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Abstract. Agricultural and livestock biogas exploitation 
trough co-digestion power plants is still poorly deployed in 
Europe -e.g., in Spain, this Renewable Energy Source (RES) 
represents only the 0.17% of installed RES capacity- although 
most authors agree and even EU Directive 2009/28/EU stipulates 
that biogas and this type of energy can contribute to a reduction 
of at least 35% of greenhouse gas emissions. Furthermore, biogas 
can be used to upgrade gas pipelines, which results of great 
interest. Nevertheless, it has been observed that the biogas 
production its underrated in many EU member states, especially 
in Spain, and it still has a very low penetration rate in the energy 
mix. Most currently installed co-digestion power plants in our 
country show low installed capacity values (the 66% of installed 
co-digestion power plants have a rated power less than 500 kW) 
and are restricted to local resources. 

In this paper, through a Geographical Information System (GIS) 
approach, 8 different co-digestion mixtures have been evaluated 
and the most profitable ones have been optimized for the Spanish 
Iberian Peninsula to set their real biogas generation potential 
according to the geographical distribution of the resources. 
Moreover, for each different mixture, optimal clusterization have 
been proposed, according to maximum potential generation and 
minimum transport cost ratios. This analysis results fundamental 
for the optimal deployment of co-digestion power plants in Spain 
and the adequate allocation of RES. 

Results show that the most feasible co-digestion mixtures 
available in the Spanish Iberian Peninsula are based on slurry, 
glycerine and agricultural residuals, and 4 mixtures show a great 
energetic potential, estimated in more than 277 MW of electrical 
power capacity in co-digestion power plants economically 
feasible. The Spanish Iberian Peninsula potential is estimated in 
the range from 175 MW to 550 MW. 
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1. Introduction 
The Organisation for Economic Co-operation and 
Development (OECD) defines waste as “matters that, 
generated in the activities of production and 
consumption, do not reach in the context in which they 
produce any economic value, either because there is no 
adequate technology for their use or because there is no 
market for the recovered products” [1]. 

The production of biogas from biomass by anaerobic 
digestion has developed significantly in the last twenty 
years in many European countries, but in Spain [2]. The 
production of biogas in a more sustainable way by a 
smart intensification of crop rotation, use of agro-
industrial wastes, and recycling the nutrients of by-
products is being planted by the European authorities. 
Biogas from digestion has increasingly been considered a 
feasible alternative to the energy from fossil fuels, among 
the RES.  

Anaerobic digestion is a biological process in which 
organic matter, in the absence of oxygen, and by the 
action of a group of specific bacteria, is broken down into 
gaseous products or "biogas" (above all CH4, CO2, H2

and H2S) and in digest, which is a mixture of mineral 
products (N, P, K, Ca, etc.) and hard degradation 
compounds [3]. 
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Anaerobic digestion can be applied, among others, to 
livestock and agricultural waste (slurry, manure, 
agricultural residues or surplus crops, etc.), as well as 
waste from the processing industries of these products. 
These residues can be treated independently or as mixture 
thanks to co-digestion processes [4]. 

Obtained biogas from these described co-digestion 
processes contains a high percentage of CH4 (usually 
between 50% and 70% in volume), so it is susceptible to 
be used for energetic purposes, mainly by combustion 
processes in industrial engines, turbines or boilers, either 
alone or mixed with another fuel [5].  

Supervised anaerobic digestion processes result essential 
for the reduction of greenhouse gas emissions, the 
energetic use of organic waste and the valorization of the 
fertilizer potential of the treated products [3]. 

The main benefits associated with anaerobic digestion can 
be summarized as: 

• Significant reduction of bad odors. 
• Mineralization. 
• Renewable energy generation. 
• Reduction of greenhouse gas emissions derived 

from the reduction of uncontrolled emissions of 
CH4, (which produces a greenhouse effect 
quantified in more than 20 times more dangerous 
for the environment than the CO2 [6]). 

• Reduction of emitted CO2 gasses thanks due to 
fossil fuel savings [7]. 

However, unlike other RES, the electric power generated 
from co-digestion processes is associated with a series of 
uncertainties, which makes it difficult to generalize the 
technical or economic potential at the national or regional 
level. This is mainly due to the diversity of potentially 
suitable raw material substrates, the geographical 
distribution of the resource and the generation scale [8]. 

Currently in Spain, there are registered 79 installations for 
the production of electrical energy from waste processed 
by anaerobic digestion processes, with a cumulated power 
capacity of more than 84 MW [9]. More than a half of the 
installations have an installed rated power lower than 
500 kW due to some advantageous conditions in the 
previous legal framework, not in force anymore [10]. It 
should be observed that, unlike other RES, the energy 
resource in this case is limited and the exploitation 
conditions can modify the global efficiency, i.e., the 
resource which is exploited in an un-efficient is not 
available to be exploited in a more efficient parallel 
process. The classical approach for planning the 
deployment of this type of power plants has been 
conditioned by the financial remuneration framework 
(usually based on the installed capacity trying to promote 
small size power plants), obviating the limitation of the 
resource. Thus, an approach based on the optimal 
clustering of the resources is needed. 

2. Materials and methods 

The “PROBIOGÁS” project [11], carried out the stock 
analysis and estimation of agro-industrial resources for 
biogas production in Spain by compiling a database of 
raw materials. Its purpose is to conduct "the study of the 
development of sustainable systems of production and 
use of biogas in agroindustrial environments, as well as 
the demonstration of its viability and promotion in 
Spain". According to this data source, Figure 1 has been 
elaborated showing the most available substrates in Spain 
for co-digestion purposes.  

On the other hand, Table I shows the specific potential of 
biogas production for each raw farming matter. It can be 
observed that glycerine is the raw matter with the highest 
specific potential for biogas production, followed by 
flours, cow dung and agricultural residuals. However, 
these high potential raw matters show very low 
availability in Spain, and thus, mixtures of lower 
potential, but higher availability, raw matters (e.g., pork 
slurry or cereal straw) must be considered. Moreover, 
raw resources are not equally geographically distributed, 
making the optimal selection for electrical generation not 
evident.  

Figure 1. Most available substrates in Spain (data from [11]). 

Table I. – Specific biogas production potential for each 
source of farming matter. Source: [12]. 

MATTER 
BIOGAS POTENTIAL

(Nm
3
/t) 

Pork slurry 10.82
Chicken dung 31.28
Cow dung 115.59
Flours 469.00
Agricultural residuals 106.00
Whey 37.00
Glycerin 686.00

Many co-digestion models can be found in the scientific 
literature, including dynamic and non-dynamic models. 
The dynamic models can predict the evolution of 
processes continuously and are based on several ordinary 
differential equations (ODE) considering mass-balances. 
In the present study it has been applied the dynamic 
model presented by Y.R. Chen in [13] and implemented 
by P. Harris in a software tool freely available online 
[14], which allows the determination of biogas potential 
of the co-digestion of a mixture of multiple substrates, 
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taking into account mainly the volatile solids, the 
operating temperature and the hydraulic dwell time 
supposing a continuous type reactor and daily feeding 
conditions. This model has been widely validated in other 
co-digestion studies, such as [15], where different 
domestic and industrial mixtures are tested. 

Table II shows the 8 mixtures selected in this study which 
showed best results considering the most available raw 
materials in Spain and the estimations from the Cheng’s 
model.  Many mixtures have been discarded due to 
limitations biogas production depending on the percentage 
of water content in the manures or the flow rates of the 
digester [16]. 

Table II. – Estimated production of biogas for each 
selected co-digestion mixture. Source: [12], [17]. 

ID BREAKDOWN 

BIOGAS 

PROD.

(Nm
3
/t) 

1 62% Pork slurry 
38 % Chicken dung and cow dung 

20.17

2 95% Pork slurry, chicken and cow dung 
5% Flours 

42.99

3 90% Pork slurry, chicken and cow dung 
10% Flours 

65.40

4 80% Pork slurry, chicken and cow dung 
20% Agricultural residuals 

31.76

5 95% Pork slurry, chicken and cow dung 
5% Glycerine 

31.36

6 90% Pork slurry, chicken and cow dung 
10% Glycerine 

87.11

7 45% Cow dung 
55% Whey 

10.60

8 15% Cow dung 
85% Whey  

14.60

For power generation from co-digestion processes, it has 
been considered that (i) 1 Nm3 biogas contains 65% of 
CH4 on average; (ii) the calorific value of CH4 is estimated 
in 5750 kcal/Nm3; (iii) the power plants’ equivalent hours 
of operation have been set in 6000 h per year; and (iv) the 
average thermal performance of the gas engines for 
electric generation has been considered 40%. 

In order to find optimal clusters for the best exploitation of 
co-digestion mixtures, the raw matters database has been 
introduced in a GIS system and the resources have been  
geo-referenced and the global potential is calculated. Then, 
the regions with the highest potential for electric energy 
generation from the 8 different mixtures have been defined 
and clusters around them have been set. These clusters 
consider a minimum transport cost criterion [18]. Finally, 
economically feasible co-digestion exploitation for electric 
energy generation are defined by applying a minimum 
threshold and, thus, resources for distributed generation 
and centralized generation can be distinguished. 

Therefore, different criteria in a sequenced form were 
applied. First, a threshold of minimum electric power 
potential is established to differentiate cluster candidate 

regions for each co-digestion mixture. Those regions with 
a power generation potential higher than the threshold 
(2 MW) are clustered considering a maximum distance 
with the cluster’s centroid of 200 km in order to remain 
transport costs minimum. Non-clustered regions are then 
considered for distributed generation and hot areas are 
identified by calculating the energy potential density. 
On the other hand, the electric power generation potential 
is recalculated in the cluster areas maximizing the 
mixtures’ input materials exploitation. The effects of the 
constraining raw materials are then minimized. It should 
be noticed that, for the same geographical area, different 
mixtures can coexist, even if they have a common 
substrate, provided that one of them does not exhaust the 
substrate in its entirety or in such a proportion to prevent 
their coexistence. Moreover, in case of a matter depletion 
in a certain area, the most profitable one (which could 
conduct to a power plant with a higher installed rated 
power will be selected). 

3. Results and discussion 

Figures 2-7 show the optimal clusterization results for 
mixtures 1, 4, 5, 6, 7 and 8. Mixtures 2 and 3 have 
demonstrated not to have enough energy generation 
potential, and they were discarded in the following 
analysis.�

Mixture 1 (62% of pork slurry and 38 % of chicken dung 
and cow dung) offers the best results in the analysis, very 
favored by the existence of a very important swine hut in 
the Northwest and in the center parts of Spain. Figure 2 
indicates the most susceptible regions for the use of the 
mixture 1, with 5 clusters for centralized generation, 
including the estimated potential of electric energy 
generation. 

Figure 2. Geographical distribution of the electric power 
generation potential for co-digestion mixture 1. 

Estimated electric power generation capacity for the 
clusters is in the range from 3.8 MW to 49.4 MW, which 
means that a high potential for installing centralized co-
digestion based power plants exist (witch can take 
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advantages of economy scale benefits and better 
efficiencies in the power generation [19]). 

On the other hand, Figure 3 show the results of deploying 
mixture 4 (80% of pork slurry, chicken dung and cow 
dung and 20% of agricultural residuals). It can be observed 
that the coexistence of an intensive livestock farming 
added to an important agricultural and agro-industrial farm 
in Spain help to take advantage of this mixture. 
Furthermore, clustered electric power generation potential 
comprises up to 86.6 MW with an average potential per 
cluster of 12.37 MW. 

Figure 3. Geographical distribution of the electric power 
generation for co-digestion mixture 4. 

Mixture 5 (95% of pork slurry, chicken dung and cow 
dung and 5% of glycerine), which electric power 
generation potential geographic distribution can be seen in 
Figure 4, arises with force due to the installation of 
biodiesel companies that generate, as a sub-product, large 
amounts of glycerine. The excellent properties of the 
glycerine as a raw material in digestion and co-digestion 
plants boost significantly the performance of these co-
digestion plants. 

Figure 4. Geographical distribution of the electric power 
generation for co-digestion mixture 5. 

Mixture 6, based on 90% of pork slurry, chicken dung 
and cow dung and 10% of glycerine, takes advantage of 
the surplus glycerine from the biodiesel industry, and 
promotes the deployment of co-digestion power plants 
specially in the Southwest part of Spain, as it can be seen 
in Figure 5. 

Figures 6 and 7 reflect the strong synergies between 
animal waste and whey. It can be observed that they 
constitute basically two residues with different properties 
from the same origin, coexisting in the same areas, and 
favoring their use in co-digestion systems. 

Figure 5. Geographical distribution of the electric power 
generation for co-digestion mixture 6. 

Mixtures 7 (45% of cow dung and 55% of whey) and 8 
(45% of cow dung and 55% and whey) are two options 
that work in a similar way, but the different input rates 
change the saturation point of the mixtures. It should be 
noticed that only two cluster areas identified for these 
mixtures exceed the 2 MW threshold for economically 
feasible centralized power generation exploitation. 
However, due to the plenty of the input raw material, 
both mixtures are very sustainable options for improving 
the power generation planning, without hesitation. 

Figure 6. Geographical distribution of the electric power 
generation for co-digestion mixture 7. 
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Table III shows the final results for each mixture, 
highlighting the electric generation potential for 
centralized and distributed generation, while Table IV 
shows the most constraining input raw material for each 
case. 

Figure 7. Geographical distribution of the electric power 
generation for co-digestion mixture 8. 

Table III. – Estimated power generation potential for each 
selected co-digestion mixture. Source: own elaboration. 

ID 

TOTAL 

ELECTRIC 

POWER 

POTENTIAL 

(MW) 

NUMBER 

OF 

CLUSTERS

AVERAGE 

POWER 

POTENTIAL 

FOR 

CENTRALIZED 

GENERATION 

(MW) 

POWER 

POTENTIAL 

FOR 

DISTRIBUTED 

GENERATION

(MW) 

1 174.87 5 17.22 88.78
2 Negligible 0 0.00 Negligible
3 Negligible 0 0.00 Negligible
4 146.34 7 12.36 59.80
5 139.54 5 12.06 79.24
6 68.50 9 4.93 24.09
7 17.75 5 2.23 6.60
8 22.13 5 2.52 9.51

AVG 94.86 6 8.25 44.67

Table IV. – Constraining inputs and sensibility for each 
selected co-digestion mixture. Source: own elaboration. 

ID CONSTRAINING INPUT 
SENSIBILITY

(W/t) 

1 Pork slurry 9.41
2 N/A N/A
3 N/A N/A
4 Agricultural residuals 45.94
5 Glycerine 181.45
6 Glycerine 252.01
7 Cow dung 6.81
8 Cow dung 28.16

N/A = Not applicable. 

4. Conclusions 

In order to promote the deployment of sustainable and 
renewable energy sources it results mandatory the 

development of optimal resources allocation, especially 
for the evaluation of the potential of co-digestion-based 
power plants. Thus, in this study, thanks to a GIS-based 
approach, livestock and agricultural waste have been 
energetic valorized by configuring the highest biogas 
production mixtures and geographically locating the most 
profitable ones, distinguishing between centralized and 
distributed generation potential. 

It has been observed that 8 mixtures could be feasible for 
electric power generation in Spain, highlighting mixture 
4 which combines 80% of pork slurry, chicken and cow 
dung and 20% of agricultural waste.  

The global estimated electric power generation by co-
digestion-based power plants in Spain can achieve 
between 175 MW and 550 MW (from 2.1 up to 6.5 times 
the current installed capacity of this sort of RES power 
plants), being between 86.5 MW and 304.5 MW 
centralized power generation (average power plant’s 
rated power of 8.25 MW) and between 88.8 MW and 
248.0 MW distributed generation (with and average 
power potential of 44.7 MW). 

The proposed GIS approach for optimal resource 
allocation and clustering results a key point to define the 
location of the facilities as well as their sizing, following 
medium-term energy planning strategies, since the 
optimal sites can vary depending on the resource 
competition. 

The quantity, variability and heterogeneity of the input 
raw materials for co-digestion processes make essential 
the development of this sort of integrated tools to assess 
the problem. Moreover, the presented methodology has 
the added value of provide the allocation of the resources 
considering minimum transport costs. 

Based on the proposed methodology, future research 
works can optimize the location and sizing of co-
digestion power plants considering geographical 
restrictions and the coexistence of power plants fed by 
different mixtures competing for the input resources. 
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