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Abstract: The promotion of the development of co-digestion power plants will be intensified in many
European Union member states as the main target of the Union concerning energy generation is
complete decarbonisation by 2050. This potential expansion prompts the need for optimal resources
allocation according to several techno-economical parameters, highlighting energy costs, power
infrastructures access, and social and environmental aspects and restrictions. In Spain, agricultural
and livestock biogas production trough co-digestion power plants is still poorly deployed, although
the EU Directive 2009/28/EU stipulates that energy from bio-fuels and bio-liquids should contribute
to a reduction of at least 35% of greenhouse gas emissions in order to be taken into account, and
many authors agree that biogas produced from energy crops and livestock waste fulfils this criterion.
Moreover, biogas can be used to upgrade gas pipelines and may have other efficient thermal uses.
In this paper, through a Geographical Information System approach, eight different co-digestion
mixtures have been evaluated and the most profitable ones have been optimized for the Spanish
Iberian Peninsula according to the geographical distribution of the resources. Furthermore, the best
locations for co-digestion power plants siting have been calculated, minimizing transport costs and
considering technical, environmental and social restrictions. In contrast with other studies, this
proposed approach is focused on a holistic optimization. Results show that in Spain the most feasible
co-digestion mixtures are based on slurry, glycerine and animal meals, and four areas arise with
an outstanding energetic potential up to 208 MW exploitable in large electrical power plants, while
347 MW can be reserved for distributed generation based on this technology.

Keywords: co-digestion; biogas; geographic information system (GIS); optimization; circular
economy; site selection

1. Introduction

1.1. Impact and Prospective of Co-Digestion Power Plants for a Decarbonized Generation System in Europe

The European Union (EU) states on its energy roadmap for 2050 that EU members have to
prepare their infrastructure for further decarbonisation of its energy system in the longer term towards
2050. This framework should, therefore, also be able to accommodate possible future EU energy and
climate policy objectives [1], being aligned with the goal of promoting the large-scale use of renewable
energy sources, but always considering minimum cost and maximum efficacy criteria. Thus, most EU
members have been carrying out energy policies according to the 2050 roadmap since several years
ago, with different success rates depending on the economic and financial circumstances. With the aim
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to reduce by 2030 at least 40% of the CO2 emissions in comparison with the 1990 levels in the energy
sector, the renewable energy sources (RES) must be highly promoted.

The Organization 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” [2].

The production of biogas in a more sustainable way, boosted by the intensification of crop rotation,
use of agro-industrial waste, and recycling the nutrients of by-products, is in progress. Biogas from
digestion has increasingly been considered a feasible alternative to energy from fossil fuels, among the
RES exploitation. On the other hand, an increase of 70% compared to 2012 in the generation of waste is
expected by most part of the experts, reaching 2.23 billion tons per year [3].

Biogas contains a high percentage (between 50% and 70%) of methane, CH4, so it is suitable for
use in combustion in engines, turbines or boilers, either alone or mixed with another fuel [4], which
contributes to a reduction of the greenhouse gas emissions derived from the reduction of uncontrolled
emissions of CH4 (which produces a greenhouse effect that can be up to 20 times worse than the same
amount of CO2) [5], and a reduction of CO2 saved by substitution of fossil energy [6].

Unlike other RESs, anaerobic digestion processes are associated with a series of uncertainties,
which makes it difficult to generalize the technical and economic potential at regional or national
levels, mainly due to the diversity of potentially suitable raw material substrates, its geographical
distribution, and scale and co-existence factors [7].

According to data from the Government, currently in Spain there are 79 installations (see Figure 1)
registered for the production of electrical energy from waste processed by anaerobic digestion
processes [8], accumulating a generation rated power greater than 84 MW (which constitutes the
0.17% of total installed RES in Spain, as can be seen in Table 1). In this sense, wind and photovoltaic
energy sources seem to be the leaders in the near future due to the high availability and significant
reduction of costs, despite their low average load factors. Although biogas power plants show lower
installed capacity, they have an outstandingly high load factor. More than a half of the installations
have a rated power lower than 500 kW, as shown in Figure 1b. The main reason of this low rated power
for the installations can be found in the advantageous Feed-in-Tariff (FIT) supporting legislation [9]
(currently not in force), which promoted small power plants without taking into account an efficient
design based on the amount of resources available.
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Then, co-digestion-based power plants, both in distributed generation or in large concentrated
power plants, will help to meet the objectives set by Europe in relation to RES penetration for the 2030
and 2050 energy supply scenarios [10]. Moreover, the generation of waste in Spain is agglomerated
mainly in the agro-industrial sector and it must be noticed that Spain is one of the largest agricultural
producers in Europe [3].

Observe that, on the contrary of other sorts of RESs, the energy resource in this case is limited,
so it results essential to optimize its use. However, the planning of this type of power plant has been
conditioned by the existing remuneration framework, which, because the resources are limited, has
not led to optimal results.

Table 1. Power capacity, generated energy and average load factor for RES generation technologies in
Spain in 2017 (data from [11]).

RES Installed Capacity
(MW)

Generated Energy
(GWh)

Average Load Factor
(kWh/kW)

Wind energy 22,922 47,498 2072
Photovoltaic 4439 7988 1799

Biogas 84 497 5919
Total RES 47,670 83,526 1752

RES: renewable energy sources; MW: megawatt; GWh: gigawatt hour; kWh: kilowatt hour.

1.2. Geographic Information Systems: Applications for Energy Planning

Geographic Information Systems (GIS) are a relatively disruptive technology that has arisen in
the recent years to help in many disciplines which use georeferenced data. Currently, there are several
studies that have applied GIS in energy planning, and its application has been extended as it has been
proven useful in addressing spatial optimization problems.

One significant study in this field was conducted by Ozsoy et al., who in [12] examined the
quantity and types of animals in different districts of Bursa (Turkey) over 11 years. The GIS was used
with the purpose of creating an accurate database, capable of being updated and modified easily,
transferring the information contained in the database to results in georeferenced visual maps. The
obtained results helped to determine the power generation capacity in the region and the authors
could conclude that its use would constitute 22.78% of the electric power consumption of the district.

Other studies conducted in southern Finland, such as [13], evaluated the spatial distribution and
quantity of available biomass for methane production, trying to optimize the locations and sizes of
potential biogas-based power plants in the area. A methodology based on a GIS was used, considering
communication networks and biomass sources. Two approaches were applied, taking into account
regional distinctions for the production of biogas, injecting biogas into its distribution network or
using it for electricity generation. For each initial location, the quantities of biomass available within
the collection area were determined and the theoretical electrical potentials were calculated assuming
an annual operation of 8000 h. The study concludes that the rated power of the new proposed power
generation plants should be in the range between 2.1 MW and 16.8 MW.

In [14], the authors applied a GIS tool to generate indicators to describe the production of olive
pomace in different geographical areas in the region of Sicily. The geographical detection of these
indicators, followed by a policy of crop rotation, allowed the reduction of the environmental burden
caused by the processes of elimination of waste from the olive oil industry. The model used data from
the olive oil industries, collected by carrying out specific surveys, and included the calculation of
indicators relating the olive oil producing areas, the amount of olive oil produced in each area and the
amount of olive pomace obtained. In addition, the GIS-based model applied in this study contributed
to improve the sustainability of the biogas sector.

Other similar studies, such as [15], which was performed in southern Italy, evaluated the
production of biogas in a more sustainable manner through the rotation of crops, the use of
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agro-industrial waste and the recycling of nutrients from the by-products used in the production of
biogas. In this way, this study investigates the possibility of using citrus pulp as a possible matrix of
the mixture necessary to feed anaerobic digesters in areas where the biogas sector is still developing.
Based on an extensive database based on the Agricultural Census of 2010, and using a GIS tool, the
potential associated with the estimated amount of citrus for biogas production can be evaluated.

Sliz-Szkliniarz et al. [16] developed a study based on assessing the potential of biogas production
from manure and energy crops at a regional scale in the Polish province of Kujawsko-Pomorskie
Voivodeship. The adopted GIS methodology in this case allowed the integration of different
environmental factors, such as the conservation of nature or the protection of water, technical criteria
(proximity to electricity grids or natural gas networks) and economic criteria (transport costs of raw
materials, proximity to roads, etc.). The authors proposed the optimal locations of biogas power plants,
considering as a technical solution the combined generation of heat and electricity (CHP) and the
injection of biogas in the gas distribution network.

The generation of electricity in rural areas through the methanization process is very promising in
countries such as India where the availability of organic materials for obtaining biomass is very high
and the degree of electrification has not yet been completed [17]. The current availability of electricity is
insufficient for the industry and they have to use diesel generators to cover their needs. In addition, the
population has to adjust their way of living with a minimum supply experiencing difficulties in their
daily lives. The spatial availability of raw materials and their equivalent in methanization potential has
been analysed, and registered through a GIS in [17], in order to spatially and geographically manage
the information. Through the surveys carried out previously, 7 different types of raw materials for
the generation of biogas are identified. Then, the creation of an optimal network for collection and
transport of raw materials to the biogas plant is proposed, since transport costs over long distances
are not economically viable. It is concluded that a total of 37,000 Nm3 of methane can be produced,
sufficient for a continuous generation of electricity of 5.3 MW.

Panichelli et al. [18] presented a decision-making system based on GIS to locate bioenergy plants
at lower cost when there is a significant variability in the price of biomass and when more than one
bioenergy plant has to be placed in the region. The adopted criterion is to assign the locations where
the biomass has a lower cost.

For Japan, Babalola [19] developed a selection siting process to fulfil environmental, technical,
and economic criteria, for an anaerobic digestion plant.

To the authors’ concern this approach has not been applied and validated in Spain yet. Thus,
in this paper, a GIS model for the optimization of several co-digestion feasible mixtures is presented
taking advantage of agricultural and livestock waste data, and a decision tool for energy planning
is proposed with the aim of optimal sitting of biogas-based power plants minimizing transport costs
and considering technical, environmental and social restrictions. In contrast with other studies, the
proposed approach is focused in a holistic optimization and can be easily extended to other EU regions
and other generation technologies with resource restrictions.

The main aim of this study is to evaluate the maximum generation potential with
co-digestion-based power plants and, as novel approach, to differentiate the power capacity of this
technology which must be exploited in centralized power plants (rated power higher than 10 MW)
from the capacity that can be reserved for distributed generation, taking into account the effect of
the resources consumption interaction (resources that are derived for distributed generation cannot
be exploited in centralized power plants). Thus, based on a GIS optimization, optimal clusters have
been defined and optimal power plants locations are proposed according to other geographical factors,
including access to roads and the power grid.

This paper is structured in three more sections. The second section describes both the used data,
the applied biogas and power generation estimation models and its GIS implementation. Next, results
for the feasible co-digestion mixtures are presented and discussed and finally, main conclusions are
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shown, including the optimal location and sizing of centralized power plants based on co-digestion
processes according to the available resources in the area.

2. Materials and Methods

2.1. Agricultural and Livestock Waste Georeferenced Database

“PROBIOGÁS” [20] is a project that carried out a study of use of agro-industrial biogas in
Spain. As a main result, a database of raw materials was compiled with data from the Ministries of
Agriculture and Livestock of each of the Autonomous Communities, the Ministry of Agriculture, Food
and Environment (Ministerio de Agricultura, Alimentación y Medio Ambiente, MAGRAMA) and the
Institute for the Diversification and Saving of Energy (Instituto para la Diversificación y ahorro de la
Energía-IDAE). With the purpose of carrying out “the study of the development of sustainable systems
of production and use of biogas in agro-industrial environments, as well as the demonstration of its
viability and promotion in Spain”, researchers estimated with great accuracy the main agricultural
and livestock waste potentials for each area, classifying the raw materials into 40 types, which can be
seen in Table 2.

Data from this study were included in a georeferenced database. Taking as a unit of minimum
spatial reference the district, the data of quantification of raw materials for production of biogas
corresponding to each one of the Spanish regions are obtained. Each county unit provides data on the
tons produced per year of the different raw materials in that region.

Table 2. Identification of the different types of waste available to be used in anaerobic digestion.

Code Type of Material Code Type of Material

R01 Pork slurry R21 Other fruit rejection
R02 Cow dung R22 Vegetable transformation
R03 Chicken dung R23 Tuber transformation
R04 Manure from other animal species R24 Citrus transformation
R05 Raw materials of meat slaughterhouse R25 Other fruit transformation
R06 Raw materials of poultry slaughterhouse R26 Beer bagasse
R07 Stacking raw materials R27 Olive oil by-product
R08 Flours R28 Olive oil waste
R09 Meat sludge WWTP * R29 Raw materials from wine industry
R10 Milk sludge WWTP * R30 Raw materials from cider industry
R11 Whey R31 Raw materials from sugar industry
R12 Dairy raw materials R32 Cereal straw
R13 Fish raw materials R33 Vegetable transformation sludge WWTP *
R14 Fish sludge WWTP * R34 Energy crops
R15 Vegetable surplus R35 Glycerine
R16 Citrus surplus R36 Bioethanol from manufacturing raw materials
R17 Other fruit surpluses R37 Bioethanol from manuf. raw mat. in sugar industry
R18 Vegetable rejection R38 Food retailing
R19 Tuber rejection R39 Bar and restaurant waste
R20 Citrus rejection R40 Hotel waste

* WWTP: Wastewater Treatment Plant.

On the other hand, different geospatial data have been obtained, related to the National
Cartographic Base, the provinces, the districts, the network of natural spaces, the urban centres,
the national and secondary routes and the national power grid cartography.

From the 40 raw materials included in the GIS tool, Figure 2 shows the volume distribution of the
substrates feasible for digestion processes available in Spain.
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As it can be seen in Figure 2, the most abundant substrates are manures. As other environmental
policies make mandatory their treatment and elimination, the valorization of manure in power
generation applications makes them attractive as co-substrates. The manures have a high degree of
biogas generation, as shown in Table 3, but their treatment is limited by their low C:N ratio, i.e., low
organic matter content and high water and ammonia content [21]. This limitation can be compensated
by including in the digestion process other residues, such as glycerine. Although glycerine is not an
important resource from a quantitative point of view, it shows excellent properties as an additive in
co-digestion and a high biogas production potential.

Table 3. Unit production of biogas for each type of material (data from [21]).

Material Biogas Production (Nm3/t)

Pork slurry 10.82
Chicken dung 31.28

Cow dung 115.59
Flour 469.00

Agricultural residuals 106.00
Whey 37.00

Glycerine 686.00

Table 3 shows the biogas production potential of the main raw materials.

2.2. Co-Digestion Mixtures for Electrical Power Production

In the 1970s, the need arose to model anaerobic digestion processes in order to optimize them and
improve the design of industrial plants by taking advantage of new selection methods for substrates
and substrate mixtures. The goal was not only to facilitate the understanding of the process and the
analysis of the biological, chemical and physical nature of the involved processes, but also to analyse
the economic feasibility of this technology.

Initially, very simple models of purely experimental or completely empirical character were
developed. These preliminary models were based mainly on a reduced set of equations, which allowed
researchers to simulate the behaviour of the consumption of a specific metabolite and, at the same
time, the behaviour of the microbial population in a generalized way by means of simple kinetic rates.

Simple models predict the production of biogas through the algebraic resolution of empirical
equations without taking into account the fundamental biochemical reactions that intervene in the
process. In addition, because the models are not of a general nature, these models are only acceptable
for mixtures of a known chemical composition.
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Subsequently, more complex mathematical models have been developed as a result of advances
in knowledge of the stages from the microbiological and biochemical point of view, added to the
great technological progress in the computational calculation capacity. The modelling of the anaerobic
digestion is a multi-stage process, focusing on the description of the limiting stages of the process and
its influence on the overall reason of the process, although the limiting stage of the process may vary
according to the operating conditions. Most models for the production of biogas include all stages,
although only the limiting stage is really important for modelling the process [22].

One of the most widely used models for methane and carbon dioxide production calculation in
a digestion process was proposed by Buswell and Mueller and it performs a chemical stoichiometry
based on Equation (1) [23],

CaHbOc +

(
a− b

4
− c

2

)
H2O→

(
a
2
+

b
8
− c

4

)
CH4 +

(
a
2
− b

8
+

c
4

)
CO2. (1)

This model needs the exact chemical composition of the organic matter, with an uncertainty
of about 5%. However, this model is only valid for complete digestion processes without previous
degradation of the inlet matter. According to this relationship, the degradation of glucose results in a
methane concentration of 50%.

The Buswell and Mueller’s model was improved by Boyle, who included nitrogen and sulphur to
obtain the theoretical yields of biogas and methane, in addition to the concentrations of ammonia and
hydrogen sulphide [24].

Other authors, like Baserga, organize the organic matter in co-substrates (organic substrates that
are used in addition to animal waste) and classify them in carbohydrates, fats and proteins. Thus,
the gas production and the obtained methane fraction can be deduced from these three components
separately [25], as shown in Table 4.

Table 4. Biogas and methane fraction generation for each organic material type (data from [25]).

Type Biogas Production (Nm3/t) CH4 (%)

Carbohydrates 790 50%
Fat 1250 68%

Proteins 700 71%

In a similar way to Baserga, Keymer and Schilcher developed a computational model to estimate
the production of biogas from agricultural substrates classified in the three previously mentioned
categories [26], but they based their model on the hypothesis that the digestion of organic matter is
similar to the process of digestion of food in the stomach of ruminants (cattle, sheep and goats). Based
on this model, they determined the production of biogas from the different nutrient fractions of a large
number of feed.

On the other hand, Amon et al. divided organic matter into four basic components (proteins, fat,
fibre and nitrogen-free extracts) to estimate the energy values of methane from energy crops such as
corn, cereals or grass. They also considered a regression coefficient, which was determined with tests
of lots of energy crops [27].

Although these stationary models can be useful in the design and dimensioning of digesters, they
cannot predict the evolution of processes continuously. Thus, a wide variety of structured dynamic
models was developed, depending on the main modulator of the process [28–31].

Referring to the time-frame of the model predictions, two sorts of models can be differentiated:
dynamic or non-dynamic models. Dynamic models are capable of making predictions continuous
in time or at least at regular discrete intervals, while the non-dynamic models only predict
time-independent variables. Dynamic models consist of several ordinary differential equations (ODE),
based on mass-balance considerations [32].
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The wide variety of developed models led to the realization that action was required to converge
and consolidate the enormous array options available. With this objective, the “International Water
Association (IWA) Task Group on Mathematical Modelling of Anaerobic Digestion Processes” developed the
Anaerobic Digestion Model No. 1 (ADM1), as a unified base for modelling the anaerobic digestion
process [33].

According to the waste inventory in Spain shown in the previous section, eight co-digestion
mixtures are proposed for its study. The biogas, and therefore its power generation capacity, has been
established applying the model presented by Chen in [34], which is derived from the ADM1 model,
and implemented by Harris in a software tool [35] that allows for the determination of biogas potential
of the co-digestion of the mixture of multiple substrates, 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 [36],
where different domestic and industrial mixtures are tested.

Several co-digestible mixtures, which include manures as main mixing substrates and flour,
agricultural residues and glycerine as supplementary compounds, were evaluated according to the
criteria exposed in [37]. From all the feasible combinations, six mixtures were selected for the study
(mixtures M1 to M6 in Table 5). Many mixtures are not allowed, due to limitations in the generation of
biogas depending on the percentage of water content in the manures or the digester flow rates [38].

However, these mixtures avoided the potential use of whey, which was observed to be abundant
in some geographic areas. Thus, two more mixtures (mixtures M7 and M8 in Table 5) were established
based on whey as a main co-substrate.

It should be taken into account that leakage of CH4 from the digester can occur and they are
estimated to be less than 10% of the total methane production [39]. Table 5 shows directly the net
biogas production for each mixture.

Table 5. Potential net production of biogas for each evaluated mixture (data from [21,40]).

Mixture Breakdown Biogas Production (Nm3/t)

M1 62% Pork slurry
38% Chicken dung and cow dung 20.17

M2 95% Pork slurry, chicken dung and cow dung
5% Flours 42.99

M3 90% Pork slurry, chicken dung and cow dung
10% Flours 65.40

M4 80% Pork slurry, chicken dung and cow dung
20% Agricultural residuals 31.76

M5 95% Pork slurry, chicken dung and cow dung
5% Glycerine 31.36

M6 90% Pork slurry, chicken dung and cow dung
10% Glycerine 87.11

M7 55% Whey
45% Cow dung 10.60

M8 85% Whey
15% Cow dung 14.60

Calculations for energy production of each mixture are based on intensive properties of the
substrates such as % total solids, % volatile solids and BMP (bio-methane potential, NlCH4/kgVS).
These three key factors determine the methane availability of each substrate and mixture and explain
the great variability of biogas production, as shown in Table 5.

Although the CH4:CO2 ratio of the biogas may be affected by the anaerobic digestion process
conditions or the nature of the substrates, it is widely accepted that biogas from co-digestion plants
have a rather steady concentration of methane. This paper standardize it at 65%, based on other studies
in the field developing anaerobic digestion plant design tools [41–43].
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As a final consideration, it has been demonstrated by several authors, such as [44,45], that there
is an economic scale factor for thermal plants and a reduction of the net heat rate with the rated
power [46]. Thus, the design of large and centralized power plants has been proposed.

Then, for the electrical power generation, it has been considered that (i) 1 Nm3 biogas is
composed of 65% CH4 on average; (ii) the calorific value of CH4 is estimated in 5750 kcal/Nm3;
(iii) it high-efficiency concentrated generation has been prioritized instead of distributed systems; (iv)
the electric power is generated by gas turbines, with a rated power greater than 10 MW, with an overall
performance set at 40%; (v) the electric losses of the electric generator are estimated in a 10%; and (vi)
the power plants can operate at rated power 6000 h yearly on average.

2.3. Multi-Objective Optimization through a GIS-Based System

Once the geo-referenced database was elaborated, a spatial clusterization process was applied
to gather the districts with the greatest potential for generating energy from the different mixtures,
differentiating the power with a colour gradient.

Therefore, different criteria of a sequenced form were applied. First, a selection of districts is
conducted, guaranteeing a minimum electric power generation potential for each of the studied
mixtures. This minimum was set to 2 MW for all mixtures, except for mixture M7, which was set to
0.25 MW, and mixture M8, which was set to 0.50 MW. In this step, for mixtures M2 and M3 no areas of
sufficient potential were found, so they were discarded.

Then, a smart clusterization of the districts with greater potential was made according to a
maximum optimal distance where transport costs are minimized, as they only depend on the matter
mass. This distance is set by experts to be 200 km [47].

Once the potential clusters were obtained for each of the mixtures, power plants locations are
evaluated taking into account that they should be placed the closest to the gravity centre of the power
generation potential (to minimize the transport costs) and other geographical, technical and social
factors, which are summarized in Table 6.

Table 6. Optimization criteria.

ID Optimization Factor Value Priority

1 Transport costs <200 km 1
2 Power grid access <1 km 3
3 Vicinity of urban centres or natural parks >2 km 4

4 Communication routes (national and
secondary roads) <1 km 2

5 Unemployment rate Highest 5

The optimal location of the power plants considered that they should avoid the interior or the
vicinity of urban centres or natural parks because of their social and environmental impact. With
regards to communication routes (national and secondary roads) and power grids, the closer the plants
of these networks are, the lower the production and transport costs, and thus, the greater the economic
and environmental benefit. Finally, social factors such as the unemployment rate have also been taken
into account, in such a way that priority was given to those provinces with the highest percentage of
unemployment, with the aim of trying to reduce this percentage.

3. Results and Discussion

3.1. Generation Potential for Mixture M1

Mixture M1 (62% pork slurry; 38% chicken dung and cow dung) offers the best results, very
favoured by the existence of a very important swine hut in the northwest and centre parts of Spain.
Figure 3 indicates the districts suitable for use of mixture M1, grouped into five clusters, where the
rated power of the generating installation is indicated.
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Their presence in these areas allow the installation of large centralized facilities, much more
efficient than the existing ones of small size, as seen in Figure 1. In this case, rated power can reach
49.4 MW and 21.6 MW.Environments 2018, 5, x FOR PEER REVIEW  10 of 18 
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3.2. Generation Potential for Mixture M4

Mixture M4 (80% pork slurry, chicken dung and cow dung; 20% agricultural residuals) offers
good results, due to the coexistence of an intensive livestock farming plus important agricultural and
agro-industrial farms.

In this case, six clusters can be identified (see Figure 4) with a maximum power potential of
20.5 MW, although there are four more clusters with a power generation potential higher than 10 MW.
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3.3. Generation Potential for Mixture M5

Mixture M5 (95% pork slurry, chicken dung and cow dung; 5% glycerine) arises with force due to
the installation of biodiesel plants that generate glycerine as a sub-product. According to Figure 5, five
clusters can be identified, concentrated in the south part of Spain, with a maximum power potential of
23.9 MW.
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3.4. Generation Potential for Mixture M6

Mixture M6 (90% pork slurry, chicken dung and cow dung; 10% glycerine) takes advantage of
the availability of glycerine, allowing the installation of a large number, but smaller rated power, of
co-digestion power plants, both in the southwest part and in the north central region of Spain, as is
shown in Figure 6.
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3.5. Generation Potential for Mixtures M7 and M8

Figures 7 and 8 show the strong synergies that can be set between animal waste and whey.
It can be observed that residues with the same origin but different properties can coexist in the
same areas, favouring their use in co-digestion systems. Mixtures M7 (55% whey, 45% cow dung)
and M8 (55% whey, 45% cow dung) work in a similar way, but with different proportions, in
order to optimize the power energy generation. It should be noticed that whey is a very specific
waste from dairy industries, and thus, its availability is limited despite its high biogas potential
production in co-digestion. However, both mixtures’ power generation potentials do not exceed
the minimum thresholds established for locating biogas-based power plants, even under optimal
clustering. Nevertheless, they are, without a doubt, appealing options for distributed generation.
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Table 7 summarizes the power potential for each cluster according to the evaluated co-digestion
mixtures. The total power generation capacity is evaluated in 304.55 MW, but only 208.1 MW can be
exploited in an efficient way by power plants with a rated power higher than 10 MW.
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Table 7. Nominal characteristics of the selected facilities.

Mixture Cluster Power Potential (MW) Mixture Cluster Power Potential (MW)

M1

C1 3.81

M6

C1 6.53
C2 49.39 C2 1.44
C3 21.55 C3 6.30
C4 5.58 C4 4.03
C5 5.76 C5 1.44

M2
C1 1.73 C6 3.40
C2 1.32 C7 2.27

M3
C1 0.22 C8 6.93
C2 0.16 C9 12.07

M4

C1 15.98

M7

C1 0.32
C2 5.38 C2 2.57
C3 4.02 C3 5.48
C4 17.68 C4 1.94
C5 13.03 C5 0.84

C6 9.96

M8

C1 1.33
C7 20.49 C2 0.96

M5

C1 10.54 C3 4.23
C2 23.88 C4 5.25
C3 10.28 C5 0.86

C4 13.21 Not clusterized (all
mixtures) 250.18C5 2.39

3.6. Optimized Size and Location of Feasible Co-Digestion Power Plants

Finally, Figure 9 shows the optimal sitting of the biogas-based power plants according to the
optimization criteria explained in Section 2. These optimization criteria have been applied only to
those clusters that show a power generation potential higher than 10 MW. This threshold shows that
most of the potential has been wasted so far. Then, the optimal location of the feasible power plants
was established in provinces with higher unemployment rates from those affected by the clusters, with
access to transport routes and to the high voltage power grid and with the least distance to the gravity
centre of the cluster.
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As can be seen in the figure, the larger power plants are from mixture M1, with four plants from
mixture M4 and another four from mixture M5.
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Technical and socioeconomic criteria have been considered for the optimal location of the large
power plants, noting that the social blockade to the installation of this type of plants can be reduced if
the social benefit of the generated employment is considered. It has been observed that the location
of this sort of plant can be influenced by a large number of criteria, which include the feedstock
availability and price, energy and route infrastructures, and availability of manpower [48].

The deployment of the proposed co-digestion-based power plants can have a significantly positive
impact on the environment and help to achieve the EU targets for decarbonisation of the economy.
In particular, if we consider the CO2 emissions of the average Spanish electricity mix, which has
been estimated by [49] at 0.331 kg eq.CO2/kWh (Iberian Peninsula electricity generation for 2016),
the greenhouse gas (GHG) emission savings could be between 312,795 and 413,286 t CO2 per year.
Although almost neglected by [50], this value does not take into account the GHG emissions related to
the biomass transport, which can be assimilated into the carbon footprint of the energy generated from
biomass sources (estimated by [49] in 0.018 kg eq.CO2/kWh). Then, considering the transport effect,
the specific CO2 emissions savings rate would be:

β = εgrid − εbiomass

= 0.331 kg eq.CO2
kWhe

−
(

0.018 kg eq.CO2
kWht

·0.9643 kWht
kWhp
·2.5 kWhp

kWhe

)
= 0.288 kg eq.CO2

kWhe
,

(2)

where β is the equivalent CO2 savings rate, εgrid the emissions rate for the average electricity mix,
εbiomass the emissions rate for biomass-based generation sources, kWht thermal kilowatt hour, kWhp

primary energy kilowatt hour and kWhe electric kilowatt hour.
Thus, a more realistic CO2 savings value for the proposed power plants would be between 271,782

and 359,097 t CO2 per year (13.11% lower than the gross estimations).

4. Conclusions

The global potential for biogas production under a co-digestion regime has been determined from
the mixtures available in Spain, and is determined as 208 MW of power electric energy exploitable in
optimal conditions in power plants with rated power higher than 10 MW. Approximately 96 MW can
be exploited in smaller power plants in distributed systems. Additionally, there is a residual power
potential of 250 MW.

A methodology for optimal dispatching of co-digestion mixtures has been presented, which
optimizes the set of power plants of the highest rated power, following the criteria of cost reduction by
scale economy factors.

From the eight evaluated co-digestion mixtures, combinations M2 and M3 have been ruled out
since they are not viable with the characteristic agro-livestock waste in Spain.

A uniform geographical distribution of the generation plants has been observed, located in areas
where high-intensity agro-livestock farms predominate, as expected.

Comparing existing facilities and the proposal location and sizing in this study, it can be concluded
that (i) co-digestion-based power plants in Spain are still far from their real potential; and (ii) the
incorrect planning of the existing facilities based on a rated power supporting scheme decreases the
economic profitability and optimal provision of the energy resources. Actually, the existing legal
framework seems not to have favoured an adequate use of finite energy resources, which is a limiting
factor for power plant sizing.

With the proposed energy strategy for co-digestion-based power plants, an overall savings of
359,097 t CO2 per year can be achieved, helping significantly with the target of the EU Commission of
the decarbonisation of the energy generation sector.

Finally, it should be remarked that eight out of 11 feasible plants (132.19 MW) can be located
in those provinces ranked in the top 10 most affected by unemployment in Spain, while 10 of them
(158.71 MW) are ranked in the top 14.
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Nomenclature

CO2 kg eq. CO2 kilograms equivalent
EU European Union
GHG Greenhouse gases
GIS Geographic information system
GWh Gigawatt hour
IWA International Water Association
kcal Kilocalories
kgVS Kilograms of volatile solids
kW Kilowatt
kWh Kilowatt hour
kWhe Electric kilowatt hour
kWhp Primary energy kilowatt hour
kWht Thermal kilowatt hour
MW Megawatt
MWh Megawatt hour
Nl Normal liter
Nm3 Normal cubic meter
RES Renewable energy source
t ton
WWTP Wastewater treatment plant
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