northeastern Ana-
tolia with 180 million m* CH,/year, Mid-Eastern Anatolia
with 166 million m? CH,/year, Eastern Black Sea with 43
million m® CH,/year, Istanbul with 24 million m* CH,/year.

In a similar study, Aybek et al. (2015) investigated Tur-
key’s biogas potential from agricultural waste and deter-
mined the wealthiest region as Southeastern Anatolia Region
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and the poorest region as the Eastern Black Sea region [56].
In another study on the subject, Cakal and Celik (2021) cal-

Table 6 Electricity production potential of regions from total biogas

o . : . Regions Methane production (m*) Total electricity
culated the cities with the highest potential as Konya, Adana, production (kWh/
and Urfa, and the cities with the lowest potential as Rize yr)

Yalova ;Ard:llililltll [57]t. "(F;le data given in the figure seem to Mediterranean 088,348,149 3.929.672.242
comport with these studies. Western Anatolia ~ 1,187,220,258 4,720,387.747
. . . . . Central Anatolia 987,591,905 3,926,665,417

33 Electrcity generation potential from biogas -\ ;. oo 471524512 1876015216
0 0 gricuftu Southeastern Anatolia 1,195,729,945 4,754,222,264

Figure 10 and Table 6 show the biogas potential according to the
regions and the corresponding electricity generation amounts.
The estimation of electricity production from biogas is found
according to Eqgs. (5)—(6). Accordingly, while an annual elec-
tricity generation potential of 4754 GWh is in the Southeastern
Anatolia region, 205 GWh is in the Istanbul region.

Figure 11 shows the map of the rate of meeting the elec-
tric energy demand of the cities with electricity produced
from biogas. Accordingly, 6 cities, which are seen in red,
can meet more of their annual electricity demands with
electricity produced from biogas obtained from animal
and agricultural waste. The number of cities that can meet
75.03-100% of the annual electricity demand is three, and
they are located in Central Anatolia. Among the yellow-
colored cities that can meet 39.55-75.03% of their electricity
need from biogas, big cities such as Konya with a population

Northeastern Anatolia 740,840,393 2,945,581,403

Aegean 1,282,227,558 5,098,136,770
Western Marmara 888,259,879 3,531,721,279
Istanbul 51,692,775 205,530,474
Eastern Marmara 929,646,736 3,696,275,425
Western Black Sea 888,339,944 3,532,039,620
Eastern Black Sea 174,261,923 692,865,408
Turkey (Total) 9,785,994,283 38,909,113,270

of 2,250,000 and Diyarbakir with a population of 1,783,000.
It is seen from Fig. 11 that the electricity needs of cities can
be met from biogas by agriculture and animal husbandry. On
the other hand, blue-colored cities can produce 18.15% of
their electricity demand from biogas. The main reasons for
this are that their population is high or that agriculture and
animal husbandry are not vital together.

Agricultural and Animal Total CH4 Potential (106 m®lyr)
- 32
B 32-71
[ 171-135
[ 135 - 245
I 245 - 682

Fig. 10 Total methane potential of cities
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Fig. 11 Electricity demand meeting ratio potential of cities from total biogas

3.4 CO,reduction by biogas process

Biogas is a gas obtained from anaerobic fermentation, which
is used to generate electricity and heat energy consisting
of 40-70% Methane and 30-60% carbon dioxide and trace
amounts of nitrogen, hydrogen, ammonia, and hydrogen
sulfide. Anaerobic fermentation ensures the reduction of
unpleasant odor, air pollution, and water pollution caused
by biomass material, and greenhouse gas emissions can also
be lowered by reducing fossil fuel-based energy production
[22, 25, 49].

The global warming potential of 1 kg methane relative
to 1 kg CO, depends on the time that the heating effects
of these gases are compared. According to the latest IPCC
assessment report, the global warming potential of methane
in the standard 100-year period is 28 to 34 times CO,. For a
20-year period, this value is between 84 and 86 times CO,
[58, 59].

If biomass material is not used or left in the field, the
emission of biogas to be emitted into the atmosphere has
been determined as 9.2 kg CO,/m>. The emission value
that will arise with burning biogas will be 1.96 kg CO,/
m? biogas, and if it is applied in electricity generation, it
will be 0.734 kg CO,/kWh [27]. The largest CO, emitter,
which accounts for 30% of carbon dioxide emissions related
to energy consumption, is generated from coal-fired power
plants. Fossil fuel consumption continues to increase as the

@ Springer

growing energy demand which is not entirely met by renew-
able facilities [60]. According to the Institute of Statistics of
Turkey 2018 data, 37.2% of the 304,802 GWh of electric-
ity is produced from coal-based energy production plants.
Providing the energy demand from biomass-sourced wastes
will also reduce emissions [61].

Table 7 shows the total CO, emission reduction amount
by region in Turkey. Equations (8)—(11) are used for calcu-
lations. According to Table 7, Turkey’s possible total CO,
emission reduction is 174 x 10° kg CO, by biomass utili-
zation. Additionally, as seen in Table 7, the highest CO,
emission reduction is observed in the Aegean region with
21.2x 10” kg CO,, while the lowest CO, emission reduction
is realized in Istanbul with 0.9 x 10 kg CO,. Since CO,
reduction is directly related to biogas production and elec-
tricity production, the data are shown in the table together.

3.5 Cost calculation of biogas plants in Turkey
by region

The World Biogas Association (2019) data indicate that
there are 132,000 small, medium, and large-scale anaerobic
digesters and 700 biogas treatment plants serving around the
world. In Asia, biogas plants are mostly family-sized and
produce biogas for home usage, while in European coun-
tries and America, most biogas plants are large-scale plants
[62]. Large-scale commercial biogas plants first meet their
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Table 7 Total CO, emission reductions of regions

Regions Biogas production Emission reduction (kg
m® (55% CH,) C0,)
Mediterranean 1,796,996,635 17,577,661,858

Western Anatolia
Central Anatolia
Mid-Eastern Anatolia
Southeastern Anatolia
Northeastern Anatolia

2,158,582,287
1,795,621,646
857,881,477

2,174,054,446
1,346,982,533

21,114,580,181
17,564,212,144
8,391,529,635

21,265,924,025
13,175,763,957

Aegean 2,331,322,832 22,804,274,435
Western Marmara 1,615,017,962 15,797,603,110
Istanbul 93,986,864 919,350,254
Eastern Marmara 1,690,266,793 16,533,663,758
Western Black Sea 1,615,163,535 15,799,027,061
Eastern Black Sea 316,839,861 3,099,228,919
Turkey (Total) 17,792,716,871 174,042,819,343

internal energy needs. They aim to profit by trading heat and
electricity to national grids, improved biogas to the natural
gas grid and vehicle refueling stations, post-fermentation
products such as organic fertilizers and soil stabilizers [63].

Table 8 presents the cost analysis results for installing
biogas plants in high potential cities for each region, which
are obtained as a result of the calculations. It is assumed
that a cogeneration system with a power of 5 MW is used
in each facility established in the selected cities with 1150
$/kW (960.5 €/kW) installation cost and that 10 staff are
employed for each 5 MW facility. And the higher coefficients
are taken from the data given in Table 1 and the facility

Table 8 Cost analysis of biogas plants for selected cities

cost and payback period are determined. Consequently,
the cogeneration unit maintenance and repair expenses are
adopted as 1.1 €, insurance and tax expenses 10%, raw mate-
rial procurement, and transportation expenses 6 €.
According to Table 8, the lowest payback period is the
Adana city of the Mediterranean Region with 5.14 years.
The highest payback period is 7.55 years for Erzurum in the
Northeastern Anatolia region. Since the highest coefficients are
applied while considering the facility costs, the payback period
has also had the maximum value. One of the significant aspects
of biogas plant investments is the facility payback period, and
the maximum values obtained here will guide investors.
Since the unit manure production of the animals and the
volume of biogas to be obtained vary, the income that can be
reached from the organic fertilizer can vary. For this reason, the
payback period differs in cities with similar installed capacities.

4 Conclusion

Animal manure needs to be treated since it causes seri-
ous environmental problems such as increased greenhouse
gas emissions, soil infertility, and water pollution. Besides
preventing environmental pollution, proper waste manage-
ment provides energy production and organic fertilizer
income. In this research, where cattle, goats, sheep, broiler
chickens, and laying hen manure are assessed in collect-
ible manure, Turkey has a manure potential of 176 million
tonnes/year. Among the 12 regions, the highest manure-
based biogas potential is in the Aegean region, with 922
million m® CH,/year.

Region City Built in Installation cost Expenses annual ~ Revenues annual  Profit annual Pay back (years)
capacity (Euro) (Euro) (Euro) (Euro)
(MW)
Mediterranean Adana 149.120 596,480,000 100,140,070 216,058,759 115,918,688 5.14
Western Anatolia  Konya 339.345 1,357,380,000 235,521,300 467,907,755 232,386,455 5.84
Central Sivas 105.535 422,142,974 79,408,501 146,845,719 67,437,218 6.26
Anatolia
Mid-Eastern Mus 60.887 243,550,255 52,462,752 88,348,641 35,885,888 6.79
Anatolia
Southeastern Sanlurfa 221.813 887,252,145 148,888,682 307,070,947 158,182,265 5.61
Anatolia
Northeastern Erzurum 118.761 475,045,511 110,685,005 173,575,687 62,890,681 7.55
Anatolia
Aegean Manisa  158.634 634,537,783 114,134,468 215,749,095 101,614,627 6.24
Western Marmara  Balikesir  156.059 624,239,343 122,491,036 227,039,579 104,548,542 5.97
Istanbul Istanbul 25.691 102,765,237 20,483,622 38,259,574 17,775,951 5.78
Eastern Marmara  Sakarya  109.060 436,243,172 80,221,414 156,751,015 76,529,601 5.70
Western Black Sea Samsun 87.633 350,532,597 69,271,974 128,917,002 59,645,027 5.88
Eastern Black Sea Trabzon  23.056 92,227,688 20,853,899 35,048,107 14,194,207 6.50
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In agricultural waste, wheat, barley, maize, rice, oat, rye,
and sunflower crops are evaluated, and 17 million tons of
collectible agricultural waste potential are obtained. The
regions with the highest potential of biogas from agricul-
tural waste are Southeastern Anatolia with 779.16 million
m>CH,/year and Western Anatolia with 779.12 million m*
CH,/year. The total biogas potential that can be obtained
from both animal manure and agricultural waste is 17.8 bil-
lion m®. Among the 12 regions, the highest biogas potential
is in the Aegean region, with 2.33 billion m°.

The electrical energy that can be obtained from biogas is
38.909 GWh/yr. There are 6 cities in Northeastern Anatolia
and the Mid-eastern Anatolia regions, where the ratio of
meeting electricity consumption is greater than 100%. In
other words, if these 6 cities use their biogas potential, they
will be able to produce more than their electricity demands.
If Turkey converts its biogas potential to electrical energy,
the reduced carbon emission will be 174 million tons CO,/
yr. Among all regions, the Aegean region has the highest
value with 22 million tons of CO,/yr.

In the case of establishing a biogas plant under the condi-
tions where the highest coefficients are taken in this research,
the region with the lowest payback period on investment is
the Mediterranean Region with 5.14 years, while the region
with the highest is the Northeastern Anatolia Region with
7.55 years. The payback periods are calculated for the cases
with the highest economic data in the literature that may be
lower if evaluated under better conditions.

The study is expected to draw the attention of both
researchers and investors to the biomass potential of Turkey.
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