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Abstract: The population increase and the food demand increase the fight against climate change.
Porcine production in Europe continues to increase, and Spain is the leading country in pig production.
Manure management has a significant environmental impact that requires anaerobic digestion
technologies for its mitigation. This technology helps produce biogas, a fuel that will reduce CO2

emissions. This study defines a distributed biogas generation model, determining the expected
incomes from the development of this technology in small manure generation facilities (digestible
organic waste). The development of this technology will contribute to reduce the demand for fossil
energy and increase revenues by 22.7% regarding the expected revenues from the use of biogas for
electricity generation.

Keywords: climate change; anaerobic digestion; biogas production; sustainable energy; economic
model

1. Introduction

In the last decades, the world population has increased constantly, reaching 7.8 billion
people in 2020, even though the growth rate has decreased by 1% yearly in the last few
years [1]. Europe is the third most populated region on the planet, after Asia and Africa,
also showing a constant population increase [2], and it is foreseen that this pattern will
remain until 2050 [2]. Furthermore, the European society is quicky turning into an aged
society [3] and mostly metropolitan, with 74.73% of its population living in large cities [4].

The population growth matches the need to reduce greenhouse gas emissions and,
thus, help fight climate change. With a CO2 concentration in the atmosphere of 416 ppm [5]
and a thermal anomaly in the atmosphere that reaches +0.99 ◦C [6], the use of renewable
energy sources is a necessity, including the improvement of the efficiency, the capture, and
the geological storage of CO2.

This shaping of the population makes it necessary to change the food chain production,
for example, the production of meat from farm animals, ensuring access to a wide range of
food. Spain is the country with the highest animal production in the European Union [7],
with pigs being the most important group. In Spain, as well as in other countries, the
tendency to farm livestock in the last years has led to the specialisation and concentration,
which has meant a decrease in the number of farms but an increase in the average number
of animals per farm [8,9]. This industrial model entails a series of environmental impacts,
where manure is considered among the most relevant [10]. The management of this waste
has an importance similar to any other phase of the commodity chain and is considered a
principal factor of the success of the efficiency management [11]. In Spain, it is estimated
that the production of this waste reaches 50 million tonnes annually [12].
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Usually, manure is used as an organic fertilizer, but this can cause damage if over-
applied (mostly N and P) in agriculture, which leads to the contamination of soil and
water [13]. The environmental impacts related to pig breeding, such as climate change, acid-
ification, and eutrophication, are mainly caused by inadequate treatment of manure [14–16].
The European Union Directive 91/676/EEC concerning the protection of waters against
pollution caused by nitrates from agricultural sources has been the main driving force to
develop and employ management methods by adopting appropriate fertilization plans
adapted to the necessities of the soils and farming [17].

There is a wide range of treatment systems to process the different kinds of livestock
manure [18], such as phase separation, ammonia absorption and extraction, thermal concen-
tration (evaporation and drying), nitrification/denitrification, ammonium salt precipitation,
and compost [19]. Anaerobic digestion is a livestock defecation treatment system [20] that
involves the reduction of contaminating emissions (CH4, N2O, NH3, CO2) [21]. Anaerobic
digestion prevents ammonia volatilization and removes volatile organic compounds [22,23],
which makes it possible to prevent odor problems, water quality problems, and eutrophica-
tion [24]. It is well established in countries such as Germany, Austria, Denmark, Italy, and
the Netherlands [25].

Through the degradation progress of the organic matter that takes place during
anaerobic digestion, biogas is produced [26]. This gas, mainly formed by CH4 and CO2 in
variable proportions [27], is considered a renewable energy source. Its attractiveness as an
energy source is driven by the fact that its use reduces greenhouse gas emissions [28,29] by
displacing the use of fossil-based natural gas. In Spain, the installed capacity is 234 MW [30],
and a potential of 26,683 GWh of biogas is estimated, enough to cover 40% of household
energy demand [31].

The anaerobic digestion technology is currently being used in large facilities due
to its high investment and operational cost [32]: the current operational facilities where
biogas is produced are landfills, water treatment plants, and some industrial sectors with
a huge quantity of organic waste that needs to be treated. In the agro-industrial sector,
the implementation of the anaerobic digestion technology must entail an economic profit
compared to the traditional management of transport and manure application to available
soils with an adequate amount of nutrients [33]. Improving the performance of low
temperature anaerobic digestion is achieved by preheating the substrate, co-digestion with
various local amendments, and advanced reactor design [34]; there are also other studies
of carbon capture based on amines [35].

Without industrial references, this technology faces the technological challenge of
developing a low-cost system that makes it possible to implement technology to generate
distributed biogas.

This study is focused on analyzing the economic feasibility of biogas production on
pig farms and its use for energy purposes in local environments. However, the methodol-
ogy followed in the present case study may be applied in any European region. Distributed
biogas aims to develop a novel economy model based on low-cost digesters and to use it not
only to displace natural gas consumption, but also to reduce diffuse methane emissions and
carbon dioxide as a consequence of traditional manure management; biogas distribution
might be applied in any industrial sector with a moderate and diffuse organic waste pro-
duction. The Emission Trading System in Europe is promoting sustainable technologies to
decrease Green House Gases (GHGs) in several industrial sectors. The proposed case study
is focused on the regions of Castile and León, one of the biggest pig production regions of
Spain, with a production of 4 million heads (animals) in 2019 [36]. The economic model
suggested a novel approach as a result of the internalization of the CO2 cost (Emission
Trading System, ETS) in the distributed biogas production.



Appl. Sci. 2021, 11, 5326 3 of 14

2. Materials and Methods
2.1. Castile and León and the Porcine Population

Castile and Leon have an area of 94,226 km2 and are located in the North-West
of Spain. This region has the highest pig livestock census of Spain, after Aragón and
Catalonia [37], and its pig livestock population is constantly increasing (15% in the last
period observed: 2015–2019). This increase contrasts the inhabitant decrease during the
same period. Currently, it is at 25 inhabitants per km2, which, in contrast to the average
value of Spain (94 inhabitant/km2), is a clear sample of the depopulation risk of the region.

In the region studied, there are five provinces with a porcine census that covers 79%
of the pig population of Castile and León. In Figure 1, the total census of porcine livestock
is shown, along with the two types of livestock considered: pigs, and fattening pigs.

Figure 1. Porcine livestock in the five regions studied.

To georeference the pig livestock farms of the five provinces studied, a Geographic
Information System (GIS) was developed based on a free software: gvSIG (Valencia, Spain).
With this software it is possible to access vectorial and rasterizing information and map
servers that follow Open Geospatial Consortium (OGC) specifications (web map services).
It is also an intuitive and easy to use program without prior knowledge [38].

In addition to georeferencing, the studied farms, and the map generation, it is also
necessary to work and process the information in an Excel table. This software is ideal to
import data as a table through its extension (.csv).

Starting from vector layers of the provinces and the municipalities studied in Castile
and León, the following data were added to the attribute table: geographic coordinates of
the farms, municipal population census, and biogas production per farm. In the process
manager of the system there are different functionalities; one of them is the area of influence
(buffer), which was used to generate and analyze the areas of influence of the selected
municipalities and to determine the biogas production in the adjacent areas. In the process
manager of the program there is also a fusion function, used to fuse areas of influence
that overlap.
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2.2. Pig Farm to Produce Manure

Due to its agro-industrial potential (agriculture and livestock), it is intended to quantify
the biogas production from pig manure through a distributed biogas generation model,
andthe municipalities selected are those with a minimum number of livestock. This number
is not the same for the five provinces studied; two parameters were considered to select
them: closeness to the energy-demanding municipality despite having a small livestock
census, and a biogas production of 30% or more of what the largest farm in the province
produces. The selected farms have two types of livestock: sows with piglets until weaning
(0–6 kg) and feeder (50–100 kg). Every type of animal produces different quantities of
defecation and, therefore, biogas production. The sows have a manure production of
5.1 m3/year, and the growers, 2.5 m3/year [33].

From an energetic point of view, the biogas will be appraised by municipalities with a
population of over 5000 inhabitants. To determine the radius of influence to capture and
energetically use the biogas generated in the distributed model, a study of the adequate
radius has been carried out.

In Soria there are two municipalities with more than 5000 inhabitants (Almazán and
Soria), presented in Figure 2 in dark yellow. The biogas production capacity for the two
biggest radiuses considered in the study (30 and 50 km) constitutes less than 10% and up
to 30% more of the biogas production in relation to the smallest radius. These increases are
similar to the other provinces studied. However, the province of Burgos is considered an
exception as its biogas production is increased drastically with a larger radius. Because
these increases do not justify the radius increase and the expensive transport logistics, in
the present study, a radius of 25 km is considered.

Figure 2. Cont.
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Figure 2. Radius of influence of the distributed biogas generation model. Example: Soria.
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Despite the existence of more municipalities with over 5000 inhabitants than the
ones used in the study, some municipalities have been eliminated because they did not
have a significant pig production in the area of influence under study. Therefore, the
area of influence is limited to close municipalities that have more farms or that demand
more energy.

3. Results
Georeferenzing of Biogas in Each Province Studied

The georeferenced data relating to the energy production capacity using pig manure
are shown in Figure 3, where dark yellow shows the municipalities chosen, according
to Table 1. Furthermore, the radius of influence considered is 25 km for each area stud-
ied, and the blue points represent the municipalities inside each radius with farms and
biogas production.

Figure 3. Cont.
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Table 1. Porcine livestock census of the studied municipalities.

Province Area of Influence Porcine
Livestock (Pigs)

Biogas
(m3/d)

Production of
Biogas (kWh/d)

Segovia Cuellar 447,612 35,808.96 225,596.45
Segovia 119,493 9559.44 60,224.47

Soria
Almazán 113,053 9044.24 56,978.71

Soria 195,430 15,634.40 98,496.72

Salamanca

Alba de Tormes 92,725 7418.00 46,733.40
Ciudad Rodrigo 20,007 1600.56 10,083.53

Guijuelo 21,599 1727.92 10,885.90
Peñaranda de Bracamonte 70,968 5677.44 35,767.87

Salamanca 47,139 3771.12 23,758.06

Zamora
Benavente 127,353 10,188.24 64,185.91

Toro 35,539 2843.12 17,911.66
Zamora 122,087 9766.96 61,531.85

Burgos Aranda de Duero 100,076 8006.08 50,438.30
Burgos 50,193 4015.44 25,297.27

Through Equations (1) and (2) it is possible to determine the total manure production
(TPp, m3/year). For the pig manure production (PPc, m3/year), an average value of 1.6 m3

per animal was considered. The porcine census (Cc, number of pigs) of the municipalities
in the established area of influence was considered (Table 1).

TPp = PPc · Cc (1)

For the considered areas, 1,563,274 pig heads are established, which accounts for
36.85% of the pigs in Castile and León. The number of pigs considered in the study
accounts for an annual manure production of 4,377,952 m3.

Production of biogas per animal (PPbiogas, m3/pig) was calculated considering average
values of the organic matter content (OM, kg/m3) in the liquid manure (4–5%), liquid
manure daily production, and average yield of biogas (Ybiogas, m3

biogas/kg OM) reported
for this kind of substrate, according to Equation (2). Mean values were obtained from [39].

PPbiogas = PPc · OM · Ybiogas (2)
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According to this calculation, biogas production averaged between 0.08 and 0.11 m3

per day and animal.
Considering the calorific power of the biogas (PCbiogas, kWh·m−3) in the range of 6

and 6.5 kWh/m3, for the calculations of the study a value of 6.3 kWh/m3 [39] is considered.
Through Equation (3) it is possible to determine the daily biogas production of the area of
influence (Pbiogas, kWh/day).

Pbiogas = PPbiogas·Cc·PCbiogas (3)

It is calculated with Equation (2) and reflected in Table 1. Inside the areas of influence,
a total biogas production of 699,243 kWh/d was obtained.

To know the power and incidence of distributed biogas generation on the energy con-
sumption in the area under study, the average electricity consumption of Spain is consid-
ered: electricity consumption in Spain per capital amounted to 1.56 MWh/inhabitant·year
(2019) in the residential sector, with electricity being the first source of energy consumed
in said sector, followed by natural gas with approximately half of the energy consumed
in households [2]. In this case, the electricity demand in the municipalities under study
ranged from 209% (Cuéllar) to 1.3% (Burgos). A 38% efficiency has been considered
for the electricity generation of a motor-generator or turbine, with combined heat and
power (CHP).

This is the average value of this kind of installed equipment in Europe [40]; the results
are shown in detail in Table 2. The thermal energy needs of the biogas production systems
(digesters) are covered since the average thermal efficiency of the equipment is 50–55%.

Table 2. Energy demand and covered energy of the selected municipalities, considering the energy demand of the
residential sector.

Province Area of Influence Population
(Inhabitants)

Energy Demand
(kWh/d)

Covered
Energy (%)

Sustainable
Population

(Inhabitants)

Segovia Cuéllar 9583 40,980 209.2% 20,047
Segovia 51,674 220,976 10.4% 5352

Soria
Almazán 5489 23,473 92.2% 5063

Soria 39,398 168,480 22.2% 8750

Salamanca

Alba de Tormes 5186 22,177 80.1% 4153
Ciudad Rodrigo 12,344 52,787 7.3% 896

Guijuelo 5633 24,089 17.2% 967
Peñaranda de Bracamonte 6260 26,770 50.8% 3178

Salamanca 144,228 616,769 1.5% 2111

Zamora
Benavente 17,935 76,696 31.8% 5704

Toro 8713 37,260 18.3% 1592
Zamora 61,406 262,593 8.9% 5468

Burgos Aranda de Duero 32,856 140,504 13.6% 4482
Burgos 175,821 751,872 1.3% 2248

The value of the biogas distributed generation model is completed with the economic
analysis, where the following benefits are obtained: (i) renewable and safe electrical energy
and (ii) CO2 emissions reduction in a sector regulated by Directive 2003/87/CE.

To calculate the electrical energy cost, the average value of the cost of natural gas
in Spain (without taxes) is considered, for the non-household consumers, and within the
10,000–100,000 GJ range of annual natural consumption, which in 2019 was 0.03 €/kWh,
the value is slightly higher than the EU28 average (5.7% higher than the European average).

Considering the energy produced by m3 of biogas and defined in the previous sec-
tion, it is possible to establish the energy potentially produced and its market value
(Equation (4)), where Inc is defined as expected income (Inc, €/year), the biogas produc-
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tion (Pbiogas, kWh/d) considering the previous determined production and shown in
Table 1, and 365 established days of operation. The price of natural gas of the household
consumers was calculated as follows.

Inc =
(

Pbiogas·365
)
·PriceNG (4)

The energy production from biogas as primary energy can be quantified considering
Equation (4); the result is a revenue of 8,627,396 € for the studied municipalities (Figure 4).
The municipality of Cuéllar (Segovia) stands out; its production from the established
model generates revenues of more than 2.4 × 106 €/year. Meanwhile, regarding the
municipality where the coming biogas production facility for the mixed farming will be
located (LIFE SMART AgroMobility), the expected revenue from the implantation of this
energy generation model will reach the value of 1,078,540 €/year.

Figure 4. Expected incomes from the production of energy from the proposed generation model.

Considering the natural gas emission factor (EF, tCO2/kWh)–fuel displaced by biogas
in the current model–established at 0.182 kg CO2/kWh [41], it is possible to determine
the amount of CO2 in tonnes that would be avoided (CO2-avoided, tCO2/year) by using
the distributed biogas generation model (Equation (5)), taking into account the biogas
generated energy (EBiogas, kWh/year). Furthermore, these emission reductions are cal-
culated as income (CO2-income, €/year), for they replace fossil fuel by renewable fuel. In
order to do this, the average value of the CO2 cost for the year 2021 is established (CO2-cost,
€/tCO2), which is the beginning of the phase IV of the EU emissions trading market.
During the first quarter of Phase IV, the average cost of the EU emissions trading system
was 37.41 €/tCO2 [42].

CO2-avoided = FE · Ebiogas (5)

CO2-income = CO2-avoided · CO2-cost (6)

According to Equation (5), the total amount of CO2 emissions avoided is 52,339.54
tCO2/year, with figures up to 14,986.4 tCO2/year in the administrative territory of Cuellar
and 6543.14 tCO2/year in the municipality of Soria.
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Lastly, the expected income, as a consequence of the CO2 emissions-free electric-
ity generation, is calculated. The proposed generation model as a whole would reach
1,958,022.16 €, which is an additional 22.7% with regard to the electricity generation income
(Equation (5)). Again, the administrative territory of Cuéllar is the one with the highest
revenue (560,640 €/year), while Soria would reach 244,778.76 €/year when avoiding CO2
emissions. Table 3 shows the detailed values for each municipality.

Table 3. Avoided CO2 tonnes and expected incomes.

Province Area of Influence Tonnes
(tCO2/year)

Income CO2
(€/tCO2)

Segovia Cuéllar 14,986.37 560,640.18
Segovia 4000.71 149,666.62

Soria
Almazán 3785.10 141,600.44

Soria 6543.14 244,778.76

Salamanca

Alba de Tormes 3104.50 116,139.34
Ciudad Rodrigo 669.85 25,059.04

Guijuelo 723.15 27,053.04
Peñaranda de Bracamonte 2376.06 88,888.39

Salamanca 1578.25 59,042.24

Zamora
Benavente 4263.87 159,511.38

Toro 1189.87 44,513.09
Zamora 4087.56 152,915.64

Burgos Aranda de Duero 3350.62 125,346.56
Burgos 1680.50 62,867.42

In order to test the reliability of the study, different scenarios have been considered, in
which the parameters considered are:

i. Scope and growth of the pig herd; a parameter that evaluates the variation
and impact of the distributed biogas generation model versus the availability of
organic matter.

ii. Biogas production, based on the lower heating value (kWh/m3), considering
the variation of the biogas capacity and the organic matter content (0.05 and
0.15 m3/animal) (LIFE SMART AgroMobility).

iii. Natural gas cost evolution to generate electricity (big consumers), considering the
historic prices during the 2015–2020 period.

iv. CO2 cost evolution in the first quarter of phase IV of the EU emissions trading system.

According to these parameters, five points have been selected for the sensitivity
analysis: (i) considering the expected value (MED) and the basis of the calculus presented
in this section, and (ii) the maximum (MAX) and minimum (MIN) value for each parameter
range. Finally, the extreme values of the analysis are based on (iv) a 25% increase for the
maximum value and (v) a 75% increase for the minimum value.

According to Figure 5, the parameter with the highest incidence and variability is the
price of CO2, with a greater slope compared to the parameter of the number of livestock
included in the study. Lastly, the parameters of the natural gas price variation and biogas
energy production capacity have similar and lower slopes than the parameters considered
above; this is due to a low range of natural gas price variation during the period considered
(2015–2019) and the maturity of biogas electricity production technology, which reduces
the range of maximum and minimum production (kWh/m3 biogas).
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Figure 5. Sensitivity analysis for the different parameters studied.

3.1. Conclusions

The foreseeable population increase in the European Union will continue to put
pressure on the primary sector (agriculture and livestock) in order to continue to provide
food for the population. This increase in the number of pigs is clear in regions such as
Castile and León.

Manure generation, which is considered to have one of the major environmental
impacts regarding animal stall farms, may involve a model of distributed biogas generation
and its use as primary energy for electricity generation, such as the one proposed in this
study. The production capacity of electricity means, in some cases, a complete sustainable
production in municipalities such as Cuéllar (Segovia), as well as other municipalities with
a bigger population that will also see their CO2 emissions reduced due to the use of biogas.

The reduction of CO2 emissions could result in additional incomes to the electricity
generation model, amounting to 22.70% in the expected case. Furthermore, the sensitivity
analysis indicates that this parameter is the one with the greatest impact on the economic
model; if a tightening of CO2 emission conditions in the power generation sector is expected
in the coming years, the CO2 cost may approach the maximum values considered in this
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study. This will increase the interest of this model in the future. This primary energy, in
addition to being renewable, offers high load factors and, therefore, a guarantee of supply
compared to other intermittent renewable technologies (wind, photovoltaic).

The impact of the model proposed here will be higher if, in addition to the electricity
generation, the biogas is used in the installation of the co-generation and the use of heat in
a district-heating system to be used in the households of the considered municipalities.

The georeferencing of the pig herd at the municipality level makes it possible to
establish the details of use of this waste for energy purposes, minimizing transport costs. In
this case, the considered radius of 25 km is the adequate for four out of the five provinces
under study; only the Burgos region increases its production capacity in a radius of
influence of 30 km. Considering the established conditions in the present distributed
biogas production model, 68% of the demanded electricity production in the municipalities
with more than 5000 inhabitants could be covered.

The distributed biogas generation model could be completed with a model to use
digestate and produce biofertilizer, which would transform the present study into an
example of a circular economy, tightening the agro-industrial and energy relationship.
Results achieved in the present study can be applied to any livestock industry where
organic waste can be considered a useful resource to generate energy. Moreover, the ETS
has demonstrated its capacity to increase the interest in sustainable solutions to reduce
GHG emissions in regulated industries, such as the electricity production sector. Thus, the
outcomes of the present study might be suitable for policy makers in other non-European
regions that aims to reduce GHG emissions.

In the coming studies it will be necessary to evaluate the investment cost (CAPEX) and
operational cost (OPEX) of the small and low-cost anaerobic digestion facilities to complete
the economic study started in this study. Moreover, the model could be completed with the
potential transformation of biogas into biomethane and its use to generate electricity and to
be used as a fuel in the transport sector. Previous studies show that anaerobic digestion not
only produces biogas but also reduces waste and GHG emissions, and that to transform
biogas into biomethane there are more than one type of CO2 capture technology available.
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