
Introduction
Energy has played a substantial role throughout economic 
development of human civilization. The prosperity and 
economic development of society depend on the consumption 
of energy resources, especially fossil fuels (Hall and Klitgaard 
2012, Tverberg 2012). Economic growth is a function on both 
the total quantity of energy and its costs.

Energy resources are the driving force for the economical 
development. Their extraction, reprocessing, and utilization 
cause environmental degradation and pollution. In addition, 
exhaustibility of the fossil fuel resources and ecological issues 
dictate development the biofuels market in the world (Havrysh 
and Nitsenko 2016).

Total primary energy consumption and renewable energy 
consumption have been increasing in the last years. But 
increment for renewable energy is higher compared with the 
primary energy: 15% instead of 1.5% (fi gures 1 and 2).

Total primary energy supply of biomass reached 59.2 EJ. 
This makes up 10.3% of all energy globally. The share of biogas 
in biomass energy was 2.15% or 1.27 EJ. China is a leader in 
the world biogas production. This country produces 0.32 EJ 
of renewable gaseous fuel. The second position belongs to the 
USA – 0.18 EJ (IEA 2017).

Biogas industry is growing rapidly. By 2014 its production 
reached 58.7 billion nm3 (fi gure 3). Top leaders are (billion 
nm3): EU-28 – 28.9; China – 15.0; Germany – 14.1; USA – 8.5; 
and Poland – 0.45 (BP 2017, WBA 2017, USA’s GAIN 2017).

Although biogas production in the world has grown in the 
last decades, its history is more than 3000 years old (Chasnyk 
et al. 2015). Now the European Union is the leading market 
for the production of biogas and generating electricity from 
it. The region has more than 17,000 biogas plants with power 
generation capacity exceeding 8 GW. In the same time, in the 
USA, the capacity for electricity generation is around 2 GW. 

Share of biogas production in the European Union 
countries makes up 136.6 million tons of oil equivalent or 
32.55%. Among countries, China is the leader. It consumes 
86.1 million tons of oil equivalent or 20.52%. The current 
share of renewable fuel in transportation is about 2.8% due to 
use of biofuels (biodiesel, hydrotreated vegetable oil (HVO), 
bioethanol, biogas, etc.).

This market contributes to the solution of population’s 
employment. Employment in the world renewable energy 
sector increased from 8.1 (in 2015) to 8.305 million jobs (in 
2017) (IRENA 2016; REN 21 2017). The contribution of biogas 
plants is 333 thousand jobs or 4.0% (REN 21 2017). China has 
the biggest amount of biogas installations – 42,600,000 (REN 
21 2017).

Renewable energy sources, including biogas, are one of 
the ways to create sustainable energy systems (Cerović et al. 
2014, Cucchiella and D’Adamo 2015). The biogas production 
and its utilization have a number of advantages. Its production 
can impact on both power engineering and transport. Biogas 
can substitute fossil fuels. As a result it reduces greenhouse 
gases emission (Carchesio et al. 2014), decreases dependence 
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on import (Poggi-Varaldo et al. 2014, Igliński et al. 2015), 
favors development of the economy and creates new jobs 
(Pantaleo et al. 2014, Igliński et al. 2015).

Biogas is an important and versatile energy resource. 
Some European countries, especially Germany, represent the 
advanced level of biogas production, technology and policy 
(Poeschl et al. 2010). The biogas utilization has reached a high 

level of commercialization (Fallde and Eklund 2015, Bojesen 
et al. 2014).

To verify the viability of any biogas project the preliminary 
feasibility study is needed. Scientists studied logistic planning 
for feedstock supply (During et al. 2017), a cost-benefi t analysis 
(Mohammed et al. 2017), the potential energy production from 
animal waste and agricultural residues (Dell’Antonia et al. 
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Fig. 1. Primary energy consumption
Source: adapted from (BP 2017)
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Fig. 2. Renewable energy consumption
Source: adapted from (BP 2017)
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Fig. 3. Biogas production globally
Source: adapted from (WBA 2017)
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2014, Włodarczyk et al. 2017), biogas upgrading systems (Mel 
et al. 2016), different biogas projects (JICA 2015, Dekelver 
et al. 2005, Dereli et al. 2012), the feasibility of a centralized 
biogas plant for an animal farm (Trivett and Hall 2009, Dereli 
et al. 2012), etc.

Despites numerous publications, some problems are not 
revealed enough, including the following chain: maturity of 
technology → quantity and quality assessment of feedstock 
→ utilization pathways. Countries and regions have different 
feedstock availability, amount of existing biogas plants, and 
energy requirements. It impacts on the prospect of biogas 
technology development. So, before any project realization, 
the maturity of technology, quantity and quality assessment 
of feedstock, and utilization pathways should be examined 
according to the above chain. Therefore, the aim of this paper 
is to ascertain feasibility of biogas projects on the initial stage.

Methodology
Reports, statistical data, and researches of scientists have been 
the methodical bases of our study. Our study is divided into 
three parts: technology diffusion; feedstock supply; optimal 
biogas utilization pathways. 

A time-depend approach was employed in the investigation 
and predicting the trend of biogas production. The approach 
has been used to study biogas technology diffusion or maturity 
of technology. To determine the parameters of a mathematical 
model (describing the forecast for biogas production), data 
collection was carried out for development of simplifi ed and 
suitable methods.

Energy evaluations, diversity of feedstock supply, 
economic assessment, and potential of biogas production 
have been carried out. This study used energy and economic 
metrics for the assessment of bioenergy potential. We did this 
by comparing different sources (microalgae, crop residues, 
and manure) for biogas production. Energy return on energy 
invested indicator may be used as a means to measure the 
quality of various feedstocks for biogas production. Existing 
studies of the above indicator were analyzed. The standard 
approach was applied in the current study. There are different 
technologies available for conversion of biogas into energy 
(boilers, internal combustion engines, fuel cells, etc.). Biogas 

utilization pathway studies have undergone extensive research. 
In this study we investigated possible utilization ways, their 
energy and economic effi ciency, optimal distribution of biogas 
utilization pathways. 

Data collection was carried out for the development of 
mathematical models. Various necessary parameters were 
taken from existing studies and developed by the authors. Cost 
indicators were calculated on the basis of data obtained from 
statistical data and personal investigation. 

Maturity of technology 
or technology diffusion
A scientifi c prediction of biogas production is of great 
signifi cance for decision making for investors. Firstly, the 
maturity of biogas technology should be investigated. It requires 
the state and trend of biogas production to be investigated. 
A time approach method is usually employed. However, it is 
proved to be successful only for a short time forecast. 

The time-dependent approach to technology diffusion was 
fi rst applied for industry by Mansfi eld (1961). As a rule, it has 
a form of a bell-shaped curve. In some cases, the curve has 
multiple cycles.

To cope with different situations, scientists developed 
some derivative logistic models, including symmetric bell-
-shaped, asymmetric bell-shaped and multiple cycled. They 
have been adopted in many fi elds including energy sources 
(Brandt 2010, Hook et al. 2011, Sorrell 2010). 

Biogas production can be studied as a process of technology 
diffusion. A general process of technology diffusion has a bell-
-shaped curve form (Figure 4). It includes three phases: ascent, 
maturity, and descent. But it is possible to be presented as 
a multiple bell-shaped curve.

Statistical data demonstrates that the biogas production 
may be represented as a bell-shaped curve or part of a bell-
-shaped curve. Therefore, the biogas production may be 
considered as a technology diffusion process. That is why this 
theory was applied to biogas production forecast (Gu 2016, 
Zuberi and Fahrioğlu 2015, Lund 2010).

The state of biogas production in some countries or regions 
(China, USA, and the European Union) demonstrates the 
acceptability of the above theory. Let us consider world leaders 
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Fig. 4. Stages of technology diffusion
Source: Gu et al. 2016
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of biogas production. In China, the total biogas production 
achieved the fi rst peak in 2013 and then decreased (Figure 5) 
(CSYD 2015).

The situation in the USA is the same (fi gure 6) (USEPA 
2016). In the EU the biogas production did not reach the peak 
(fi gure 7) (USDA’S GAIN 2017). 

To make the forecast some models can be used (Gu et all. 
2016): 

 The Hubbert model;
 The generalized Weng model;
 The H-C-Z model;
 The Weibull model.

They describe different types of bell-shaped transformation. 
For biogas market the generalized Weng model has the least 
error in comparison with other models (Gu et al. 2016). It 
determines the annual production q(t) at t year

 q(t) = a · tb · e-t · c, (1)

where a, b, c are the parameters.
There are different mathematical methods to explore 

stochastic system parameters (Atamanyuk 2002, 2005). 
Different methods are used to determine parameters a, b, and c 
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Fig. 5. Biogas production in China
Source: adopted from (CSYD 2015)
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of the generalized Weng model (Wang 2015, Cao 2014). In our 
opinion, they are rather diffi cult for practical application. That 
is why we suggest a simpler one. 
By taking logarithms of both sides of equation (1), we get 

 ln{q(t)} = ln(a) +b · ln(t) – c · t. (2)

If Q = ln(q(t)), T = ln(t), and A = ln(a), then equation (2) 
can be written as 

 Q = A + b · T – c · t. (3)

Assuming there are experimental data (ti, qi) (i = 1, 2, 3, ..., 
n) we search for function f (t) which makes the squares sum of 
the deviation of function value in the point ti (i = 1, 2, 3, ..., n) 
and the observed data minimize 
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Then we apply the method of least squares and get a system 
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(5)

The system can be solved by Cramer’s rule. 
To find the parameters a, b and c the Solver function of 

MS Excel can be applied. An objective function is a minimum 
of mean absolute error (MAE)
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1

n
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ii
q
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.
 

(6)

There are constraints a > 0; b > 0; c < 0.

If there is an obvious peak, one more constraint must be added

 
pt

c
b

,
 

(7)

where tp is the peak time.
The results obtained for China, USA and Germany are 

shown in figures 8, 9, and 10. To evaluate the performance of 
model for the above countries, the criteria of MAE are listed 
in Table 1.

The concept of market maturity technology was applied 
to analyze biogas deployment throughout the European 
Union. Biogas plant quantity was applied as a criterion for the 
analysis. The EU Member States were divided into three groups 
dependent on their market maturity: mature, moderate and 
immature markets. The analysis results in the following: mature 
market – Germany, Italy, United Kingdom, France, Sweden, 
Czech Republic; moderate market – the Netherlands, Belgium. 
Denmark, Finland, Hungary, Portugal, Poland and Slovakia; 
immature market – others countries of the EU (EC 2017). 

Main barriers for biogas utilization sectors depend on 
different types of market (i.e. mature, moderate, and immature 
market). Moreover, the information about the maturity of 

Table 1. Mean absolute error

Country/Region Field
Using information about peak time

Forecast for Peak time, year
– +

European Union agriculture 0.79 – 2020
European Union Total 1.66 – 2027
China Total 33.34 36.22 –
USA Total 24.43 46.18 –

Source: developed by authors
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biogas technology represents the specifi c technology costs 
(Kampman et al. 2016). 

Quantity and quality assessment 
of feedstock
Feedstock quantity
Profi tability of a certain biogas plant depends on the cost 
of biomass supply chain. To overcome the above barrier, 
the biomass supply chain optimization is necessary. The 
optimization includes: a choice of substrate with high 

biomethane yield and the coordination of transportation and 
storage (Baños et al. 2011, Bravo et al. 2012). 

For biogas production, diverse organic feedstock is used 
(Chodkowska-Miszczuk et al. 2017). It includes energy 
crops (maize silage, grass, etc.), animal (e.g. manure) and 
agricultural by-products (e.g. straw), industrial and municipal 
waste. High developed agriculture (plant growing and animal 
husbandry) and agri-food industry are the main source of 
biomass (Piwowar et al. 2016). Production costs for biogas 
depend on feedstock and biogas plant capacity (scale factor) 
(fi g. 11) (IRENA 2017).
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Biogas plant capacity is a function of amount and quality 
of substrate

 
( )

=
⋅=

n

i
ii YsMsBPC

1
, m3 per year,

 
(8)

where Msi is the annual ith biomass resources, t; Ysi is the biogas 
yield of ith substrate, m3/t.

The diversity of feedstock supply
The cost of feedstock depends on the transportation distance 
from the feedstock source to a biogas plant. For this reason, 
to increase the biogas production profi tability it is rational to 
reduce the transportation distance (Delzeit and Kellner 2013, 
Rajendran et al. 2014). According to research a maximum 
distance for feedstock transportation is up to 10...25 km 
(Gebrezgabher et al. 2010, Pukšec and Duić 2012). Therefore, 
it is important to ensure stable biomass supply to avoid 
instability in biogas production process (Bojnec and Papler 
2013). That is why it is recommendable to use some different 
feedstock sources to ensure security in the feedstock supply 
(Palm 2010).

A biogas plant must not rely on only one feedstock supply 
source. The diversity can endow the security of supply. To 
measure diversity the Shannon Index may be applied. The 
Shannon index is a simple indicator often used to assess the 
diversity in energy security analysis and bioethanol production 
(Jansen et al. 2004, Li et al. 2008, Kruyt et al. 2009, Silalertruksa 
and Gheewala 2010). In our opinion, the Shannon Index may 
be applied to assess the security of supply in terms of diversity 
of feedstock sources. The Shannon Index is as follows

 

n

i
ii ppSI

1
ln ,

 
(9)

where pi is the share of ith feedstock resource; n is the amount 
of feedstock resource.

The higher the Shannon Index the more security of 
feedstock supply. As a rule, it is not higher than 2 (Silalertruksa 
and Gheewala 2010). It means that feedstock sources is equal 
to 7…8 (figure 12).

Energy assessment of biogas production
The use of monetary evaluation, biomass yield, energy output, 
etc. alone may be misleading. Some farming activity may be 
subsidized or use much conventional fuels. It skews the real 

picture of energy efficiency. Certain agricultural practice may 
be economically profitable under existing market condition, 
but economically ineffective. 

One should be sure that the biogas production is energy 
efficient. The energy analysis uses some indicators: energy 
surplus, energy balance, the Net Energy Gain (NEG) and the 
Energy Return on Energy Invested (EROEI) indices. They 
are used for assessing the sustainability of energy production 
process. We agree with Hall et al. (2014) that EROEI is 
a preferable indicator. The use of such indicator as EROEI 
gives advantage in supply chain evaluation. The importance of 
the EROEI as an indicator was discussed in separate publication 
(Arodudu et al. 2012). The EROEI is dimensionless. It is 
recommended that EROEI must be above 3 to ensure effective 
energy production (FAO 2008, Hall et al. 2009). 

The EROEI values for oil, natural gas, liquefied petroleum 
gas and coal tend to be relatively high. Although in recent years 
the global oil and natural gas EROEI values are declining. The 
above value has decreased from around 33 to 18. For coal 
production the EROEI value ranges from 27 to 80 (Hall et al. 
2014). Besides the heating value of coal mined has decreased 
also (Hall and Klitgaard 2012). 

According to research conducted, the production of 
fossil fuel energy resources has reached a production plateau 
(Hughes 2013). And despite the global EROEI is rather high 
the EROEI will continue to decline over coming years (Gagnon 
et al. 2009).

Renewable energy resources, including biogas are 
environmental friendly, but lack the desirable traits of fossil 
fuels. As such they have less heating value and relatively low 
EROEI.

The EROEI of a certain biogas production system depends 
on feedstock properties. To determine the EROEI, two energy 
flows (the energy invested into obtaining energy from various 
feedstocks and the energy output from them) must be studied. 
Information on the biomass sources can be obtained from 
statistical data. They include arable area, crop yield, crop 
residue yield, and the availability of manure.

According to the existing research, the EROEI for biogas is 
higher as compared to biofuels, such as bioethanol and biodiesel. 
According to K. Wajszczuk et el., the EROEI for bioethanol 
ranges from 1.16 (for rye technology) to 2.41 (the sugar beet 
technology) (Wajszczuk et al. 2016). Similar results have been 
obtained by Arodudu et al. For maize ethanol production, 
the EROEI constitutes from 1.2 to 5.9. Its value depends on 
agricultural production system (Arodudu et al. 2017).
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The EROEI for biodiesel is taken from different studies 
conducted in the European Union. The above value depends 
on feedstock, technology and it ranges from 0.2 to 4.5 (Basset 
et al. 2010).

The processing of biomass into the biogas has the highest 
EROEI among biofuels. For different crops the above value 
ranges from 4.58 to 10.91 (Wajszczuk et al. 2016). Agricultural 
production systems have substantial infl uence on the EROEI 
(Arodudu et al. 2017).

Farm manure has a relatively low EROEI value: from 
3.7 (dairy cattle) to 14.7 (chicken). Crop residues have higher 
energy effi ciency for biogas production. Their EROEI ranges 
from 5.1–10.8 (triticale residue) to 15.7–17.0 (corn residue) 
(Arodudu et al. 2013).

There is a huge potential to produce liquid and gaseous 
biofuels from microalgae (Reed 2015). The studies on 
microalgae biodiesel report that their EROEI is less than 
1 (Sills et al. 2012, Milledge 2013, Zhang and Colosi 2013, 
Chen et al. 2015). Anaerobic digestion of wet microalgae 
has higher energy effi ciency (Milledge 2013, Milledge et al. 
2014, Ward et al. 2014, Bohutskyi et al. 2015). Its energy 
effi ciency depends on technology, fi rstly harvesting methods. 
The optimal technology endows to reach the EROEI value up 
to 3.4 (Milledge and Heaven 2017). So biogas production from 
microalgae may be economically viable.

A number of biomass sources (microalgae, crop residues, 
and manure) were considered in the study. Figure 13 shows 
the values for biofuels, average values for biogas from crop 
residues (the best and the worst crop), and for biogas from 
manure (the best and the worst feedstock). Therefore, maize 
residues and chicken manure have the highest energy effi ciency. 
Their values exceed EROEI for biofuels (fi gure 13).

So the EROEI for biogas production may be calculated as 
follows

 INDE EIPEIP
EOPEROEI ,

 
(10)

where EOP is the energy output, MJ; EIP
DE

 is the direct energy 
input, MJ; EIP

IN
 is the indirect energy input, MJ.

The energy output depends on its quantity and quality

 EOP = V
B
 · Q

B
, MJ, (11)

where V
B
 is the biogas production, nm3; Q

B
 is the lower heating 

value of biogas, MJ/nm3.
Anaerobic digesters produce both biogas and by-product 

– fertilizer. The biogas upgrading plants produce by-product 
too which is carbon dioxide. Both by-products are not 
fuels. That is why in our opinion it is reasonable to determine 
an energy efficiency ratio for biogas and biomethane 
production process

 INDE

i
ii

EIPEIP

VEOP
EER 1

α

,
 

(12)

where n is the quantity of by-products; V
i
 is the volume of ith 

by-product, nm3; α
i
 is the energy equivalent of ith by-product, 

MJ/nm3.
Taking into account the formula for the EROEI, the 

expression for EER could be written as

 INDE

n

i
ii

EIPEIP

V
EROEIEER 1

α
,
 

(13)

The above equation establishes a relation between the 
EROEI and EER for biogas plants.

Biomass energy cost
Different feedstocks have different biomethane yield, costs, etc. 
The above factors influence feasibility of biogas projects. Let us 
consider some types of biomass: straw, molasses, maize and grass 
silage. Their prices have significant fluctuation. For example, 
CIF Denmark prices for straw range from 5.0 to 6.2 EUR/GJ 
or from 75 to 93 EUR/t (Bang et al. 2013). According to the 
Milan Chamber of Commerce, during 2017 the pressed straw 
price changed from 70 to 88 EUR/t (CLAL.IT 2018).

0

5

10

15

20

0
2
4
6
8

10
12
14
16
18

bioethanol biodiesel biogas 
(microalgae)

biogas (maize 
residue)

biogas  
(chicken 
manure)

ER
O

EI

ER
O

EI

minimum

maximum

optimal

Fig. 13. Energy Return on Energy Invested of bioenergy produced from various sources
Source: adapted from (Wajszczuk et al. 2016, Arodudu et al. 2017, Basset et al. 2010, 

Arodudu et al. 2013, Milledge 2013, Milledge et al. 2014, Ward et al. 2014, Bohutskyi et al. 2015, Milledge and Heaven 2017)



76 A. Kalinichenko, V. Havrysh

That is why we propose to get in the use a new indicator 
for biomass. This as a biomass energy cost

 
Qbm

BPCBEC
α

,
 
EUR/MJ,

 

(14)

where BPC is the cost (production cost) of biomass, EUR/t; 
α is the biomethane yield, m3 per ton; Qbm is the lower heating 
value of biomethane, Qbm = 35.8 MJ/m3.

According to our calculations, the most cost-energy 
effective feedstock is maize silage and straw (table 2).

We have studied the widespread biomass for biogas 
production: maize silage (Keane and Foley 2014), grass silage 
(Keane and Foley 2014), straw (Bang et al. 2013, CLAL.
IT 2018) and molasses (CLAL.IT 2018). According to our 
calculations, the most cost-energy effective feedstocks are 
maize silage and straw (table 2).

Optimal biogas use pathway
Biogas utilization pathways
The best pathway of biogas utilization must be ascertained. 
It depends on maturity of technology, regional, and national 
features. The most widespread pathway is the combined 
generation of heat and power (CHP) (Djatkov 2014). But 
in Sweden the dominating volume of biogas is utilized as 
vehicle fuel (Lantz 2012). Biomethane production is immature 
technology now, but it is a prospect technology (Ravina and 

Genon 2015). Another promising way is solid oxide fuel cell-
-based combined heat and power systems for biogas utilization 
(Trendewicz and Braun 2013, Wongchanapai et al. 2013). 

It should be explored which biogas utilization pathway is 
feasible to be chosen. 

The evaluation may be based on a number of different 
criteria: cost effectiveness (economic criteria) (Börjesson 
and Ahlgren 2012, Goulding and Power 2013, Kalinichenko 
et al. 2016), energy efficiency (technical criteria) (Poschl et 
al. 2010); GHG emission savings (environmental) (Ravina 
and Genon 2015); green degree (a composite index proposed 
by X. Zhang based on nine environmental impact categories) 
(Tian et al. 2011, Yan et al. 2011, Zhang et al. 2008); life 
cycle assessment (Morero et al. 2015); multi-criteria analysis 
(Murphy et al. 2004, Dzene et al. 2014, Wua et al. 2016). 

The combination of the three indexes (economic, 
environmental and energetic) is seldom used (Münster et al. 
2015). 

There are some various biogas-to-energy utilization 
pathways (figure 14):

1. Biogas to stove (cooking);
2. Biogas to heat;
3. Biogas to electric power;
4. Biogas to heat and power (CHP);
5. Biomethane as vehicle fuel;
6. Biomethane with grid injection to heat; 
7.  Biomethane with grid injection to combined heat and 

power generation.

Anaerobic
digester

cooker

Gas boiler

Electricity
generator

CHP

Upgrading
plant

NG grid

CHP

Vehicle
fuel

Bio-fertilizer

Carbon dioxide

Gas boiler

biomethane

Fig. 14. Biogas utilization pathways
Source: developed by authors

Table 2. Biomass energy costs

Feedstock Price, EUR · tDM-1/(EUR · t-1) Biomethane yield, m3 · tDM-1/(m3 · t-1) Biomass energy cost, EUR · GJ-1

Maize silage 94–133 / –* 205–450 / − 5.83–18.1
Grass silage 120–150 / –* 283–467 / − 7.18–14.81
Straw – / 70–93 ** 242–324 / − 6.03–10.73
Molasses – / 127–166 *** – / 193 (moisture 41 %) 18.38–24.02

Source: developed by authors, * – Keane and Foley 2014: ** – Bang et al. 2013; CLAL.IT 2018; *** – CLAL.IT 2018.
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y = 1,7413ln(x) + 30,181
R² = 0,71

30

40

50

60

70

80

90

0 500 1000 1500 2000 2500 3000

Ef
fic

ie
nc

y,
 %

Electric output, kW

Electrical efficiency Total efficiency approximation

Fig. 15. Electrical and total effi ciency of CHP
Source: Adapted from (2G 2017, GE 2018)
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Fig. 16. Thermal effi ciency of different technical devices
Source: developed by authors

As a rule, energy efficiency and economic evaluation 
methods are widespread.

Energy effi ciency evaluation method
The energy efficiency of the biogas utilization systems 
is different. Until today, the final use of biogas has been 
its onsite combustion to generate heat or/and electricity. 
The thermal efficiency of biogas boilers is up to 90%. The 
efficiency of electricity generation depends on thermal engine 
type, its power rating and load. The best electrical efficiency 
is achieved in full load operation. It amounts to 26…27.4% 
for biogas-powered micro gas turbine engines (Bekker 
and Oechsner 2010, Brown et al. 2010, Rasul et al. 2015). 
Their energy efficiency can be increased through using heat 
recovery system. Thus the total efficiency of Capstone CR65 
micro gas turbine engine reaches 70% (Bekker and Oechsner 
2010). According to M.G. Rasul, biogas-powered micro gas 
turbine engines may be solution for small scale provision in 
remote areas (Rasul et al. 2015).

Biogas utilization systems based on internal combustion 
piston engines have more high electric and total efficiency 
(figure 15) (2G 2017, GE 2018). Biogas fuel cells had achieved 
the highest electric efficiency – up to 49%. They may have up to 
90% of total efficiency and be used for combined heat and power 
generation. By 2015, Fuel Cell Energy, Inc. (USA) has placed 25 
direct fuel cells on biogas plants around the world. Their electric 
output ranges from 250 to 2800 kW (Farooque et al. 2015). 

The thermal performance of vehicle internal combustion 
engines vary in broad range (up to 45%) depending on 

their type. Thus, boilers and CHP have the highest thermal 
efficiency, vehicle internal combustion engines and gas turbine 
engines have the least (figure 16).

Economic evaluation 
The economic feasibility of the biogas utilization system is, 
as a rule, evaluated using the Net Present Value (NPV) as 
a criterion (Kang et al. 2014, Wua et al. 2016). The profitability 
Index was used for economical analysis of biogas projects 
(Kalinichenko et al. 2017).

The asset value of one cubic meter of biogas depends on 
its utilization pathway. Substitution of conventional vehicle 
fuels (petrol or diesel fuel) has the highest earnings potential. 
Power generation does not produce high income. The problem 
of CHP exploitation is that, outside of industrial demand, the 
market for heat is primarily seasonal. 

The asset value of one cubic meter of biogas may be 
determined as follows

– Substitution of natural gas in a gas boiler

 

PRNG
Q
QEE

ngng

bb
b η

η
,
 
EUR/m3,

 

(15)

– Generation of electric power in engine-generator

 

,
 
EUR/m3,

 

(16)
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– Combined heat and power generation

 
PREEQEE be

CHP
η

6,3
(17)

 
PRNG

Q
Q

ng

b
echp ηη , EUR/m3,

– Substitution of conventional vehicle fuel

 

PRCF
Q
QEE

cvс

bvb
b η

η
,
 
EUR/m3,

 

(18)

–  utilization of carbon dioxide (by-product of biogas 
upgrading process)

 EE
cd

 = 0.01 ·  · PRCD, EUR/m3, (19)

where Q
ng

 is the lower heating value of natural gas, MJ/m3; 
η

b
 is the efficiency of boiler on biogas; η

ng
 is the efficiency 

of boiler on natural gas; PRNG is the price of natural gas, 
EUR/m3; η

e
 is the efficiency of engine-generator; PREE is 

the price of electricity, EUR/kWh; η
chp

 is the total efficiency 
of CHP; η

bv
 is the efficiency of engine on biogas; η

cv
 is the 

efficiency of engine on conventional vehicle fuel; PRCF is 
the price of conventional vehicle fuel, EUR/l; Q

cv
 is the lower 

heating value of conventional vehicle fuel, MJ/l; η is the 
content of carbon dioxide in biogas,%; PRCD is the price of 
carbon dioxide, EUR/m3.

In condition of Ukraine (January 2018), biogas (lower 
heating value is equal to 21 MJ/m3 and content of carbon 
dioxide is equal to 40%) utilization has potential to earn from 
0.113 (substitution of natural gas) to 0.770 (substitute of 
gasoline and carbon dioxide sell) EUR (figure 17).

The economic feasibility of the biogas utilization system 
is affected by a number of external factors: investment costs; 
market prices of the end-products and energy resources 
which are substituted by biogas (biomethane); market 
prices of by-products (bio-fertilizer and carbon dioxide); 

economic conditions (including subsidy, green tariff, etc.). 
All by-products should be used as products. It will increase 
profitability of the projects (Kalinichenko et al. 2016).

The multi-criteria analysis is used to compare alternatives 
including optimization of biogas utilization pathway. The 
core of the multi-criteria analysis is based on a simple multi-
objective matrix (Wang et al. 2009, Nzila et al. 2012, Dzene 
et al. 2014). The multi-criteria analysis covers the technical, 
financial, social-economic, and environmental perspectives. 
(Dzene et al. 2014).

To study the optimal biogas distribution by different 
pathways (heat, electricity, petrol substitute, combined heat 
and electricity) the economic optimizing model was developed. 
It takes into account end consumer requirements in energy 
resources. The linear programming method is applied to solve 
the problem. The Net Present Value indicator was used as 
a criterion and an objective function (Pavlov et al. 2015). 

Two business configurations for biomethane (biogas) 
projects are possible. The first one, the producer of biomethane 
sells renewable energy resource to a distributor. The second 
one, the producer of biomethane sells its biofuel and by-
products to the end consumers. The last configuration is more 
profitable (Cucchiella et al. 2015). It results in establishing 
agro-energy verticals in agriculture and food industries (Bilan 
et al. 2017).

Conceptual fl ow chart
The conceptual flow chart is outlined in figure 18. The 
preliminary biogas project assessment covers the following 
items: 

 Preliminary information collection;
 Maturity of biogas technology assessment;
 Feedstock assessment;
 Optimal biogas utilization pathways determination;
 Decision making.

Conclusion
On the first stage of the assessment of a biogas project, the 
maturity of technology should be examined. The generalized 
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Weng model is preferable to be used. The simplest method to 
determine its parameters is the Solver in MS Excel (offered 
by the authors). The study of technology diffusion gives 
opportunity to make a short-term prediction. It is of great 
significance for policy makers to set regulations on a biogas 
market that reflect reality.

Feedstock supply is an important factor for biogas projects. 
It is rational to determine biomass available, its energy and 
economic traits. The crop residues of maize and chicken 
manure have the highest value of EROEI. 

We offered the new energy and economic indicators: 
energy effi ciency ratio for biogas (biomethane) production and 
biomass energy cost. EER factors in main product (biogas or 
biomethane) and by-product. BEC gives information about the 
cost of biomass per unit of biomethane energy. 

The feasibility of biogas projects depends on a biogas 
(biomethane) utilization pathway. The best economic results 
can be obtained in the following cases:

 The substitution of petroleum vehicle fuels;
  The direct selling of biomethane by a producer to the 

end consumer;
  The selling of all by-products of both biogas and 

biomethane producing.
Some agricultural practices or renewable energy resource 

utilization may be subsidized. Their economic profi tability 
depends on existing market conditions, and governmental 
regulations. It may be stated that the EU 2020 targets for 
renewable energy can be met if there are concerted efforts 
between technologists and policy makers. Suitable policies, 
management schemes, taxation, and legislation will be 
a substantial push towards biogas development. The above is 
a subject for further study.
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