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Abstract 

This work studied the potential of co-digestion of horse manure and swine slurry and the integration of 

biogas in the Portuguese energy sector. Different co-digestion feeding mixtures were tested with 

increasing shares of horse manure (HM:PS in terms of percentage of volatile solids inlet): C0 (0:100), 

C1 (10:90), C2 (13:87) and C3 (20:80), with a mechanical pre-treatment. C3 allowed the best synergetic 

effect between the microbial consortia of pig slurry and the high C/N ratio of horse manure, yielding the 

highest SMP of all cycles, 258.3 L.kgVS
-1 and the highest SCOD removal efficiency, 68.5%.  

An assessment of biogas and biomethane production potentials in Portugal, from different organic 

residues, was also done. The expended energy and greenhouse gases (GHG) emissions were 

analysed for three utilisation pathways: combustion in a cogeneration unit, upgrading for partial 

substitution of natural gas and upgrading for utilisation as transport fuel. Analysing the energy 

consumption ratio of each scenario, the first one was the least dispendious, followed by the second 

(+13.5%) and the third, which showed the highest consumption (+21.1%). The GHG emissions followed 

the same tendency of energy consumption, with a range of values of 23.9 – 58.8 gCO2eq.MJbiomethane
-1. 

The first scenario had the lowest GHG emissions, followed by the second (+37.2%) and third (+39.1%) 

scenarios. 

Horse manure and swine slurry are adequate co-substrates for anaerobic co-digestion and this process 

is a promising waste management solution, at regional-scale, for Portugal. Biomethane is a sustainable 

energy alternative to natural gas, based on energy consumption and environmental impact.  
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Resumo 

Este trabalho foca-se no estudo da co-digestão de estrume de cavalo e chorume de porco e no 

potencial de penetração do biogás no setor energético português. Foram testadas várias misturas de 

alimentação com proporções crescentes de estrume de cavalo (HM:PS em termos de percentagem de 

sólidos voláteis de entrada): C0 (0:100), C1 (10:90), C2 (13:87) e C3 (20:80) e um pré-tratamento 

mecânico. C3 resultou na melhor sinergia entre a comunidade bacteriológica do chorume de porco e o 

elevado rácio C/N do estrume de cavalo, obtendo-se a maior SMP de todos os períodos, 258.3 L.kgVS
-

1 e a maior eficiência de remoção de SCOD, 68.5%.  

Uma análise do potencial de produção de biogás e biometano em Portugal, a partir de diferentes 

resíduos orgânicos, também foi feita. O consumo energético e as emissões de gases de efeito de 

estufa (GEE) foram analisados para três cenários de utilização: cogeração, purificação para 

substituição parcial do gás natural e purificação para utilização como combustível. O primeiro cenário 

teve o menor rácio de consumo energético, seguido do segundo (+13.5%) e do terceiro, que resultou 

no maior consumo energético (+21.1%). Os cenários tiveram também uma gama de emissões de GEE 

de 23.9 – 58.8 gCO2eq.MJbiometano
-1, sendo que o primeiro cenário teve sempre os valores mais baixos, 

seguido do segundo (+37.2%) e do terceiro (+39.1%). 

A co-digestão de estrume de cavalo e chorume de porco foi realizada com sucesso e provou-se que o 

biometano é uma alternativa sustentável ao gás natural, relativamente ao consumo energético e 

impacto ambiental.  

 

 

Palavras-chave: co-digestão, estrume de cavalo, chorume de porco, produção de metano, análise 

energética, emissões   
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1.  Introduction 

 

1.1. Motivation 

Ever since the late 1990s, with the entry into force of the Kyoto Protocol, whose aim was to reduce 

greenhouse gas emissions worldwide, the interest in new ways of energy production has increased. 

This is motivated by the need to find clean energy sources, as well as the need to decentralise energy 

supply systems (mainly in rural sites far from the electrical grids) and the desire to mitigate 

environmental pollution.  

Natural gas has been increasingly used, mostly by the industrial and residential sectors, due to energy 

diversification, energy security, efficiency, and price issues. In the specific case of Portugal, the use of 

natural gas has increased by 5% in the last decade [1]. However, the constant attempts to shift for 

renewable energy sources have justified the continuous study of biogas as an alternative to natural gas. 

Biogas is a fuel consisting of methane, carbon dioxide and small amounts of other gases and trace 

elements, which can be obtained through a process of anaerobic digestion. A sub-product from this 

process is the decomposed substrate, called digestate, which is rich in macro and micronutrients and, 

therefore, suitable to be used as plant fertiliser [2]. The methane content in the biogas can be improved 

through upgrading processes to levels like the ones of natural gas, to generate a substitute energy 

called biomethane. 

This has led to the beginning of studies on anaerobic digestion of organic wastes for biogas production 

[3]. As such, several organic residues have been tested in a family size-scale operation context, namely 

animal dung, kitchen wastes, waste flowers and waste leaves. To improve biogas yields, addition of 

magnesium catalyst to different animal dungs has also been studied, with very positive results [4], [5]. 

Although results seemed promising, little or no interest existed in continuing to explore this idea in the 

following ten years, resulting in a stagnation phase, mainly due to the high technology installation costs 

and long payback period of the investments.  

However, in 2003, the European Council (EC) started promoting the use of biofuels as substitutes for 

diesel and petrol, for transportation purposes, as a pathway to reach the goals defined in the 2020 

Package [6]. At the time, CO2 emissions from transport were expected to rise by 50% between 1990 

and 2010 and, as such, the EC set national targets for each Member State of 5.75% (based on energy 

content) substitution of petrol and diesel by biofuels (where biomethane is included), by the end of 2010. 

This generated a renewed interest in biomass, particularly waste products and organic food wastes, 

due to their considerable annual production – an interest that was accentuated a few years later, when 

the EC published another directive, classifying biogas installations as contributing technologies to the 

sustainable development of rural areas and to the decentralisation of energy production [7]. Currently, 

the total biogas production in Europe corresponds to about 14 billion m3 in natural gas equivalent and 

the level of total biogas production foreseen for 2020 in the National Renewable Energy Action Plans 

is about 28 billion m3 [8]. There are already 17240 installed biogas plants in Europe, which correspond 

to a total amount of electricity production of 63.3 TWh (the equivalent annual consumption of 14.6 

million European households), and 367 upgrading facilities for biomethane production [9]. In 2014, 

another directive was accorded by the EC, stating that Member States must ensure adequate 
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infrastructures for transport refuelling by 2025, based on the increasing number of electric and biofuel 

vehicles, with focus on electricity and natural gas stations suited for each type of transport [10]. 

Several studies, with a variety of digester technologies and configurations, have been conducted to this 

date with many different substrates, used solo or in co-digestion processes. However, in the research 

executed for the thesis it was noticed that co-digestion of swine and equine manures has not yet been 

tested, which motivated, to a certain degree, the theme of this thesis.   

In Portugal, the potential nation-wide production of biogas (as well as the feasibility of this type of energy 

source as an alternative pathway to the utilisation of natural gas) has not been extensively studied up 

to date. Currently, there are sixty-five installed biogas plants in the country, located predominantly at 

the central and northern regions, which treat mostly landfill wastes, wastewater treatment sludges and 

urban solid wastes [11] 

In more recent years, mainly due to the legislative pressure of the EC, some legislation which promotes 

biofuels for transports has also been approved in the country. In 2012, a new decree-law is published 

for the concession, planning and remodelling of natural gas and liquified natural gas infrastructures, as 

cleaner alternative fuels to diesel and petrol [12]. Another law has been approved in 2014, which creates 

a series of tax deductions for the utilisation of natural gas and liquified petroleum gas vehicles and 

economic incentives (IRS, IRC, IVA) for the abatement of vehicles at the end of life period [13]. None 

of these laws specify incentives for biomethane implementation in Portugal, however they are a good 

starting point for the promotion of this fuel as a green energy and, following the tendency of biomethane 

share in the European renewable energy market, this seems a promising prospective for the country. 

Taking this political context into account and seeing that the national industry is the source of a 

considerable annual volume of organic wastes – mainly agriculture and livestock residues – this thesis 

aims to study the integration of these potential substrates in the national biogas production system and 

the possible partial substitution of natural gas with biomethane.  

 

1.2. Objectives 

The main goals of this study are the evaluation of a specific biogas production pathway from animal 

residues, based on a real case study, the assessment of the potential annual production of biogas in 

Portugal and the determination of the feasibility of biomethane integration in the national gas grid, as a 

partial substitute of natural gas.  

The case study is based on the need of equestrian centres and livestock farming facilities to solve a 

residue problem, and considers the use of horse dung from an equestrian centre and pig manure from 

a livestock farming facility, which are collected and mixed in co-digestion experiments at a laboratory-

scale continuously stirred tank reactor (CSTR) to produce biogas. The biogas production experiment is 

monitored on site through experimental parameters to account for the methane production and energy 

consumption from that residue mixture.  

Based on this case study, a national scale analysis is performed to evaluate the availability of residues 

and quantify the potential biogas production, considering the most adequate biogas production 

technologies. Several of the waste and agricultural residues produced in Portugal, that may be used in 

anaerobic digestion, are considered in the scenarios, as well as combinations with various types of 
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reactors and operating parameters, based on literature findings. The corresponding methane 

production, energy consumption and greenhouse gases (GHG) emissions for each combination are 

also used to compare with the natural gas case. 

 

1.3. Thesis outline 

This thesis is divided in five chapters, the first one being the present Introduction, with a historical 

background of biogas production evolution, the objectives of the thesis and the thesis structure. The 

second chapter presents the state-of-the-art of biogas production, life-cycle assessment and large scale 

production. In chapter three the characterisation of the case study is made, as well as the design of the 

experiments conducted and the impacts of potential large scale production of biogas. Chapter four 

presents the results obtained for the experiments and the simulations. Chapter five concludes on the 

feasibility of co-digesting horse and pig manure and of installing large scale digesters in Portugal for 

biogas production and gives a few suggestions of future work to be developed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

4 

 

2.  State-of-the-art 

The study of biogas as an alternative energy source is still open to new research, covering not only its 

production, but also the different possibilities for its use, its overall potential and associated impacts. 

These topics will be discussed in more detail next. 

 

2.1. Production of biogas 

For a long time, anaerobic digestion experiments have been performed, with a variety of substrates, 

from municipal solid wastes, sewage sludges, animal manures and agricultural residues, and with a 

variety of digester technologies, from laboratory to prototype scales.  

Studies on swine manure anaerobic digestion date back as early as the 1970s, with pilot-scale 

digesters [14], [15]. This was a consequence of the growing desire for pollution reduction caused by 

farm slurries and, seeing that swine manures were the biggest polluting source, their application to 

anaerobic digestion started being investigated [16]. One important factor that affects the digestion 

process is the temperature, which may be divided in three different regimes: psychrophilic (temperature 

range between 10 – 25 ºC), mesophilic (between 20 – 40 ºC) and thermophilic (40 – 60 ºC). In 1983, 

Hashimoto et al. studied thermophilic and mesophilic performances with sole swine manure, concluding 

that maximum methane yield was obtained for thermophilic regime at an ultimate value of 490.0 L.kgVS
-

1 (volatile solids basis). Although this value was achieved, high instability was observed in the reactors 

at the temperature of 55 ºC – thermophilic regime [17].  

Anaerobic digestion studies were long and tedious experiments, some taking as much time as five years 

for the results to be considered reliable. In 1995, Massé et al. studied the psychrophilic anaerobic 

digestion of swine manure in sequencing batch reactors (SBR), with the purpose of determining the 

successfulness of the process in pollution reduction, energy recovery and odours reduction. Some 

reactors were inoculated with anaerobic granular sludge from a wastewater treatment plant and the rest 

with a mixture of wastewater sludge and municipal non-granulated sludge, to analyse the effect of the 

different inoculums on process efficiency. For all reactors, process stability was achieved and methane 

production values ranged from 300.0 L.kgVS
-1 to 660.0 L.kgVS

-1. A reduction of swine slurry odours was 

also verified. The study concluded that the technology used was a good small-scale application option, 

since it proved to be technically feasible, stable and easy to operate [18]. 

Anaerobic digestion may be classified as mono-digestion, when only a substrate is used, and co-

digestion, when multiple residues are combined and used as a feeding mixture. It was proved that a 

predetermined mixture of substrates could improve the feedstock quality and the bacterial activity inside 

the digester, thereby enhancing methane production [19]. By mixing two or more substrates, toxic 

compounds can be diluted, the biodegradation accelerated, the balance of nutrients and 

carbon/nitrogen (C/N) ratio improved and a synergetic effect of microorganisms obtained, resulting in 

process stabilisation [20]. Pig slurry is considered an excellent base substrate for anaerobic co-

digestion, due to its high water content, that facilitates drier substrates dilution and pumping, its high 

buffering capacity, which avoids abrupt pH fluctuations, and its high nutrient content variety, which 

generates an adequate bacterial growth [21]. Horse manure, on the other hand, is highly fibrous and 
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has a C/N ratio of approximately 30:1 [22], but with an adequate pretreatment it is expected that its 

addition to pig slurry would enhance biogas yields. 

In 2004, Murto et al. performed co-digestion experiments with pig manure, slaughterhouse waste 

and agricultural waste in laboratory-scale digesters, with the purpose of studying the effect on the 

process performance. Three CSTRs were connected in parallel and kept at a mesophilic regime of 35 

ºC. Feedstock consisted of swine manure, slaughterhouse waste (sludge, rumen and intestinal contents 

and manure) and household and industrial wastes, in different ratios. At the end of the experiment, it 

was noted that all reactors had a high ammonia concentration and a high amount of volatile fatty acids 

(VFAs), which indicated that the degradation process was unbalanced. It was concluded that the 

feedstocks were successfully digested and that although the degradation was not optimal, the high 

buffering capacity contributed to the pH stabilisation and, therefore, to the high biogas yields [23]. 

Anaerobic digestion of horse dung started being studied more in depth in 2008, when experiments 

with horse dung in laboratory-scale solid digestion reactors were conducted in Germany to determine 

the potential energy recovery from horse dung and the most suitable process technologies [24]. Before 

that, only experiments of co-digestion in farm-scale family digesters had been made with this type of 

substrate [4], [5]. In a first experiment, Kusch et al. tested different ratios of fresh horse dung and solid 

inoculum to determine the one which would give maximum methane production. Based on that result, 

a second experiment was carried with different pre-treatments and techniques to determine the most 

suitable percolation (humidification) mode. Overall, the chopped substrate flooded with liquid inoculum 

gave the highest specific methane yield, approximately 192.7 L.kgVS
-1, suggesting that increased 

particle surface area enhanced biodegradation. It was concluded that volumetric methane production 

was higher in the flooded system because no solid inoculum had to be added [24]. 

Azaizeh et al. (2010) believed that the great nitrogen content in swine manure and the high alkalinity 

would compensate the lack of ammonia of olive mill wastewater (OMW) in a co-digestion process 

and, hence, increase Chemical Oxygen Demand (COD) removal and biogas production. They 

proceeded to test the mixture in up-flow anaerobic sludge blanket (UASB) reactors, inoculating them at 

36 ºC (mesophilic regime) with five different wastewater sludges to optimise COD removal. The authors 

observed a COD removal capacity of 85 – 95%, the highest result obtained for that type of mixture until 

then. It was concluded that the effect of inhibitory compounds of the OMW on the process could be 

reversed by mixing with swine manure, since the sludge bacteria would gain much higher tolerance to 

the toxic phenol compounds [25]. 

With the purpose of investigating the feasibility of low-cost Taiwanese-model digesters, Lansing et al. 

(2010) proceeded to study this type of field digesters, as well as the methane production of swine 

manure and cooking grease co-digestion. The digesters were kept unheated, being operated at low 

mesophilic level (25 ºC) and unmixed, due to the grease properties. At the end of the experiment, it was 

observed that the mixture with 10% cooking grease achieved the highest biogas production rate, 

68.7 L.d-1, but the mixture with 2.5% had the highest methane content, 66.9% and the highest specific 

methane yield of the mixtures, 310.0 L.kgVS
-1d-1. Higher grease content mixtures resulted in much higher 

VS contents inside the digesters, which conducted to less efficient digestion of the organic matter and 

lower biogas yields, thereby being inexpedient ratios [26].  
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In 2010, Riaño et al. addressed the co-digestion of swine manure (SM) with winery wastewater (WW), 

since no experiments had been made to date with that combination of substrates. Co-digestion was 

studied in two CSTRs at 35 ºC, with increasing WW concentrations. At the beginning, reactor 1 feeding 

was done with SM:WW of 75:25 (%) and reactor 2 with 100:0; thirty-four days later, reactor 1 feedstock 

was changed to 60:40 and reactor 2 to 90:10, to test the different ratios. At the end of the experiment, 

it was concluded that the mixture of 75:25 gave the highest methane production rate (0.653 L.d-1) and 

specific methane yield (87.0 L.kgCOD
-1), with a biogas production evolution as shown in Figure 2.1. It 

was also noted that the mixture 60:40 had lower biogas production rate but the highest methane content 

in the biogas (64.4%) and highest removal efficiencies of TCOD (44%), SCOD (86%) and Volatile 

Suspended Solids (53%). These results were attributed to the higher methane potential of winery waste, 

due to the high biodegradability of ethanol and sugars, its principal components. Ammoniacal nitrogen 

concentrations were also below the toxicity values, due to the buffer capacity of pig manure, which 

neutralised the acidic nature of winery wastewater. The study concluded that this type of co-digestion 

mixture had a very promising methane production, with an efficient process stability [27]. 

 

 

Figure 2.1 – Accumulated biogas production during co-digestion of swine manure with winery wastewater [27] 

 

Zhang et al. (2010) also studied the feasibility of anaerobic co-digestion of swine wastewater and food 

waste, with special focus on the key parameters that affected the performance. The study was divided 

in three experiments: in the first, piggery wastewater (PW) and food waste (FW) were mixed in different 

ratios; in the second, FW was co-digested with PW and with its solid and liquid fractions separately and 

in the third, PW was substituted with a synthetic solution of trace elements and mixed with the food 

waste. In the first experiment, it was observed that FW alone had the highest biochemical methane 

potential, of 479.5 L.kgVS
-1, but it lacked essential trace elements that resulted in a failure of methane 

production. The mixture of PW:FW of 17:83 (%) gave the highest methane yield, 388.0 L.kgVS
-1, and 

the most stable process. In the second experiment, it was observed that the liquid part included high 

alkalinity and nitrogen sources, while the solid fraction contained more trace elements. Co-digestion 

with solid fraction of PW provided a higher methane production rate, a lower residual COD value and 

no accumulated VFAs, while digestion of FW alone never reached stability, even with pH control 

techniques. In the third experiment, with a synthetic trace element solution, process stability was also 

achieved, as well as lower COD and no VFA accumulation, which served to prove that enhancement 

on methane production was not provoked by pH buffering capacity of PW, but rather by its trace 
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elements composition. The study concluded that anaerobic digestion of food wastes would be feasible 

only when supplemented with piggery wastewater or other trace elements sources, with substantial 

results [28]. 

Anaerobic co-digestion of swine manure (SM) and energy crop residues (ECR) – maize, rapeseed 

and sunflower – was also investigated, by Cuetos et al. (2011), with the aim to improve biogas 

production and process stability. Batch tests were first conducted with different ratios of SM and energy 

crop residues and it was noted that addition of ECR reduced lag-phase and produced preferential 

breakdown of macronutrients, which resulted in higher methane productions. After batch tests, the 

mixtures with 50% content of ECR were chosen for experiments in four CSTRs at 35 ºC. Although no 

specific methane production improvement from co-digestion was observed, the biogas production 

increased. SM and rapeseed mixture gave the highest biogas production rate, 3.5 L.d-1, as well as the 

highest specific methane yield, 340.0 L.kgVS
-1. The study concluded that the addition of ECR to swine 

manure in semi-continuous operations improved biogas production, although no influence was exerted 

over methane content. Also, all the reactors showed a particle layer at the end of the experiment, which 

would implicate more maintenance procedures [29].  

To evaluate the effect of softwood bedding mixed with horse manure in the methanogenesis process, 

Wartell et al. (2012) proceeded to do experiments with this type of bedding in chips, pellets and straw 

forms. Batch tests were conducted with different durations and substrate ages and it was observed that 

methane production on a VS basis decreased with increasing ratio of bedding, due to the lower 

degradability of the wood material. Afterwards, experiments were conducted in solid state reactors with 

leachate recirculation systems, which were inoculated with municipal anaerobic digester sludge at 

35 ºC. At the end of the experiment, reactor 1 produced 1320.0 L of biogas, with an average total 

specific methane produced of 29.0 L.kgVS
-1 and reactor 2 produced 1097.0 L, with a specific methane 

average of 44.8 L.kgVS
-1. It was noted that digestate recirculation increased the methane content of the 

biogas in both reactors, though the value did not exceed 50%; this was attributed to a low moisture 

content. The study concluded that softwood-based bedding had a substantial dilution effect on potential 

energy production from equine stall waste [30]. 

Panichnumsin et al. (2012) decided to study anaerobic co-digestion of cassava pulp (CP) and pig 

manure (PM), since those substrates represented the biggest annual wastes in Thailand. Various 

mixture ratios were studied, with increasing cassava pulp proportions, in a double-stage CSTR system, 

at 37 ºC. Overall, a steady increase in biogas production and CO2 content in the biogas of the first 

reactor was noted, for an increasing proportion of CP up to 50%. In the second reactor, the biogas 

productivity and methane yields were considerably higher than the first, with a maximum volumetric 

methane production of 1430.0 mL.L-1d-1, corresponding to 66% of the total biogas produced, for the 

mixture with 60:40 (%) CP:PM ratio. Comparing the results with a previous experiment in a single-stage 

system, the double-stage system with the 60:40 mixture achieved 21% greater reduction of VS and 

23% greater total COD removal than the single-stage one, as well as higher methane productivity, 

results attributed to the increase in the amount of readily degradable components and to the 

improvement of the C/N ratio [31]. 
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Ferreira et al. (2012), developed experiments of anaerobic co-digestion of waste sardine oil (WSO), 

with pig slurry (PS), with the purpose of enhancing the economic performance of existing biogas plants 

in pig farms of Portugal. PS and WSO were collected from locations 50 km apart, to simulate the 

feasibility of real-scale implementation, and tested in different ratios. The experiments were conducted 

on a mobile pilot plant, previously designed for the study. The mobile plant consisted of a stainless steel 

CSTR, with 1.6 m3 of working volume, equipped with all auxiliary equipment and a drum gas meter and 

a gas analyser. At the end of the experiment, it was observed that maximum specific methane yield 

was obtained for the mixture ratio of 97:3 (PS:WSO), 503.0 L.kgVS
-1, while the increasing proportion of 

WSO in the mixture did not influence the biogas quality. Another observation made was that although 

the VFA content increased with the increasing proportion of WSO in the mixture, the co-digestion 

process was kept stable, as suggested by the effluent characterisation. The study concluded that WSO 

could be a food industry waste stream to introduce in existing, pig slurry operated, biogas plants, as it 

could improve methane productivity up to four times compared to pig slurry alone [32]. 

Fischer et al. (2013) studied process stability and biogas yield of horse dung in laboratory CSTRs and 

plug-flow (PFR) reactors, to identify the applicability of both systems. First, fresh horse dung was fed to 

the digesters, inoculated with mesophilic sludge and fed to both digesters, which were kept at 38 ºC. 

To ascertain the limit of process stability, several OLRs were tested during the duration of the 

experiment. Both systems appeared to be suitable for high-solids substrate digestion, with the PFR 

being the best option, as it could be operated with a higher dry matter content and lower digester 

volumes. In a second experiment, different qualities of horse dung were tested in both reactors, with 

the most stable OLR. The highest specific biogas yields were obtained for fresh horse dung: 

414.0 L.kgVS
-1 in the CSTR and 463.0 L.kgVS

-1 in the PFR. The study concluded that, with adequate pre-

treatments and freshly collected, this type of substrate could be suitable to existing agricultural biogas 

plants, as long as operation conditions were properly monitored [33]. 

Massé et al. investigated the feasibility of low-temperature (25 ºC) operated, cascade reactor of eight 

compartments, simulating a PFR, in anaerobic digestion of swine manure. At the end of the 

investigations, it was observed that an average of 79% of TCOD could be removed from pig manure, 

with a maximum of 58.6% converted to methane. It was also noted that due to the absence of 

mechanical mixing, an accumulation of solids occurred in the first compartments of the cascade, which 

resulted in dead zones and, consequently, an accumulation of VFAs and decrease of biogas production 

and methane content in the gas. These results demonstrated a migration of methanogenic activity 

downstream the cascade, due to the reduction of HRT caused by the accumulation of solids. The 

maximum methane yield registered was 482.0 L.kgVS
-1 and the authors concluded that the low 

temperature PFR design performed satisfactorily in the laboratorial conditions, although further 

experiments at larger scale would be necessary to better ascertain its feasibility in the sub-freezing 

winters of Canada [34].   

In the same year, 2013, anaerobic co-digestion of horse manure and food wastes was studied in 

Ohio,  where these substrates constituted the main organic solid wastes produced [22]. The experiment 

consisted of a double-stage anaerobic digestion system and the substrate used was wood chips 

bedding-based horse manure mixed with increasing proportions of food wastes. All reactors were 
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maintained at a temperature of 35 ºC for thirty-three days. The production curve of biogas obtained, 

measured at the stage 2 reactors, is shown in Figure 2.2. It was observed that biogas and methane 

generation increased with the food wastes content and that methane yields ranged from 510.0 to 

610.0 L.kgVS
-1. The explanation of this occurrence was that the utilisation of a double-stage system 

optimised the conditions in both reactors. It was also theorised that the substrate of stage 2 reactors 

was already partially degraded due to the set-up system, which made it more digestible and with larger 

availability of VS to the bacterium. Also, the very low OLR chosen permitted more surface area for 

digestion, which improved methanogenesis. The double-stage system was found to be suitable for 

large-scale application, with methane generation greater than 80% of the theoretical maximum methane 

yield in stage 2 reactors. 

 

 

Figure 2.2 – Biogas production evolution obtained by co-digestion of horse manure and food wastes [22] 

  

Mönch-Tegeder et al. (2013) studied methane generation from horse dung with some of the main types 

of stall bedding used in Germany. Hohenheim biogas yield tests (HBT) were conducted with mixtures 

of horse dung with different storage times and beddings. The samples were inoculated with the standard 

inoculum, at 37 ºC and for thirty-five days. Among the materials tested, straw-pellets horse manure 

gave the highest specific methane yield, 247.0 L.kgVS
-1, while other straw samples gave results in the 

range of 183.0 to 237.0 L.kgVS
-1. It was observed that fresh horse dung had inferior micronutrients 

content compared to other animal manures and that it also did not have sufficient trace elements to 

provide a stable biogas process. The authors also observed that manure storage decreased specific 

methane yield, which was attributed to the degradation of volatile organic matter. The study concluded 

that straw-based horse manure would be an appropriate substrate for anaerobic digestion, providing 

that a logistic chain, to decrease storage time to a minimum, and a mechanical pre-treatment, to avoid 

swim layers and clogging of pumps inside the digester, were applied [35].  

In a following study, Mönch-Tegeder et al. (2014) proceeded to study its applicability in a real-scale, co-

digestion plant. Feedstock composed by cattle, pig and horse manures and a variety of energy crops 

was used. After batch tests, anaerobic co-digestion at 40 ºC was tested in a double-stage CSTR 

research plant with two principal digesters, respective solid feeding systems and a secondary digester 

connected to both. A cross-flow grinder was inserted into the feeding system of the first digester, to 

study the effect of mechanical pre-treatment on methane yield of the substrate. After the first HRT, 

digester 1 demonstrated a higher biogas production rate and at the end of the second the difference in 
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between both digesters was 30%, with digester 1 producing 503.0 L.kgVS
-1 and digester 2 354.0 L.kgVS

-

1. The authors concluded that the mechanical pre-treatment increased particle surface area, which, in 

turn, increased biodegradability. The specific methane productions were 272.0 L.kgVS
-1 in digester 1 

and 200.0 L.kgVS
-1 in digester 2. The study enounced horse manure as a suitable substrate for existing 

agricultural biogas plants, as long as a mechanical pre-treatment before feeding was applied and long 

HRTs were used to increase organic matter degradation [36].    

Böske et al. (2014) also studied anaerobic digestion of horse manure, using a new type of reactor, the 

up-flow anaerobic solid-state (UASS) reactor. The objectives of the study were to examine the 

performance of single and double-stage systems with process liquid recirculation. Dung from hay-fed 

and grass silage-fed horses, mixed with different bedding materials, was used as substrate. Batch tests 

showed that the highest specific methane yields were obtained for wheat straw-based manure from 

silage-fed horses and this was the substrate chosen for the UASS systems. An anaerobic filter was also 

inserted in the double-stage system, to prevent accumulation of VFAs inside the digester. Highest 

methane yields were similar for the two systems; 104.8 L.kgVS
-1, for the single-stage UASS and an OLR 

of 2.5 gVS.LUASS
-1d-1, and 98.6 L.kgVS

-1 for the two-stage UASS and the same OLR. It was concluded 

that anaerobic digestion of horse manure in UASS systems was a feasible project, and that experiments 

in thermophilic regime would be interesting to maximise methane yields [37]. 

In a following study, Böske et al. (2015) further investigated UASS systems performance in thermophilic 

regime. The substrate mixtures were the same as the previous study and were first tested in batch 

tests. Wheat straw-based manure from hay-fed horses gave the highest specific methane yield, 

however, specific methane yields of the substrates were lower than the ones obtained in the mesophilic 

study. This was attributed to the inadequate adaptation of the mesophilic-originated inoculum to the 

experiment conditions. After batch tests, wheat straw-based manure from silage-fed horses was tested 

in the UASS systems, at 55 ºC. The highest methane yields obtained were 154.8 L.kgVS
-1 for single-

stage UASS and 154.4 L.kgVS
-1 for double-stage UASS, both higher results than the ones obtained in 

the mesophilic experiments; this showed that the mesophilic inoculum adapted to the experimental 

conditions and that high temperature increased biodegradation and methane production rate (50 – 

63.8% higher than mesophilic regime) and on methane yields (52.2 – 66.5% higher). The study 

confirmed that the most promising UASS system was the single-stage thermophilic design, but 

measurements of energy recovery should be made, to analyse if the increase in specific methane yield 

would justify the additional requirement in energy consumption to heat the digesters [38]. 

A summary of the most relevant reactor experiment procedures is represented in Table 2.1. The type 

of digester used is different for each mixture due to the efficiency of the technology being dependent 

on the mixture characteristics. Specifying, continuously fed digesters like CSTRs and PFRs are more 

adequate for liquid substrates, while dry digesters like UASS reactors are more adequate for solid 

substrates, with contents of 22 – 40% total solids [39]. There are also batch reactors, for the study of 

methane production for a limited time, after which the reactor is emptied. The reactors may, additionally, 

be configured in single or multi-stage systems, with the latter category attempting to separate the 

hydrolysis/acidification from the acetogenesis/methanogenesis processes of the digestion [39]. The 
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multi-stage configuration enhances the biogas production, but it also has a higher energy consumption 

associated and requires more manutention. 

 

Table 2.1 – Summary of most relevant co-digestion experiments and maximum biogas yields 

No. Reference 
Type of 

digestion 

Operating factors 

Configuration 

conditions 

Methane 

content 

of the 

biogas  

[%] 

Maximum 

specific 

methane 

yield 

[L.kgVS
-1] 

Temperature 
[ºC] 

HRT 

[days] 

1 [29] 
Liquid 

state 

35 

(mesophilic) 
30 

Pig slurry and 

energy crop 

residues; lab-scale 

CSTRs 

71 340.0 

2 [34] 
Liquid 

state 

25 

(psychrophilic) 
67 

Swine manure; 

lab-scale PFRs  
75 482.0 

3 [32] 
Liquid 

state 

35 

(mesophilic) 
16 

Pig slurry and 

waste sardine oil; 

single-stage 

mobile pilot CSTR 

70 503.0 

4 [22] 
Liquid 

state 

35 

(mesophilic) 
33 

Horse dung and 

food wastes; 

two-stage 

bench-scale 

reactors 

65 607.0 

5 [36] 
Solid 

state 

40 

(mesophilic) 
80 

Horse, pig, cattle 

manures and 

energy crops; 

two-stage real 

scale reactors 

54 306.0 

6 [38] 
Solid 

state 

55 

(thermophilic) 
238 

Horse dung; 

single-stage UASS 

reactor 

51 154.8 

Horse dung; 

two-stage UASS 

reactor with AF 

63 154.4 

 

2.2. Assessing the potential production and use of biogas 

In more recent years, several studies have been dedicated to the assessment of potential biogas 

production and utilisation at national levels, through the implementation of policies and economic 

incentives for the promotion of renewable and clean energies [40]–[42].  

The sustainable biogas energy production in Poland was studied for existing and unexplored 

feedstocks, namely energy crops, grasses and organic residues. The status of the national biogas 

production was analysed and the improvement of energy production through the exploitation of unused 
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and promising feedstocks was quantified. An overview of the financial incentives for biogas energy 

production was also made, which were composed by price of electricity supplied to the grid, green 

certificates (renewable energy source premiums) for all biogas fuelled power plants, yellow certificates 

for small-scale co-generation plants (<1 MWe) and purple certificates for large-scale co-generation 

plants (>1 MWe), with higher electricity tariffs for smaller units and lower tariffs for large units. Brown 

certificates for biogas-to-biomethane upgrading and injection into natural gas grids are also expected 

to be implemented. It was emphasised that the biogas from energy crops, agrobiogas, generated 

“negative net” CO2 emissions, which would be a solution to solving Polish carbon capture and 

sequestration dilemmas. The optimisation of the agrobiogas energy system, through the sizing of biogas 

plants and the revisions required in the Polish tradable certificate system for its promotion, and the 

technological reliability of energy conversion and biogas purification were also discussed. Besides the 

energy conversion and the purification to biomethane, the production of bio-hydrogen and syngas were 

also identified as alternatives for biogas utilisation. The study concluded that the development of 

agrobiogas energy in Poland needed well-designed economic incentives for the distribution from small 

scale power plants, for the cultivation of energy crops and for the adoption of the best available 

technologies. It also remarked that biogas energy could stimulate development of agro-forestry 

communities with a high degree of unemployment [43]. 

In the Baltic Sea Region, the country-specific biogas energy potential from animal manures was 

estimated, as well as the corresponding energy use, to analyse the partial substitution of fossil energies. 

A preliminary analysis of improvement of biogas production from co-digestion, based on substrates 

available in each country, was also made. The study proceeded with the identification of incentives and 

barriers for manure energy use in the Region, namely the investment supports, the feed-in tariffs, the 

gate fees of substrate collection, the requirements for digestate use, the attitudes and awareness of the 

countries populations and the nutrient recycling and environmental benefits derived from the biogas 

energy production. The study concluded that besides the improvement of economic incentives, an 

increase of subsidies for the reduction of emissions into air, soil and water and a change of mindset 

and public awareness towards biogas energy implementation is also necessary to cross the current 

barriers. More work on the best co-substrates, especially on their handling and pre-treatment, was 

deemed necessary for improvement of waste management policies [44]. 

In Portugal, the status and public policies of biogas production have also been investigated and the 

national potential of biogas estimated. Ferreira et al. (2012) claimed that although the access to the grid 

of renewable electricity production is prioritised, feed-in tariffs for biogas energy have not been listed 

explicitly in the wording of the law. The indicative biogas feed-in tariffs listed in the National Plan for 

Renewable Energies in the scope of Directive 2009/28/CE were calculated monthly for each plant based 

on avoided costs, which caused some administrative complexity and low transparency. Comparing the 

results with other studied countries, it was also concluded that Portugal has the lowest biogas 

production per capita and a high prospect of improvement and unexplored promising feedstocks [45].  

A more recent study focused on the potential production and utilisation of biomethane for other 

purposes, as alternatives to the production of electricity, which is the only destination currently given to 

biogas in Portugal. The study quantified the potential of biomethane production based on more recent 
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statistics and identified the municipal solid wastes and wastewater sludges as the most promising 

residues, followed by animal manures and agroindustrial residues. A compilation of the existing biogas 

plants in the country, the type of substrates and digester technologies most used in the country, as well 

as some European case studies, was also made. Some barriers for the implementation of biomethane 

production were identified, among those the economic incentives to the investment in the sector and 

the logistic problems associated with the national gas grid, located predominantly in the west coast of 

Portugal, as can be seen in Figure 2.3. After this contextualisation, a national roadmap for biomethane 

production was delineated, with a comparative analysis of biomethane utilisation for various ends, and 

three alternatives for implementation were given, as follows: exploitation of existing biogas plants by 

installing purification technologies, with posterior utilisation as vehicle fuel; installation of a centralised 

upgrading facility in regions with sufficient biogas producers for direct injection in natural gas grid or 

introduction of a national waste management policy for transportation of residues to a centralised biogas 

production with purification facility. The study concluded with the suggestion of policy changes and a 

plan of actions for the promotion of biomethane implementation at a national level [11].  

 

 

Figure 2.3 - Map of installed biogas plants in Portugal. Source: [11] 

 

2.3. Quantification of impacts from biogas production in life-cycle approach 

Life-cycle assessment of biogas production and utilisation pathways has also been the focus of several 

studies, with differing boundaries, analyses and variable allocations, to analyse the energy performance 

and the environmental impact [46], [47]. 

Paturska et. al (2015) made an economic assessment of a potential biomethane supply system, based 

on the exploitation of the existing natural gas infrastructure. Three scenarios of biogas production 

pathways and five upgrading technologies were considered for the analysis. The production pathways 

assumed were the decentralised biomethane production (each farm with a biogas plant equipped with 
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an upgrading technology and posterior biomethane injection in natural gas grid), centralised 

biomethane production (biogas produced from each plant is delivered to a large-scale upgrading facility, 

from which it is injected into the grid) and centralised biogas and biomethane production (residues are 

collected at the farms and transported to a single biogas plant with upgrading facility). The upgrading 

techniques considered were water scrubbing, amine scrubbing, membrane separation, physical 

scrubbing and pressure swing adsorption. The study concluded that the decentralised biogas and 

biomethane production would be the most economical solution for new biogas plants, with a biomethane 

cost only 16% higher than the natural gas cost for an economic life time of sixteen years [48]. 

Berglund et. al (2006) assessed the energy performance of the biogas production process, under the 

Swedish context. Several types of substrates were studied and the system boundaries varied with each 

substrate. The steps considered were cultivation and harvest (for energy crops), collection of organic 

wastes, transportation of residues and digestate, biogas plant operation and spreading of digestate. 

Biogas yields from each type of residue were also estimated and the digester technology considered 

was the single-stage CSTR. Three types of allocation methods were also tested to analyse the influence 

on the results of diluting requirements and energy input of the biogas plant: MJ per tonne of substrate 

mixture (denominated base scenario), percent of the biogas produced and MJ per tonne raw material. 

It was observed that the energy input required in the base scenario corresponded to 25 – 40% of the 

energy content in the biogas produced, depending on the substrate analysed, with the biggest 

consumption corresponding to the biogas plant operation, with 50 – 80% of the total input. It was also 

stated that the allocation method chosen had a clear influence on the energy input calculated. The 

authors concluded that, for all substrates, the energy input was always considerably lower than the 

energy output, although great attention to allocation method is required, and that transportation of 

manures can go as far as 200 km before the energy balance turns negative [49].  

Pöschl et al. (2010) made a similar energy assessment of biogas production process for German 

conditions. Several types of energy crops and manures were considered and biogas yields calculated. 

The process steps considered were cultivation and harvest (for energy crops), transportation of organic 

residues, biogas plant operation (double-stage CSTR), biogas utilisation and digestate spreading. 

Single feedstock and co-digestion scenarios were investigated, as well as several technologies for 

biogas utilisation, with the allocation method of percent of the biogas produced. The authors verified 

that the energy consumption ratio ranged from 10.5% to 54% for single feedstock digestion and from 

45.6 to 48.6% (small-scale plants) and 34.1 to 55% (large-scale plants) for co-digestion scenarios. The 

biogas plant operation was also identified as having the highest energy consumption of all steps. It was 

also observed that the biogas utilisation pathway had an energy consumption ratio with ranges of 4.1 – 

45.6% (small-scale plants) and 1.3 – 34.1% (large-scale plants), depending on efficiency of the 

respective energy conversion systems and potential substitution of different fossil fuels. The study 

concluded that there could be a significant variation in energy efficiency for biogas plants, depending 

on the feedstock considered and the processes adopted and that the results indicated a high potential 

for energy efficiency enhancement [50]. 

A study in Switzerland, based on literature review and the monitorisation of sixteen biogas plants with 

co-generation, made life-cycle inventory datasets for biogas production from different energy crops and 
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other substrates available in the country. Energy consumption and emissions of the biogas production 

in agricultural plants, the application of digested matter on farm land, the cogeneration of heat and 

electricity in the plants and from three different types of biogas upgrading technologies were considered 

in each different dataset. With the inventories set-up, a life-cycle impact assessment was made for the 

utilisation of biogas as vehicle fuel, with a total emission factor of 95 gCO2eq.(person.km)-1 for biogas 

produced from grass refinery and of 163 gCO2eq.(person.km)-1 from beet residues. The study concluded 

that biogas energy from energy crops had considerably higher environmental impact than the average 

electricity from Swiss grid, while the energy from waste residues had lower impact, being considered a 

green energy [51]. 

Ertem et. al (2016) studied the environmental impact of several co-digestion feedstocks and different 

loading rate scenarios with the purpose of flexible feedstock utilisation for optimisation of gas storage 

systems in Germany. The environmental impacts focused on global warming potential and acidification 

and eutrophication potentials. Maize was considered the base feedstock and partial substitution with 

other energy crops and manures as co-substrates was tested to determine if differences in biogas 

production could meet the peak loads of energy demand in the country, instead of a baseload 

production. It was observed that the digestate spreading had the highest acidification and eutrophication 

potentials, in the baseload production concept, due to high nitrate and phosphor emissions. Focusing 

on the substrates considered, the energy crops yielded higher total emissions than the manures, due 

to the additional processes needed for harvesting. Comparing the energy production scenarios, the 

authors realised that demand driven production had lower global warming and acidification potentials 

and that adapted feedstock and loading rates could save between 10 – 45% of GHG emissions, reduce 

10% of acidification and eutrophication impacts compared to baseload, but implied an increase of 

energy of 16%. The study concluded that further investigations were needed to analyse the effects on 

income of the operator and socio-economic benefits [52]. 

 

• Literature gap 

Concluding, co-digestion has been summarised as an advantageous and more desirable exploitation 

of organic residues for biogas production, over mono-digestion, since it has a higher biogas yield and 

is a more efficient solution to waste management problems. However, to the date there are few studies 

about co-digestion of horse manure and swine slurry and the management of these residues poses a 

considerable enough problem in Portugal to justify the interest for this study. Also, the studies of 

quantification and potential utilisations of biogas and biomethane in Portugal made only a superficial 

assessment of the possibility of mono and co-digestion mixtures exploitation, without quantifying the 

energy consumption and greenhouse gases emissions derived from each scenario. This thesis aims to 

solve this literature gap and improve the knowledge on these topics, to help the understanding of biogas 

production in Portugal. 
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3.  Data and methods 

For a better comprehension of the theoretical approach of the study, chapter 3 is divided in three 

sections: first the characterisation of the co-digestion case study, then the experimental design and, to 

finalise, the quantification of biogas potential from the co-digestion mixture and other organic residues. 

 

3.1. Characterisation of case study 

In pursuance of the experimental procedure developed along this thesis, a rigorous characterisation of 

the waste residues management practices was first executed for the chosen case study, as to provide 

a background knowledge on manure conditions and nutrients content.   

The equestrian centre studied is located at Oeiras, Lisbon, Portugal and currently houses sixty-seven 

horses, among ponies (weights ranging from 225 kg to 350 kg) and bigger equines (weight range 

between 350 kg and 600 kg). In the scope of previous biological studies made in 2015, at the same 

centre, the daily quantities of horse manure produced were measured and the averages were obtained 

in function of horse weight. The results are presented in Table 3.1. 

 

Table 3.1 – Daily fresh matter produced in 2015, related to horse weight 

Size No. Horses Daily faeces produced per animal 
[kg] 

Daily total faeces produced 
[kg] 

Ponies 12 6.5 78.0 

Adults 55 10.5 577.5 

 
 

Total 655.5 

 

The total housed horses represent an annual manure production of 239 257.5 kg, roughly 240 tonnes. 

This large amount of manure is distributed to nearby small-farmers, that collect the wastes in cars and 

trucks to be used as soil fertilisers. 

The nutrients content in horse manure is a very important parameter to analyse its applicability in 

anaerobic digestion systems, as well as the potential of biogas production and utilisation of the digestate 

as biofertiliser in arable land. This nutrient content, as well as the biodegradability of the faeces, is 

affected by some critical factors of horse keeping, namely manure availability, suitability and digestibility 

in anaerobic processes and various waste management practices, such as amount and type of horse 

feeding, amount and type of bedding, mucking out regime, time manure spent outside, time/type of 

manure storage, spreading of manure and soil conditions, transportation conditions and type of fuel 

used (in the case of digestate reutilisation) [53]. 

Each horse has its own individual box with straw bedding, and the cleaning occurs when horses are 

moved outside, to do their training and to be washed and brushed. Horse faeces and dirty straw are 

cleared, while new fresh straw is inserted to remake the bedding (spot-cleaning). Wet straw is 

completely removed from the box, to prevent horses from developing knee aches. Manure and spent 

straw sweeping is made manually with shovels, every morning except for Mondays, when the centre is 

closed. Boxes are cleaned from one edge of the box complex to the opposing edge to achieve maximum 

efficiency, as schematised in Figure 3.1. 
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Figure 3.1 – Stall cleaning scheme. Adapted from: [54] 

 

Manure is stocked in a temporary pile and posteriorly collected in a dumper, transported to the dunghill 

– concrete structure with floor, three walls and no ceiling, located 800 m away from the equestrian 

centre – and stocked in a static pile (see Figure 3.2). The daily amount of manure collected from the 

sixty-seven horses which are housed in the centre is approximately 655.5 kg, and the resulting pile 

does not stay more than twenty-four hours in the dunghill. For the experiments, fresh horse dung was 

taken from the temporary pile, at the time of cleaning.  

 

 
Figure 3.2 – Equestrian centre dunghill 

 

The swine livestock facility used for pig slurry collection is located at the municipality of Salvaterra de 

Magos, in Santarém, Portugal. The facility has approximately five hundred sows, one thousand six 

hundred and twenty nursing pigs and four thousand growing pigs, and is under the IPPC (Integrated 

Pollution Prevention and Control) directive. Slurry management system includes storage tank, solid-

liquid separation of slurries, followed by insertion into a lagoon system: three anaerobic lagoons (with 

a total volume of 6039 m3) and one facultative lagoon (5474 m3). After anaerobic treatment in the lagoon 

system, the slurry is applied to the 213 ha of the farm for fertilisation purposes. For the experiments, 

the slurry samples were collected from the storage tank, after mixing. 
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3.2. Experimental design 

With the purpose of studying the methane potential production from anaerobic co-digestion of horse 

manure and pig slurry, laboratory-scale experiments were conducted at Instituto Superior de 

Agronomia. First, the horse manure and pig slurry samples were collected and characterised, to 

determine the best mixture with which to start the experiments, and afterwards, a pre-treatment was 

chosen, to adequate the mixture to the liquid anaerobic digestion process. Posteriorly, the chronogram 

of experimental cycles and the operational parameters to be used in the experiments were defined.  

 

• Samples collection and characterisation 

Straw-based horse manure was collected at the equestrian centre and pig slurries were collected at the 

swine livestock facility, with a periodicity in accordance with Table 3.2. 

 

Table 3.2 - Samples collection frequency 

Feedstock Date 

Horse manure 30/10/2016 

Pig slurry 

04/10/2016 

14/11/2016 

05/12/2016 

09/01/2017 

 

All samples and feeding mixtures were characterised for pH, electrical conductivity (EC), total solids 

(TS), total volatile solids (VS), total suspended solids (SS), total volatile suspended solids (VSS), total 

dissolved solids (DS), total volatile dissolved solids (VDS), total chemical oxygen demand (TCOD), 

soluble chemical oxygen demand (SCOD), total Kjeldahl nitrogen (TKN), ammoniacal nitrogen (N-NH4
+) 

and total alkalinity (TA) according to Standard Methods for Water and Wastewater Examination [55]. 

To obtain the carbon/nitrogen ratio (C/N), some auxiliary calculations are necessary. The van 

Bemmelen conversion factor is used to convert organic matter content (VS) in total organic carbon 

content (TC), based on the hypothesis that 58% of the organic matter amounts to organic carbon. 

 

𝑇𝐶 =
𝑉𝑆

1.724
 

Where: 

TC – total carbon [kg.m-3], 

VS – total volatile solids [kg.m-3], 

1.724 – van Bemmelen conversion factor. 

 

With TC value, it is possible to determine the C/N ratio, by relating TC with TKN. 

 

𝐶/𝑁 =
𝑇𝐶

𝑇𝐾𝑁
 

Where: 
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C/N – carbon/nitrogen ratio, 

TC – total carbon [kg.m-3], 

TKN – total Kjeldahl nitrogen [kg.m-3]. 

 

• Horse manure sample 

One fresh sample of horse manure mixed with spent wheat straw bedding was collected, at the time of 

box cleaning, from the temporary stockpile at the equestrian centre. The fresh sample was weighted, 

amounting to a quantity of 1727 g, and, afterwards, the mixed spent straw was carefully removed, 

remaining only the horse faeces for utilisation as co-substrate. The removed spent wheat straw was 

also weighted and amounted to 239 g, which corresponded to 13.8% of the total sample weight. 

Analysing the horse dung after straw removal, a dry matter content of 23.5% (% wet weight) and an 

organic matter content of 88.7% (% dry matter) were obtained, values which are in accordance to the 

literature [24], [30]. After preparation and characterisation, horse dung is stored at 4ºC. 

 

• Swine slurry samples 

Fresh swine slurry samples were collected from the storage tank, with the frequency previously 

described (see Table 3.2). The samples had remnants of grains and solid manure fractions, so the 

slurries were sieved with a strainer of mesh size 2 mm, to remove these residues. After sieving, the 

remaining liquid fractions were stored at 4ºC. 

 

• Pre-treatment 

As to avoid clogging problems and floating layers inside the digester, a pre-treatment process of the 

mixture of manures was carefully delineated. The desired quantity of horse manure was first weighted 

in a digital balance, with an accuracy of ±0.005 g. The liquid fraction of swine slurry was added to the 

weighted horse manure, until 1 L of mixture was obtained, and the total weight of the mixture was 

measured. To obtain a homogenous appearance, the mixture was grinded with a kitchen blender of 

150 W, for five minutes. After grinding, the homogenised mixture was sieved with the strainer with a 

mesh size of 2 mm, to extract solid residues and smaller straw fragments. The sieving process was 

repeated until no more liquid could be separated from the solid fraction of the mixture. The liquid and 

solid fractions were then weighted individually and it was verified that 90.6% of the total weight 

corresponds to the liquid fraction of the fresh matter, which was stored at 4 ºC for utilisation as 

feedstock. The remaining 9.4% of the total weight corresponds to the solid fraction of the fresh matter 

and could not be exploited, therefore being disposed of. No significant differences in solid fraction 

weights obtained were registered. A scheme of the pre-treatment process is shown in Figure 3.3. 
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Figure 3.3 – Scheme and mass balance of pre-treatment steps 

 

• Chronogram of the experiments and experimental cycles 

During the experimental procedure, the cycles were conducted with hydraulic retention time (HRT) of 

twenty-three days, for a duration of five months. In the first cycle, the reactor was fed solely on pig slurry 

until a constant biogas production was achieved, to serve as reference for the following cycles. These 

were conducted with increasing quantities of horse manure in the mixture, maintaining the same 

operational parameters. Since the manure used in the fourth cycle was very diluted, C3 was prolonged 

for a second HRT, for better observation of the microbial adaption to the lower OLR. The chronogram 

of the experiments is presented in Table 3.3. 

 

Table 3.3 – Chronogram of experiments: C0 – Control cycle (0:100); C1 - First cycle (10:90); C2 - Second cycle (13:87); C3 - 

Third cycle (20:80) 

Cycle 
October November December January February 

1 2 3 4 2 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

C0                     

C1                     

C2                     

C3                     

 

• Characterisation of the feeding mixtures 

The experiment was divided in four cycles with different mixtures and five HRTs. To allow a better 

control of the digestion process, every mixture was characterised before the beginning of each 

respective HRT and the results obtained are presented in Table 3.4.  
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Table 3.4 – Feeding mixtures characterisations (results are given as averages and ranges of duplicate analytical 

measurements) 

Characteristics C0 C1 C2 
C3 

(1st HRT) 
C3 

(2nd HRT) 

pH 7.1 ± 0.02 7.6 ± 0.17 7.6 ± 0.14 7.8 ± 0.11 7.5 ± 0.10 

EC [mS.cm-1] 10.8 ± 0.99 8.3 ± 0.20 8.5 ± 0.08 9.7 ± 1.3 7.6 ± 1.02 

TS [g.L-1] 12.6 ± 1.98 14.8 ± 2.04 16.0 ± 0.20 14.7 ± 2.59 9.4 ± 1.17 

VS [g.L-1] 8.9 ± 1.8 10.2 ± 1.27 10.8 ± 0.18 9.7 ± 1.98 5.6 ± 0.16 

VS/TS [%] 70.7 68.9 67.6 66.4 66.1 

VDS [g.L-1] 2.2 ± 0.17 2.7 ± 0.64 3.3 ± 0.01 3.5 ± 0.21 3.8 ± 0.34 

VSS [g.L-1] 6.8 ± 0.60 7.5 ± 0.64 7.6 ± 0.18 6.2 ± 2.20 5.8 ± 1.02 

TCOD [g.L-1] 19.34 ± 3.98 16.51 ± 2.42 17.95 ± 1.58 15.64 ± 3.89 9.28 ± 0.81 

SCOD [g.L-1] 9.09 ± 1.86 4.07 ± 0.72 3.69 ± 0.14 3.75 ± 0.29 4.0 ± 0.18 

SCOD/TCOD [%] 47.0 24.6 20.5 24.0 43.1 

TKN [g.L-1] 1.72 ± 0.37 1.13 ± 0.02 1.12 ± 0.01 1.10 ± 0.02 0.57 ± 0.01 

N-NH4
+ [g.L-1] 1.20 ± 0.25 0.71 ± 0.01 0.70 ± 0.01 0.76 ± 0.08 0.40 ± 0.01 

TC [g.L-1] 5.16 ± 1.04 5.92 ± 0.74 6.27 ± 0.11 5.65 ± 1.16 3.25 ± 0.16 

C/N 3 5 6 5 6 

 

A control cycle was conducted first, only with swine slurry as feeding stock of the system, to serve as a 

comparison basis. The following three cycles were fed with horse manure and swine slurry mixtures. 

To choose the first mixture concentration to be fed to the reactor, two different samples (10 g of horse 

manure mixed with 1 L of swine slurry and 20 g horse manure with 1 L of swine slurry) were tested for 

TCOD and SCOD contents. The mixture with a concentration of 20.0 g.L-1 showed the best results (14.1 

g.L-1 and 1.0 g.L-1, respectively), therefore, it was chosen as the feedstock for C1, since higher TCOD 

and SCOD contents indicate higher amounts of organic compounds available for the anaerobic 

digestion process. As such, the cycles had increasing proportions of horse manure, with the purpose 

of increasing these parameters, having been weighted, per litre of swine slurry, 20 g for C1, 40 g for C2 

and 60 g for C3. 

For comparison purposes, each new swine slurry sample used to prepare the mixture was also 

characterised, to understand the conditions of the base substrate being used and the modifications 

provoked by the addition of horse manure. It was observed that the addition of horse manure increased 

TS, VS, TCOD and SCOD contents of the mixtures and this resulted in HM:PS ratios of 0:100 (C0), 

10:90 (C1), 13:87 (C2) and 20:80 (C3), in terms of inlet %VS.  

Although the addition of horse manure improved TCOD and SCOD contents, when compared with 

swine slurry alone, a constant increase of TCOD along the cycles could not be obtained. This is due to 

the swine slurry being collected at several occasions and having varying degrees of dilution. The lower 

SCOD/TCOD ratios are a consequence of the changing environmental conditions at the livestock 

facility, such as different feeding diets of the animals and different waste collection practices, since the 

samplings were collected from the end of the Summer to the middle of Winter, when the rain significantly 

dilutes the slurry in the slurry management system. 
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The swine slurry used in the last week of the first HRT of C3 was the most diluted one, with low TCOD 

and SCOD contents (5.86 g.L-1 and 4.18 g.L-1, respectively). Since the swine slurry was so diluted, this 

cycle was tested for two HRTs, with the same operational parameters, to better evaluate the digestion 

process stability and performance, in addition to guaranteeing that the results were not significantly 

affected by the change in the organic loading rate. 

 

• Anaerobic digester unit 

The experimental installation is controlled by a programmable logic controller (PLC) system and 

consists of a CSTR with total volume of 6.86 L and working volume of 4.8 L. The reactor includes a 

heating system controlled by a thermostat with an accuracy of ±0.5 ºC, a mechanical stirrer (VELP 

Scientifica, 50 rpm, 60 W), a feeding pump (Watson Marlow, 120 rpm) and a gas flowmeter with an 

accuracy of ±3% (MilliGascounter – Ritter, Germany). Feeding mixture is inserted in the substrate tank 

and pumped through the feeding circuit to the reactor. To keep the working volume constant, digestate 

is expelled to the digestate tank in the same flow-rate as the substrate, keeping, as such, the mass 

balanced. The experimental installation also includes a biogas quality analyser (LMSxi Multifunction 

Landfill Gas Analyser), which allows the measurement of methane (CH4) and carbon dioxide (CO2) 

percentages with an accuracy of ±3% and hydrogen sulphide (H2S) concentration with a detection range 

of 200 – 1500 ppm. Figure 3.4 shows the configuration of the laboratory-scale experiments. 

 

 

Figure 3.4 – Experimental installation configuration  

 

• Operational parameters 

Operational parameters are kept constant for all the cycles. The anaerobic process temperature, which 

is controlled and corrected by the heating system, is kept at 37 ºC (mesophilic regime). The reactor was 

fed with 1500 mL of substrate equally divided along the week, which results in 214 mL.day-1 of digested 

volume. HRT is calculated by relating the digestate flow rate at the exit of the reactor with the working 

volume of the digester. 
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𝐻𝑅𝑇 =
𝑉𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟

𝑉𝑑𝑎𝑖𝑙𝑦 𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒

 

Where: 

HRT – Hydraulic Retention Time [days], 

Vdigester – working volume of the digester [m3], 

Vdaily digestate – daily digested volume [m3.day-1]. 

 

Organic Loading Rate (OLR) is calculated by relating the VS content of the mixture added daily to the 

process with the working volume of the digester. 

 

𝑂𝐿𝑅 =
𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . 𝑉𝑆

𝑉𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟

 

Where: 

OLR – organic loading rate [kgVS.m-3.day-1], 

Qsubstrate – substrate flow rate [msubstrate
3.day-1], 

VS – total volatile solids of the substrate [kgVS.msubstrate
-3], 

Vdigester – working volume of the digester [m3]. 

 

Other parameters monitored during the experiments were the gas production rate (GPR), the biogas 

quality and the specific methane production (SMP). GPR is measured daily with a gas flowmeter and 

biogas quality is measured weekly with the gas analyser, which provides values for the methane and 

carbon dioxide contents. By multiplying GPR with the methane content of the biogas it is also possible 

to know the methane production rate (MPR). 

 

𝐺𝑃𝑅 =
𝑄𝑏𝑖𝑜𝑔𝑎𝑠

𝑉𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟

 

Where: 

GPR – gas production rate [mbiogas
3.m-3.day-1], 

Qbiogas – biogas flow rate [mbiogas
3.day-1], 

Vdigester – working volume of the digester [m3]. 

 

𝑆𝐺𝑃 =
𝑄𝑏𝑖𝑜𝑔𝑎𝑠

𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . 𝑉𝑆
 

Where: 

SGP – specific gas production [mbiogas
3.kgVS

-1], 

Qbiogas – biogas flow rate [mbiogas
3.day-1], 

Qsubstrate – substrate flow rate [msubstrate
3.day-1], 

VS – total volatile solids of the substrate [kgVS.msubstrate
-3]. 
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𝑆𝑀𝑃 =
𝑄𝑚𝑒𝑡ℎ𝑎𝑛𝑒

𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 . 𝑉𝑆
 

Where: 

SMP – specific methane production [mmethane
3.kgVS

-1], 

Qmethane – methane flow rate [mmethane
3.day-1], 

Qsubstrate – substrate flow rate [msubstrate
3.day-1], 

VS – total volatile solids of the substrate [kgVS.msubstrate
 -3]. 

 

With the purpose of maintaining the stability of the process inside the reactor, pH and EC of the 

substrate were also analysed daily, while the digestate was analysed regularly for the same parameters. 

To further analyse the stability of the anaerobic co-digestion, the specific energy loading rate (SELR) 

was calculated at the end of each HRT, as well as the removal efficiencies (η) of the process in terms 

of VS, SS and TCOD. 

SELR is a good indicator of the process stability inside the digester. This parameter is the ratio between 

daily fed organic load (expressed in TCOD) and the active biomass inside the reactor (expressed in 

VSS) [56]. SELR is based on the concept that the microbial consortium has a maximum capacity of 

digestion. If this capacity is exceeded, the digester might become unstable, due to the rate of 

acidogenesis outpacing the rate of methanogenesis [57]. As such, SELR values below 0.4 kgTCOD.day-

1.kgVSS
-1 indicate digester stability and the possibility of increasing the feeding load without failure of the 

process, [57]. 

 

𝑆𝐸𝐿𝑅 =
𝑄𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒×𝑇𝐶𝑂𝐷

𝑉𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑟×𝑉𝑆𝑆
 

Where: 

SELR – specific energy loading rate [kgTCOD.day-1.kgVSS
-1], 

Qsubstrate – substrate flow rate [msubstrate
3.day-1], 

TCOD – total chemical oxygen demand of the substrate [kgTCOD.m-3], 

Vdigester – working volume of the digester [m3], 

VSS – total volatile suspended solids of the digestate [kgVSS.m-3]. 

 

𝜂 =
𝑆𝑠 − 𝑆𝑑

𝑆𝑠

×100 

Where: 

η – removal efficiency [%], 

Ss – substrate concentration at the beginning of the HRT [kg.m-3], 

Sd – digestate concentration at the end of the HRT [kg.m-3]. 

 

The reactor was kept at approximately 37 ºC (mesophilic regime) throughout the HRTs of 23 days. The 

chosen set-up configuration of the experiments, inclusion levels of horse manure and organic loading 

rates are resumed in Table 3.5. 

 



 

26 

 

Table 3.5 - Set-up configuration of the experimental assays 

Experimental cycle 
HRT  

[days] 
T 

[ºC] 

HM:PS 
[%VS 
inlet] 

HM:PS 
[%TCOD 

inlet] 

OLR  
[kgVS.m-3.day-1] 

C0 – Control cycle 23 36 ± 0.5 0:100 0:100 0.556 ± 0.11 

C1 - First cycle 23 37 ± 0.7 10:90 11:89 0.638 ± 0.08 

C2 - Second cycle 23 37 ± 0.9 13:87 14:86 0.675 ± 0.01 

C3 - Third cycle (1st HRT) 23 37 ± 0.8 20:80 22:78 0.608 ± 0.25 

C3 - Third cycle (2nd HRT) 23 37 ± 0.8 20:80 22:78 0.345 ± 0.06 

 

• Energy consumption monitoring 

The energy consumed by the components directly coupled to the anaerobic digester (the heating 

system, the feeding pump and the mechanical stirrer) was measured with a data logger (Voltcraft 

Energy Logger 4000), twenty-four hours per day with a 1 Hz frequency, with an accuracy of ±1%. The 

configuration of the measurement set-up is shown in Figure 3.5. Consumption related to the mechanical 

pre-treatment of the mixtures was also calculated by measuring the time spent in the preparations and 

relating it with the power of the kitchen blender (150 W).  

  

 

 

 

 

3.3. Quantification of biogas production potential in Portugal 

Following the experimental results, the biogas production potential in Portugal was assessed for 

promising organic resources: municipal solid wastes (MSW), wastewaters and animal manures. The 

first two categories were assessed in terms of global potential production per municipality, for 

comparison purposes, while the animal manures, where the co-digestion mixture is included, were 

studied in more detail by considering different animal types. For simplification purposes, other possible 

co-digestion mixtures of animal manures are not considered in the study and the studied residues are 

assumed to be sole substrates in anaerobic digestion processes (mono-digestion). 

An assessment of the energy consumption and greenhouse gases (GHG) emissions associated to the 

biogas production pathway was also done. A life-cycle inventory approach was undertaken [58], to 

quantify the expended energy and associated GHG emissions in each step of the biogas production 

pathway that was considered. The functional unit considered was 1 MJ of biogas, ready to be used in 

Figure 3.5 – Configuration of the energy consumption measurement set-up  
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its destination. The boundaries of the modelled system for biogas production considered a centralised 

biogas production at a municipal scale, with manure collection from farms and posterior transportation 

to a large-scale biogas plant, where the digestion process occurs. The analysis was divided into steps 

of the process, which were: residues production, residues transportation to centralised plant, biogas 

production from residues, biogas post-processing, biogas destination and digestate transportation back 

to the collection site.  

For the biogas destination step, three possible scenarios were considered: combustion in a Combined 

Heat and Power (CHP) unit (first scenario), upgrading to biomethane for natural gas grid injection 

(second scenario) and upgrading to biomethane for utilisation as fuel in road vehicles (third scenario). 

The upgrading technology considered was the Vacuum Pressure Swing Adsorption (VPSA), since this 

is the only type of upgrading equipment commercialised in Portugal [11]. 

For all steps, electric and thermal (when applied) energy consumption are estimated, as well as GHG 

emissions contemplating the three most impacting gases in terms of global warming potential (GWP): 

CO2, CH4 and N2O. The flow scheme of calculations from the manure production to the biogas 

destination decision is shown in Figure 3.6. 

 

 

 

Figure 3.6 - Flow scheme of calculations for assessment of biogas production 
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The input data collected for this analysis is described in detail next. 

• Residues production 

The MSW annual production quantities, per existing landfill, were compiled [59] and an organic fraction 

of 38.4% was assumed [60], since only the organic fraction of municipal solid wastes (OFMSW) is 

suitable for anaerobic digestion. 

For the sludge production from wastewater treatment plants (WWTPs), an average value of 

9 g/(person.day) was considered [61] and the number of inhabitants per municipality in Portugal was 

consulted [62]. For this purpose, only WWTPs with, at least, secondary treatments (activated sludge 

process) were contemplated, since these are the systems that produce the sludges used in the 

anaerobic digestion. 

For the animal manure production, the number of animals per municipality was collected [63] and the 

daily averaged manure productions were consulted in different sources, as described in Table 3.6. 

 

Table 3.6 – Daily manure production per animal category 

Animal 
category 

Daily average manure 
production  
[kgFM.d-1] 

References 

Equine 11.5 
Equestrian Centre (personal communication) 
[64] 
[54] 

Swine 2.16 
[65] 
[66] 
[64] 

Bovine1 25.5 
[67] 
[68] 
[69] 

Poultry 0.14 
[70] 
[64] 
[71] 

 

• Residues transportation 

The garbage collection system was assumed to be exploited for the residues transportation, with slight 

route changes to collect the manures from the farms to the centralised biogas plant. It was assumed 

that the trucks have a capacity of 16 tonnes (Euro 3) and are loaded until 90% of the total capacity. For 

the energy consumption and GHG emissions calculations, an empty trip to the farms was also included. 

The specific energy related to diesel consumption is 18.76 MJ.km-1 [49], [72] and the specific GHG 

emissions are 0.002 tonCO2eq.km-1 [72]. Due to the limited information on farm locations, the total 

distances travelled by the garbage trucks were estimated by approximating the municipality area to a 

circle, with the biogas plant placed at the centre of the circle, and multiplying the area radius by the 

number of come and go routes necessary to transport the totality of the residues. This method gives an 

approximation of kilometres travelled, but requires further study in the future. 

 

• Residues pre-processing 

                                                           
1 For bovine category, it was assumed that all animals were beef cattle with a weight of 450 kg 
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A system consisting of screw grinders (for increased manure pumpability and avoidance of clogging 

problems) and manure pumps was selected for the manure insertion into the biogas plant. An energy 

consumption of 0.009 MJ.MJe
-1, or 0.0036 MJ.MJbiogas

-1, was attributed to this system [73]. 

 

• Biogas production from each substrate 

After the calculation of the annual residues production per municipality, the potential biogas production 

from each substrate could be obtained from the specific biogas productions (SBP) of each substrate. A 

summary of the data considered is given in Table 3.7. 

 

Table 3.7 - Specific biogas productions considered, by substrate and type of digester 

Substrate 

Total 
solids 

content 
[%FM] 

Volatile 
solids 

content 
[%FM] 

Specific 
biogas 

production 
[m3.tonTS

-1] 

Specific 
biogas 

production 
[m3.tonVS

-1] 

Digester 
Methane 
content  

[%] 
References 

OFMSW 
32.0 - 274.0 - Dry 57.5 [74], [75] 

- 30.0 - 571.0 CSTR 60.0 [76], [77] 

Wastewater 
sludge 

- 39.6 - 418.4 CSTR 70.0 [56], [78], [79] 

Equine 
manure 

38.0 32.5 - 355.3 Dry 54.0 [24], [35] 

Swine 
slurry 

5.4 4.5 - 582.0 PFR 70.0 [34], [80], [81] 

5.4 4.5 - 289.0 CSTR 66.0 [34], [80], [82] 

Bovine 
manure 

8.1 6.0 - 373.0 PFR 59.0 [83]–[86] 

8.1 6.0 - 342.8 CSTR 58.5 
[82], [84], [85], 
[87] 

Poultry 
manure 

10.2 8.0 - 361.5 CSTR 59.0 [88], [89] 

 

For the mono-digestion processes, the biogas potential production was obtained by means of a 

literature review, from which averages of TS and VS contents of each residue (in percentages of fresh 

matter, %FM), of specific biogas productions and of CH4 content were taken. The digester technology 

used in each study was also registered, since it affects significantly the performance of the biological 

process.  

For the co-digestion case study, the national biogas potential production was determined for the best 

cycle of the experiments, C3, with a SBP of 380.0 m3.tonVS
-1, a CH4 content of 68% and a mixture of 

HM:PS in terms of percentage of inlet volatile solids (%VS inlet) of 20:80. The calculations are done 

based on the maximisation of the residues consumption, taking into account the availability of each 

substrate (and number of animals) per municipality. 

 

• Digester technologies 

The electric and thermal energy consumption of the digesters and auxiliary equipment (mixers, pumps 

and other mechanical instruments) were obtained by type of technology and scenario considered, as is 

shown in Table 3.8. All digester types considered were single-stage systems. For GHG emissions 

estimation, an average of 0.037 tonCH4.tonCH4biogas
-1 of methane leaks from the biogas plants is also 

contemplated [90], [91]. 
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Table 3.8 - Electricity and heat consumption ratios for biogas production, by type of digester 

Digester 

1st scenario 2nd and 3rd scenarios 

References Electricity 
consumption

[MJ.MJe
-1] 

Heat 
consumption
[MJ.MJheat

-1] 

Electricity 
consumption 
[MJ.MJbiogas

-1] 

Heat 
consumption  
[MJ.MJbiogas

-1] 

Dry 0.2300 0.1900 0.0325 0.0745 [50], [92]–[94] 

CSTR 0.0780 0.1900 0.0325 0.0745 [50], [73] 

PFR 0.0680 0.1900 0.0325 0.0745 [50], [93] 

 

• Biogas post-processing 

A cleaning process of the biogas was deemed necessary before the destination decision. This post-

processing includes desulphurisation, to remove the H2S molecules from the mixture and avoiding 

corrosion of the equipment, with posterior dehumidification and compression of the biogas up to 1 MPa 

[95]. It was assumed that all substrates had the same concentration of H2S, a value of 1000 ppm – 

1 kgH2S.mbiogas
-3 [41]. A desulphurisation technique of activated carbon with potassium iodide was 

chosen for H2S removal, since this is considered to be the best practice for a VPSA upgrading 

technology and has a very high efficiency (98%), assuring the low levels required for utilization in IC 

engines [96], [97]. The specific energy consumption and GHG emissions contemplated in the 

calculations are presented in Table 3.9. 

 

Table 3.9 - Energy consumption and GHG emissions from post-processing of biogas 

Process 
Energy 

consumption 
Units 

GHG 

emissions2 
Units References 

Dehumidification 
+ compression 

0.0050 
0.0020 

MJ.MJe
-1 

MJ.MJbiogas
-1 

- 
0.0978 

- 
kgCO2eq.MJ-1 

[73], [98] 

  

• Biogas destination 1: co-generation from CHP for grid injection 

In the first scenario, the biogas produced was designated to utilisation in a CHP unit for heat and 

electricity production; to be combusted in a gas engine at lean mixture conditions, with a heat recovery 

unit. The flow scheme of the calculations is shown in Figure 3.7. 

 

                                                           
2 GHG emissions for biogas post-processing are considered only in 2nd and 3rd scenarios, with electricity provided 
by the grid 
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Figure 3.7 - Flow scheme of calculations for first scenario 

 

A fraction of the energy produced was attributed to powering of the residues pre-processing system, of 

the installation equipment and of the biogas post-processing. The exceeding electrical energy was 

destined for national grid injection. No destination was attributed to the thermal energy, since its 

distribution largely depends on the location of the plant and the possible nearby facilities which can use 

it. The thermal efficiency assumed for the CHP unit was 48% and the electrical efficiency 40% [99], 

[100]. Methane losses from CHP were also considered, due to incomplete combustion of the biogas. 

The specific energy consumption and GHG emissions associated with the first destination processes 

are represented in Table 3.10. 

 

Table 3.10 - Energy consumption and GHG emissions from first scenario processes 

Process 
Energy 

consumption 
Units 

GHG 
emissions 

Units References 

CHP auto 
consumption 

0.0375 MJ.MJe
-1 0.0176 tonCH4.tonCH4biogas

-1 [73], [101], [102] 

Distribution to 
low voltage grid 

0.0800 MJ.MJe
-1 - - [103], [104] 

 

• Biogas destination 2: upgrading for injection in NG grid  



 

32 

 

In the second scenario, the biogas was allocated to an upgrading process, to generate biomethane for 

partial substitution of natural gas in the national grid. The flow scheme of the calculations is shown in 

Figure 3.8. 

 

 

 

Figure 3.8 - Flow scheme of calculations for second scenario 

 

The biogas is upgraded in a VPSA device with a methane recovery efficiency of 86%, with a resulting 

methane purity level of around 97% [105], [106]. For maximum exploitation of the biomethane, electricity 

and natural gas are provided by the national grids, for powering of the equipment and heating of the 

digester. The natural gas is combusted in a steam boiler. The biogas produced exits the VPSA 

technology at a pressure of 1.2 MPa [95] which was assumed to be a sufficiently high pressure to be 

directly injected into the grid without need of compression. The specific energy consumption and GHG 

emissions associated with the second destination processes are represented in Table 3.11. 

 

Table 3.11 - Energy consumption and GHG emissions from second scenario processes 

Process 
Energy 

consumption 
Units 

GHG 
emissions 

Units References 

Steam 
boiler  

0.3330 MJ.MJheat
-1 

0.0788 
0.0978 

kgCO2eq.MJheat
-1 

kgCO2eq.MJ-1 
[103] 
[98] 

VPSA 
upgrading 

0.9540 MJ.mbiogas
-3 

0.0325 
0.0978 

tonCH4.tonbiogas
-1 

kgCO2eq.MJ-1 

[41], [95] 
[103] 
[98], [107] 
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• Biogas destination 3: upgrading for vehicle fuel 

In the third scenario, the biogas was also allocated to an upgrading process, to generate compressed 

biomethane (bio-CNG) for utilisation as vehicle fuel. Figure 3.9 shows the flow scheme of calculations. 

 

 

 

Figure 3.9 - Flow scheme of calculations for third scenario 

The processes and technologies constituting the third scenario coincide with the ones of the second 

scenario, with the difference that an additional process was considered: biomethane compression up 

to 250 bar for utilisation as vehicle fuel at 200 bar inside the fuel tank [108]. The specific energy 

consumption and GHG emissions associated with the third destination processes are represented in 

Table 3.12. 

 

Table 3.12 - Energy consumption and GHG emissions from third scenario processes 

Process 
Energy 

consumption 
Units 

GHG 
emissions 

Units References 

Steam boiler  0.333 MJ.MJheat
-1 

0.0788 
0.0978 

kgCO2eq.MJheat
-1 

kgCO2eq.MJ-1 
[103] 
[98] 

VPSA 
upgrading 

0.954 MJ.mbiogas
-3 

0.0325 
0.0978 

tonCH4.tonbiogas
-1 

kgCO2eq.MJ-1 

[41], [95] 
[103] 
[98], [107] 

Biomethane 
compression 

1.008 MJ.mbiomethane
-3 

1.6100 
0.0978 

gCO2eq.MJbiomethane
-1 

kgCO2eq.MJ-1 
[108], [109] 
[40], [98] 
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• Digestate transportation 

A step of digestate transportation back to the collection sites of the manure, for utilisation as biofertiliser, 

was also considered. It was assumed that the digestate had the adequate organic properties to be 

directly spread on the farm ground without need of additional treatments. In the calculation of the 

production of digestate from the biogas plant, the weight losses of the mixture, due to the degradation 

of organic matter in the anaerobic digestion process, were neglected, since the dry matter content of 

the digestate depends on the chosen technology and other operational parameters [49], [50]. Hence, it 

was assumed that 1 tonne of animal manure with, for example, 8% TS (bovine manure), corresponds 

to 0.8 tonnes of mixture and generates 0.8 tonnes of digestate. The energy consumption and GHG 

emissions from transportation were calculated in the same manner as the one of residues 

transportation. This method gives an approximation of kilometres travelled, but requires further study in 

the future. 
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4.  Results and discussion 

Chapter 4 is divided in two principal sections, for clarity of analysis. The first section focuses on the 

experimental results of the co-digestion mixture, while the second section focuses on the quantification 

and possible implementation of biogas production pathways in Portugal. 

 

4.1. Biogas production from co-digestion of horse manure and pig slurry 

The analysis of the results from the co-digestion experiments is focused on two essential experimental 

parameters: the monitoring of the microbial activity inside the reactor and the reactor performance 

relative to biogas production, which are presented in more detail next. 

 

• Monitoring of microbial activity 

The addition of horse manure originated a decrease of the nitrogen compounds of the mixtures, more 

specifically, a 16% decrease of TKN and a 26% decrease of N-NH4
+, from C0 to C1. Due to the decrease 

of TKN and to the increase of TC originated by the higher quantity of organic compounds present in the 

mixture, the C/N ratio improves to double the initial value by the third cycle, C2. Horse dung has high 

C/N ratios, as previously reported in the literature [37], and the improvement of this value suggests that 

higher methane yields are expected in the cycles following C0.  

It was also observed that by the fourth cycle, C3, N-NH4
+ content had decreased 36.7%, compared with 

the control cycle, due to the addition of horse manure. Although ammonium is an essential nutrient for 

bacterial growth, it may have an inhibitory effect on the methanogenesis phase of anaerobic digestion 

when showing high concentrations [80]. The maximum concentration of N-NH4
+, before co-digestion 

instability, occurs at 1.7 g.L-1, according to previous observations [110]. The values of N-NH4
+ 

concentrations obtained for each feeding mixture were well below the threshold limit established for all 

the cycles, which reduces the possibility of ammonia inhibition of the bacterial activity and, hence, the 

risk of methane production decrease.  

Overall, the evolution of the digestate organic characteristics follow the same tendency of the feeding 

mixtures, as expected. The values are lower than the ones obtained for the feeding mixtures, which 

indicated that organic degradation occurred. The monitoring of these parameters during the HRTs allow 

the calculation of the organic matter removal efficiencies of the digestion process. 

The ideal pH range for anaerobic digestion is very narrow: 6.8–7.2; below 6.8 the growth rate of 

methanogens is greatly reduced, while an excessively alkaline pH can lead to disintegration of microbial 

granules and subsequent failure of the process [39]. For the duration of the experiments, pH values of 

the digestate were slightly alkaline, however, due to the good buffering capacity of pig slurry, there was 

no instability of the bacterial activity inside the reactor. These values also indicate a good possibility of 

the digestate being used as a biofertiliser in the future, after being submitted to an organic amendment 

process to prevent nitrification of the soils, [111].   

The digestate physio-chemical characteristics are presented in Table 4.1.  
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Table 4.1 – Digestate characterisations (results are given as averages and ranges of duplicate analytical measurements) 

Characteristics C0 C1 C2 
C3 

(1st HRT) 
C3 

(2nd HRT) 

pH 7.4 ± 0.02 7.8 ± 0.27 7.5 ± 0.07 7.4 ± 0.18 7.8 ± 0.07 

EC [mS.cm-1] 11.2 ± 1.05 7.0 ± 1.34 8.2 ± 0.29 8.8 ± 0.06 8.8 ± 0.29 

TS [g.L-1] 7.7 ± 1.73 10.0 ± 0.91 10.5 ± 0.46 9.8 ± 1.17 4.6 ± 1.25 

VS [g.L-1] 5.2 ± 1.16 6.4 ± 0.45 5.8 ± 0.16 5.8 ± 0.72 2.6 ± 0.59 

VS/TS [%] 67.5 64.0 55.4 59.2 59.6 

VDS [g.L-1] 1.4 ± 0.61 1.1 ± 0.07 1.4 ± 0.08 1.65 ± 0.01 0.3 ± 0.77 

VSS [g.L-1] 3.7 ± 0.51 5.2 ± 0.52 4.4 ± 0.24 4.2 ± 0.71 2.3 ± 0.83 

TCOD [g.L-1] 9.28 9.96 11.00 8.86 4.27 

SCOD [g.L-1] 4.55 1.72 1.75 1.88 1.26 

SCOD/TCOD [%] 49.0 17.3 15.4 21.2 29.5 

 

• Reactor stability and performance 

The results obtained for each HRT are presented in Table 4.2. For evaluation of anaerobic digestion 

process stability, SELR and TA values are monitored. The methanogenic bacteria growth capacity is 

exceeded if SELR values are higher than 0.4 kgTCOD.day-1.kgVSS
-1, which may result in methanogenesis 

inhibition and even process failure [57]. It was observed that SELR values were always lower than the 

threshold of instability, which indicates that the reactor was always stable throughout the experiments. 

By the fourth cycle, C3, SELR was half of the advisable maximum value, which suggests that the 

manure quantity can still be increased without risk of digester instability or failure, with a resulting 

bacterial growth and methane production [56], [112].  

 

Table 4.2 – Operational and stability parameters of each hydraulic retention time (HRT)  

Parameters C0 C1 C2 
C3 

(1st HRT) 
C3 

(2nd HRT) 

GPR [m3.m-3.day-1] 0.071 ± 0.02 0.105 ± 0.04 0.123 ± 0.03 0.120 ± 0.03 0.072 ± 0.03 

Biogas quality [%CH4] 57.3 69.0 69.7 68.0 68.0 

SGP [L.kg-1
VS] 151.7 ± 27.8 258.6 ± 29.4 288.8 ± 45.1 318.5 ± 32.3 380.0 ± 36.0 

SMP [L.kg-1
VS] 86.9 ± 15.9 178.4 ± 20.3 201.3 ± 31.4 215.6 ± 21.9 258.3 ± 24.2 

SMP [L.kg-1
TCOD] 46.0 ± 14.6 110.2 ± 12.5 121.1 ± 18.9 137.4 ± 61.8 142.0 ± 16.4 

VS reduction [%] 42.1 44.5 48.8 46.4 48.4 

TCOD reduction [%] 52.0 47.4 47.7 48.5 54.0 

SCOD reduction [%] 49.9 57.7 57.9 58.4 68.5 

SELR [kgTCOD.day-1.kgVSS
-1] 0.296 0.196 0.260 0.223 0.252 

Total Alkalinity [gCaCO3.L-1] 3.76 ± 0.18 4.40 ± 0.20 3.00 ± 0.20 3.50 ± 0.10 3.20 ± 0.20 

 

Alkalinity is the capacity of the digester medium to neutralise the volatile fatty acids (VFA) generated 

during the process and, therefore, to mitigate pH changes [113]. The TA values observed during the 

cycles were above the lower limit advisable for assuring stable process conditions, 1.5 gCaCO3.L-1 and 
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below the maximum 9.1 gCaCO3.L-1 previously reported in pig slurry co-digestion studies, which assures 

the stability of the digester [113], [114]. 

It is known that changes in OLR during the digestion process affect the methane production, due to 

resulting changes in VFA production, which may, in turn, inhibit the methanogenic bacteria activity [115]. 

The response of digesters exposed to variations in OLR depends on the past operation of the reactor; 

digesters previously exposed to different OLRs recover to initial values of biogas quantity and quality 

faster when exposed to new OLR increase with the same feedstock [115]. The increase of organic 

compounds due to the addition of horse manure may be observed in the increase of OLR up to C2. 

With the utilisation of a more diluted pig slurry in the following HRTs, OLR decreased drastically, up to 

half the intended value. Analysing the reactor performance, it was observed that gas production rate 

(GPR) shows an evolution proportional to that of OLR, with increasing values of gas production for 

increasing values of OLR (see Figure 4.1) and with a significative decrease in the two HRTs of C3. The 

big dispersion of GPR values is due to the different times of measurements (done on working days) and 

external perturbations of the process, such as different ambient temperatures and occasional clogging 

of the feeding pump, but a fitting curve could be obtained since the evolution was known a priori.  

The initial GPR increase is slower than the increase of OLR due to the lag phase of microbial response 

to the higher quantity of organic compounds available, which is in accordance with the observations of 

Ferguson et al. (2017). As the microbial community adapts to the feedstock, the lag phase reduces and 

GPR variations change at a faster pace, with OLR changes. Similar behaviour has been reported in pig 

slurry co-digestion studies [114]. The fifth HRT had the lowest OLR of all, due to the considerably diluted 

pig slurry contribution, decreasing to almost half the value (0.345 kgVS.m-3.d-1) of the first HRT, which 

results in a decrease of the GPR. 

 

 

Figure 4.1 – Gas production rate, GPR (in m3.m-3.day-1) and organic loading rate, OLR (kgVS.m-3.day-1) evolution along the 

course of experiments 
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The addition of horse manure to the feeding mixtures increased the percentage of methane in the 

biogas, with C2 registering the highest methane content of all HRTs, 69.7%. This value was higher than 

the ones reported by Smith & Almquist (2013) – 65% from co-digestion of horse manure with food waste 

– and by Mönch-Tegeder et al. (2014) – 54% from co-digestion with other manures and food wastes, 

which indicates that the co-digestion of horse manure with pig slurry in a liquid state digestion system 

is a promising technique, provided that an adequate pre-treatment is applied.  

Methane yield on a VS basis allows a better comprehension of the adequacy of the substrates for 

biogas production. Analysing the SGP yields throughout the experiment, C1 had a 1.7-fold increase 

when compared to C0, while C2 had 1.9-fold increase, the first HRT of C3 had a 2.1-fold increase and 

the second HRT of C3 had a 2.5-fold increase. SMP yields (on a L.kgVS
-1 basis) show similar tendencies, 

with a 2-fold increase for C1, a 2.3-fold increase for C2, a 2.5-fold increase for the first HRT of C3 and 

a 3.0-fold increase for the second HRT of C3, which corresponded to a maximum SMP of 258.3 L.kgVS
-

1. The consistent increase of SMP obtained throughout the experiments and the relatively low SELR at 

the fifth HRT indicate a good possibility of continued SMP increase in further studies. The SMP (in terms 

of L.kgVS
-1) evolution along the course of experiments can be seen in Figure 4.2 .  

 

 

Figure 4.2 – Specific methane production, SMP (in L.kgVS
-1), evolution throughout the duration of the experiment 

 

Comparing Figure 4.1 and Figure 4.2, the results may seem contradictory, since the GPR decreases 

(due to the decrease of OLR) while the SMP increases throughout the course of the experiments. This 

is explained by analysing the feeding mixture characterisations. The feeding mixture used in the second 

HRT of C3 had the highest VDS content, 3.8 g.L-1, and the highest SCOD/TCOD ratio, 43.1%, which 

implies that the organic matter content is more readily available for biodegradation, thus improving the 

digestion process. This is confirmed by the increase of SCOD removal efficiency, which reaches the 

maximum value, 68.5%, in the second HRT of C3. As such, since the VDS content and SCOD/TCOD 

ratio were the highest for this HRT, the digestion process was optimised, and the highest SMP obtained, 

even though OLR decreased by half. 
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Biogas quality, regarding the methane percentage, improved, as the content increased 12% from C0 to 

C1, indicating a good synergetic effect between the manures, while the addition of more horse manure 

did not further improve the CH4 content. Hydrogen sulphide measurements are strongly influenced by 

the typical high content of sulphur of pig slurry. Hence, the gas analyser, due to the maximum limit of 

detection being 1500 ppm, did not detect an eventual reduction of H2S content of the biogas. 

The experiments conducted allowed a good comprehension of the performance of co-digestion of horse 

manure and swine slurry and demonstrated that the mixture may be successfully implemented at large-

scale, however some aspects must be addressed for better results. Due to the small-scale of the 

reactor, more repetitions of each cycle are recommended to guarantee the quality of the results. Also, 

although only circa 10% of the mixture was disposed of, this solid fraction was largely composed by 

horse manure, which did not completely solve the problem of waste management. Experiments on 

large-scale reactors, that can pump higher solid fractions without clogging problems, would also be 

interesting to test the complete inclusion of horse manure and, thus, close the mass balance.    

 

• Energy consumption 

The energy consumption curves, measured by the data logger, of the three monitored HRTs are 

represented in Figure 4.3.  

 

 
Figure 4.3 – Energy consumption curves corresponding to three of the experimental HRTs 

 

The red fragment seen in the C1 curve represents the period of computer failure, during which there 

was no energy consumption. This caused a lower cumulative energy production at the end of the cycle. 

Overall, C2 and C3 consumed almost the same energy, with C3 showing 11% more consumption than 

C2. This is caused by the heating system, which amounts to 93% of the total electrical energy, and by 

the lower average temperatures of the laboratory associated with Winter season.  

Of all the HRTs, C2 produced the highest biogas quantity, 14.5 L. Considering the methane content of 

biogas obtained from each cycle and a CH4 lower heating value of 9.944 kWh.m-3 [116], the theoretical 

energy produced from the anaerobic digestion process can be calculated. The values are presented in 

Table 4.3.  
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Table 4.3 - Produced and consumed energy values of the three monitored HRTs 

Results C1 C2 
C3  

(1st HRT) 

Biogas production [L] 11.6 14.5 13.8 

Energy production [kWh] 0.080 0.100 0.093 

Energy consumption [kWh] 3.83 6.58 7.16 

Energy consumption ratio 
[MJexp energy.MJbiomethane

-1] 
3.99 5.48 6.27 

 

Analysing the energy consumption ratio (ECR), it can be concluded that none of the cycles was efficient, 

due to the heat losses of the thermal blanket. The consumption of energy was always higher than the 

theoretical energy production, a scenario which may aggravate once the efficiencies of gas turbines of 

CHPs are considered. However, these energy consumption values represent an inefficient, laboratory-

scale heating system; the thermal blanket around the digester, controlled by a thermostat, suffered 

considerable heat losses and, consequently, had a higher electricity demand. For real scale equipment, 

the system is optimised, since part of the heat and electricity produced from combustion of biogas in a 

cogeneration unit may be used for the installation itself, minimising energy consumption from the 

national grid. For an industrial-scale, double-stage, CSTR digester, for example, the energy 

consumption ratio estimated is 0.08 MJexp energy.MJbiomethane
-1, which is significantly more efficient than 

the values registered for the laboratory [73]. 

 

 

4.2. Biogas potential from different substrates in Portugal  

The results obtained for the biogas production pathways in Portugal are shown next, by considering the 

total national potential, by assessing the process steps efficiencies and by identifying the most adequate 

municipalities per type of residue. 

 

• Quantification of biogas potential in Portugal 

The national annual biogas and biomethane production potentials obtained were 592.5 Mm3 and 

310.0 Mm3, respectively. If the totality of biogas is converted into electric energy, it can cover circa 4.7% 

of 50469 GWh of the total annual electricity consumed and imported in Portugal [117].   

Analysing the animal manures as substrates for mono-digestion (see Table 4.4), bovine manure had 

the highest biogas potential result of all the manures. When considering biogas production in a CSTR, 

the result obtained for bovine manure corresponds to 38% of the total potential. Biogas production from 

poultry manure in CSTR corresponds to a much smaller fraction, 8% of the total potential production 

and for swine slurry, in the same type of digester, 3% of total potential production. No studies of poultry 

manure utilisation in PFR digesters were found in the literature review, but analysing the results of swine 

and bovine manures in Table 4.4, it can be concluded that these digesters have better performance 

than CSTRs. 
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Table 4.4 - Potential biogas and biomethane production in Portugal, per substrate and type of digester (CSTR – continuously 

stirred tank reactor, PFR – plug-flow reactor, Dry – dry anaerobic digestion) 

Substrate 

Annual biogas production 
[Mm3] 

Annual biomethane production from VPSA 
[Mm3] 

CSTR PFR Dry CSTR PFR Dry 

OFMSW 247.9 - 126.9 130.0 - 62.8 

Sewage 
sludge 

54.7 - - 32.9 - - 

Bovine 
manure 

225.7 245.4 - 113.5 124.5 - 

Poultry 
manure 

46.2 - - 23.4 - - 

Equine 
manure 

- - 25.8 - - 12.0 

Swine slurry 18.0 36.1 - 10.2 21.7 - 

Total 592.5 281.5 152.7 310.0 146.2 74.8 

 

When comparing the obtained results with the ones obtained by Cabrita et al. (2016) and by one 

previous study [45], they diverge in around 30%, possibly due to the different sources consulted for the 

number of animals, as well as the SBPs considered for each substrate.  

When considering the possibility of co-digestion of horse manure and swine slurry, the calculated 

potential of biogas and biomethane reaches 17.9 Mm3 and 10.5 Mm3, respectively. At first analysis, the 

results seemed to indicate that the co-digestion of horse manure and swine slurry is not an efficient 

biogas production pathway at a national level, since the results obtained for sole equine manure and 

sole swine slurry were higher than the one obtained for the mixture. However, this is due to the different 

dispersion of animals per municipality and to the fact that a co-digestion case scenario is highly 

dependent on the availability of animals (or other residue sources) at the study site. For this reason, a 

more detailed study, at a municipal level, shall be conducted for a better evaluation of the co-digestion 

mixture potential utilisation at large-scale facilities.  

The results obtained considered the potential production if all the residues could be collected and used 

in anaerobic digestion plants, so the values represent the maximum possible biogas production. If some 

cut-off criteria were applied, these values would be considerably lower. For example, in the case of 

centralised biogas plants such as the one studied, one can choose to install the plants only in 

municipalities where the ratio of animals.km-2 is above the average of all municipalities (to avoid 

numerous transportations), where the radius of the municipality is beneath the average (to have smaller 

transportation distances) and where the ratio of animals per producer is above the average (for 

facilitated residues management and negotiations). If these criteria are applied, the potential biogas 

production from bovine manure in CSTR technology, for instance, decreases to 29.2 Mm3.year-1, which 

corresponds to 26% of the theoretical value. Biogas production from poultry manure decreases to 

9.8 Mm3.year-1, which is 42% of the predicted potential.  

Another important consideration which could have been made, if adequate data was available, is the 

availability factor of the manures. The local animal production conditions, such as the confinement of 

the animals and the collectability of the wastes may affect significantly the biogas production throughout 
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the years, so this assessment of availability is important to develop strategies for the commercialisation 

of livestock manure as feedstock for biogas plants [118]. However, it was impossible to evaluate the 

type of confinement the animals were subjected to, so the availability of manure collection could not be 

estimated. 

The maps with the biogas and biomethane potential dispersions per Portuguese municipality were 

obtained for all animal types and are shown next. The biomethane dispersion was obtained considering 

the quality of the biogas produced from the manure and type of reactor considered and the efficiency 

of the upgrading process. For biogas production from bovine manure, the regions with higher 

predominancy obtained are the Alentejo region and also a selected few located at the north of the 

country. Alentejo is known for intensive bovine production, which explains the high biogas potential 

identified. The maps are shown in Figure 4.4. 

 

     

 

For biogas production from poultry manure, the regions with higher potential are the north region and 

the centre-west region, which is well known for intensive poultry production. The maps obtained from 

the results are shown in Figure 4.5. 

Figure 4.4 - Maps of biogas (left) and biomethane (right) potential (in m3) from bovine manure digestion in CSTR per 

Portuguese municipality 
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For biogas production from equine manure, the most promising regions are located at the north of the 

country and, on a smaller level, at the centre-west coast and Alentejo regions, where bullfighting and 

horse raising businesses are prevailing, as can be seen in Figure 4.6.  

 

           

 

For biogas production from swine manure, the regions identified as most promising for the installation 

of a biogas plant are situated in the centre-west coast and the region of Alto Alentejo, which are regions 

known for intensive swine production. The maps obtained are shown in Figure 4.7. 

 

Figure 4.6 – Maps of biogas (left) and biomethane (right) potential (in m3) from equine manure digestion per Portuguese 

municipality 

 

Figure 4.5 - Maps of biogas (left) and biomethane (right) potential (in m3) from poultry manure digestion in CSTR per 

Portuguese municipality 
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The maps obtained for the co-digestion mixture are a blend of the maps of the biogas and biomethane 

potentials from equine manure and swine slurry, as is presented in Figure 4.8. It is interesting to notice 

that the maps are more similar to the ones of pig slurry, since this manure has the highest proportion in 

the mixture (80% VS). 

 

        

 

• Energy analysis of biogas production pathway 

The total expended energy required for obtaining biogas and biomethane from each substrate, digester 

used and scenario considered are shown in Table 4.5. For all scenarios considered, the first one has 

Figure 4.7 – Maps of biogas (left) and biomethane (right) potential (in m3) from swine slurry digestion in CSTR per Portuguese 

municipality 

Figure 4.8 – Maps of biogas (left) and biomethane (right) potential (in m3) from co-digestion mixture in CSTR per Portuguese 
municipality 
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always the lowest associated energy consumption, followed by the second and third scenarios. 

Analysing the substrate considered, the co-digestion mixture implies the least total energy consumption 

and bovine manure, the highest. This seems logical when considering that the energy consumption of 

the biogas plants is proportional to the quantity of residues to be digested and is aligned with the 

previously presented results. 

 

Table 4.5 - Total expended energy (in PJexp energy) per substrate, type of digester and scenario considered 

Substrate 

Energy consumption  
[PJexp energy]  

CSTR PFR Dry 

1st 2nd 3rd  1st 2nd 3rd 1st 2nd 3rd 

Bovine 
manure 

12.344 12.652 13.797 12.863 13.404 14.659 - - - 

Poultry 
manure 

2.130 2.193 2.429 - - - - - - 

Equine 
manure 

- - - - - - 1.398 1.426 1.547 

Swine slurry 1.182 1.206 1.309 1.818 1.897 2.116 - - - 

Co-digestion 
mixture 

1.006 1.031 1.136 - - - - - - 

 

The total GHG emissions obtained for each manure type, digester used and scenario considered are 

represented in Table 4.6. The results for each scenario have, as expected, the same tendency of the 

ones obtained for total energy consumption, with first scenario having the lowest environmental impact, 

followed by the second and by the third.  

 

Table 4.6 - Total GHG emissions (in ktonCO2eq) per substrate, type of digester and scenario considered 

Substrate 

GHG emissions 
[ktonCO2eq] 

CSTR PFR Dry 

1st 2nd 3rd  1st 2nd 3rd 1st 2nd 3rd 

Bovine 
manure 

153.61 221.46 227.86 164.27 237.63 244.66 - - - 

Poultry 
manure 

27.40 41.21 42.53 - - - - - - 

Equine 
manure 

- - - - - - 12.96 21.09 21.76 

Swine slurry 15.46 20.42 20.99 26.64 36.11 37.34 - - - 

Co-digestion 
mixture 

13.88 18.71 19.30 - - - - - - 

 

The ECR of each process step, for the three utilisation pathways and systems considered, are 

represented in Figure 4.9. As observed in Table 4.5, the first scenario is the one with lowest ECR ratio, 

followed by the second (+13.5%) and third (+21.1%) scenarios, in ascending order. The step with the 

highest ECR is the biogas production step, with a range of values of 0.12 – 0.24 MJexp energy.MJbiomethane
-

1, which represent circa 70% of total energy consumption for dry digesters, 46% for CSTR digesters 

and 48.5% for PFR digesters. The variations of energy input for plant operation are due to heating 

requirements (higher for dry systems) and auxiliary mechanical equipment (more significant in CSTRs). 
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Other factors that may affect the energy input are necessary stirring, to maintain slurry homogeneity 

and facilitate biogas release, pump rating, feeding frequency and energy rating of auxiliary equipment 

[50]. Studies on energy assessment of biogas systems in Sweden and Germany have also identified 

the biogas production step as the highest energy consumer of the entire process [49], [50]. These 

studies also affirm that, for transportation distances of manure over a certain distance, the ECR turns 

negative, due to the output of energy not compensating the expended energy of transportation. 

The second most demanding step in terms of energy consumption is the biogas destination, which 

corresponds to 12.4% of total energy consumption in the first scenario, 17.1% in the second scenario 

and 24.4% in the third scenario. It must be noted that the second and third scenarios do not reflect the 

uneven distribution of the gas pipeline, which is located predominantly on the west coast, nor the 

location of refuelling liquified natural gas (LNG) stations. As such, the energy consumptions may vary 

significantly according to the location of the upgrading facility, due to additional necessary steps of 

biomethane compression and transportation for pipeline injection (second scenario) and transportation 

for refuelling stations (third scenario). This is a consideration that must be contemplated in future 

investigations.  

The production pathway considered was the centralised facility, however, the results allowed to 

speculate about the decentralised scenario. The residues transportation implies an energy consumption 

that ranges from 6.1% (horse manure) to 40.1% (swine slurry), depending on the substrate considered 

and the different animal populations in Portugal. The digestate transportation had an insignificant 

energy consumption of circa 2.1% for all substrates. In a decentralised scenario, these consumptions 

are not included and the overall energy consumption of biogas production is lower, due to the lower 

amount of organic matter fed, and ECR ratio is, consequently, lower than reported.       

 

 

Figure 4.9 – Energy consumption ratio (expressed as MJexp energy.MJbiomethane
-1) of each process step, per substrate, type of 

digester and scenario considered 
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The natural gas consumed in Portugal is imported via two main pathways: by land (gas is transported 

from Argelia through European pipelines and arrives at Portugal via Campo Maior, where it is injected 

at high pressure in the national grid) and by ocean (gas is transported as LNG from Nigeria to the Sines 

refinery plant, where it is decompressed and injected in the gas grid) [119]. According to a previous 

assessment, the ECR of natural gas transportation via land is 0.21 MJ.MJCNG
-1, while ECR of natural 

gas transportation via ocean is 0.33 MJ.MJCNG
-1, a slightly higher ratio due to the additional gas 

decompression step [103]. Comparing the results with the ones obtained for the biomethane production 

scenarios, the values of this study are slightly higher, but in the range of the ones obtained for natural 

gas, which indicates that biomethane is a sustainable and interesting alternative to natural gas as a 

green energy source.   

The total GHG emissions for each process step, type of substrate and scenario considered can be 

observed in Figure 4.10. The results follow the same tendency of ECR, as expected, with a range of 

values of 23.9 – 58.8 gCO2eq.MJbiomethane
-1, with first scenario having the lowest GHG emissions, followed 

by the second (+37.2%) and third (+39.1%) scenarios. The higher difference obtained between the first 

scenario and the other two derives from the auto-consumption of energy from CHP in the first scenario, 

which allowed to avoid 36.7% of GHG emissions from electricity and heating provided by the national 

grid, for biogas production. This step is also the one that has the highest energy consumption, with a 

range of values of 14.4 – 30.2 gCO2eq.MJbiomethane
-1. One other study has also identified biogas production 

as the highest energy consumer step of the entire process, with a value of 33 gCO2eq.MJbiomethane
-1 [120]. 

 

 

Figure 4.10 - GHG emissions ratio (expressed as gCO2eq.MJbiomethane
-1) of each process step, per substrate, type of digester and 

scenario considered 

 

The third scenario is the one with highest total GHG emissions (approximately 54.2 gCO2eq.MJbiomethane
-

1), as expected from energy analysis, but the totality of biogas was destined for the purification 

technology, with electricity being supplied solely by the national grid. If a fraction of the biogas is 
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allocated to a small CHP unit to power the purification technology, the total emissions may be lower 

[46].  

For the natural gas scenario, the GHG emissions ratio is 16.1 gCO2eq.MJCNG
-1 for land transportation and 

17.8 gCO2eq.MJCNG
-1 for ocean transportation [103]. At first glance, biomethane seems a worse 

alternative to natural gas in terms of environmental impact, since the GHG emissions ratio is higher 

than the one of natural gas for all the scenarios studied. However, if a credit of avoided emissions from 

manure collection is applied [8], the ratio of each scenario may be considerably lower and one can 

correctly conclude that biomethane is a greener and more sustainable alternative to natural gas.     

 

• Municipal scale analysis 

After the energy analysis of the process steps, the study was conducted at a municipal level, to 

determine the four most adequate municipalities for the application of a centralised biogas plant, based 

on each substrate. The criteria for choosing the municipalities was the number of animals per km2 and 

the lowest ECR. The logic is that a higher density of animal population results in shorter transportation 

distances and facilitates residue management policies. By assessing the higher density in terms of 

animals per km2 and considering the municipalities with higher energy efficiency in the production of 

biogas, it is possible to identify the most adequate ones per substrate. 

The dispersion of results for bovine manure is shown in Figure 4.11. The best municipalities according 

to the chosen criteria correspond to the points at the bottom-right corner of the graph, which, for this 

case, were Vila do Conde, Póvoa de Varzim, Barcelos and Trofa.  

 

 

Figure 4.11 – Dispersion of energy consumption ratio (in MJexp energy.MJbiomethane
-1) and number of bovines per km2 on a municipal 

basis 

 

The best municipalities for biogas and biomethane potentials obtained for poultry manure were Oliveira 

de Frades, Bombarral, Ferreira do Zêzere and Soure. The dispersion of results is shown in Figure 4.12. 
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Figure 4.12 – Dispersion of energy consumption ratio (in MJexp energy.MJbiomethane
-1) and number of poultry per km2 on a municipal 

basis 

 

For equine manure, the results are presented in Figure 4.13, allowing to identify Arcos de Valdevez, 

Odivelas, Vieira do Minho and Valpaços as the most adequate municipalities for this substrate. 

 

 

Figure 4.13 - Dispersion of energy consumption ratio (in MJexp energy.MJbiomethane
-1) and number of equines per km2 on a municipal 

basis 

 

The most adequate municipalities obtained for swine slurry (considering the utilisation of CSTR) were 

Cartaxo, Lourinhã, Porto de Mós and Leiria. The dispersion of results is shown in Figure 4.14. 
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Figure 4.14 – Dispersion of energy consumption ratio (in MJexp energy.MJbiomethane
-1) and number of swines per km2 on a municipal 

basis 

 

For the co-digestion analysis, a slightly different approach was necessary, since to the substrate is a 

mixture of residues. Based on the used quantities of horse manure and swine slurry, the total number 

of each animal type per km2 to achieve the maximum utilisation of residues is calculated. The most 

adequate municipalities for co-digestion mixture were then obtained, as follows: Benavente, Rio Maior, 

Cartaxo and Sobral de Monte Agraço. As can be noticed, the municipalities were different from the ones 

obtained for sole horse manure and for sole swine slurry, which suggests that the mixture has higher 

potential of biogas production in these (and other) specific regions, although the global potential seemed 

to indicate otherwise. The dispersion of results is shown in Figure 4.15. 

 

 

Figure 4.15 – Dispersion of energy consumption ratio (in MJexp energy.MJbiomethane
-1) and number of total animals required for co-

digestion mixture, per km2 on a municipal basis 

 

To better understand the advantages of the implementation of co-digestion of horse manure and swine 

slurry, instead of mono-digestion, a careful observation of the biogas and biomethane potential 
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productions obtained for these three substrates, for each municipality, is made. Analysing the 

compilation of results represented in Table 4.7, the potentials from co-digestion are much higher than 

the ones from horse manure, for all municipalities. Comparing with swine slurry, the tendency is the 

same, except for Cartaxo, in which the mono-digestion of swine slurry has considerably higher potential 

than the co-digestion. This implies that, although the co-digestion analysis yielded a high value of total 

animals per km2 and a low ECR, the proportion of swine slurry considered for the co-digestion case is 

considerably lower than the quantity available and that the improvement of SBP, resultant from the 

mixture, does not compensate the quantity of swine slurry that is not used.  

 

Table 4.7 – Biogas and biomethane potentials from the co-digestion mixture 

Municipality 

Biogas potential 
[m3] 

Biomethane potential 
[m3] 

Sole horse 
manure 

Sole swine 
slurry 

Co-digestion 
Sole horse 

manure 
Sole swine 

slurry 
Co-digestion 

Benavente 414 514 887 566 1 542 418 192 500 503 783 902 006 

Rio Maior 132 838 458 983 710 196 61 690 260 519 415 323 

Cartaxo 61 571 1 286 640 329 178 28 594 730 297 192 504 

Sobral de 
Monte Agraço 

50 905 66 863 116 195 23 640 37 951 67 951 

 

Although the co-digestion case study does not fit with a municipal analysis, due to the horse dung 

having been collected at the municipality of Oeiras and the swine slurry at the municipality of Santarém, 

an individual analysis of each municipality can be made, assuming the nutrients content of the manures 

and the waste collection conditions at each type of facility are equal. In the Santarém municipality, the 

biogas production potentials obtained were 115 870 m3 for sole horse manure, 607 780 m3 for sole 

swine slurry and 619 478 m3 for co-digestion mixture, hence, the utilisation of co-digestion suggests a 

more efficient biogas production pathway for that region. For the Oeiras municipality, no significant 

swine production was registered, so the co-digestion mixture considered is not an appropriate substrate 

for anaerobic digestion in that region. The utilisation of sole horse manure, on the other hand, yielded 

an expected biogas production of 32 482 m3, which, associated with an ECR range of 0.24 – 

0.35 MJexp energy.MJbiomethane
-1 for the three scenarios, shows a promising implementation of biogas 

production from horse manure in that municipality.     

A more profound analysis must be made in the future to determine all the municipalities where these 

(and other) co-digestion mixtures may be used, in detriment of mono-digestion, and possible inter-

municipality waste management policies. 

The municipal analysis made allowed to have a first insight of the best regions for each substrate and 

digester type, however, the local accesses and road conditions were not considered, which may affect 

the results. For instance, the best regions for horse manure, located at the north of the country, are 

mountainous regions, with difficult accesses and road conditions for heavy transportation vehicles. In 

such a case, the south of the country, which is plainer and with better roads, can be a better option for 

this type of substrate, although it has not the highest potential production. In the future, a more detailed 

analysis based on the typology of the regions should also be made. 
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5.  Conclusions and future work 

The objectives of this thesis were to study the co-digestion of horse manure and swine slurry, as a 

waste management for these residues, to quantify the potential production of biogas and biomethane 

from the most promising organic residues in Portugal and assess the energy consumptions and 

greenhouse gases (GHG) emissions for the three pathways considered (utilisation of biogas in CHP, 

purification to biomethane for natural gas substitution in national grid and purification and compression 

for utilisation as bio-CNG in vehicles). 

In the experimental part of this thesis, the co-digestion of horse manure and pig slurry in a CSTR 

was performed successfully, after an adequate pre-treatment of the mixtures, for four different cycles 

with five HRTs, of 23 days each. It was observed that the addition of horse manure to pig slurry 

increased the overall TS, VS, TCOD and SCOD contents, proportionally to the quantity added.  

Although OLR decreased by half in the fifth HRT, C3, with HM:PS ratio of 20:80 (%VS inlet), showed 

the best synergetic effect between the microbial consortia of pig slurry and the high C/N ratio of horse 

manure, due to the high VDS and SCOD/TCOD ratio, yielding the highest SMP, 258.3 L.kgVS
-1, and the 

highest SCOD removal efficiency, 68.5%, of all HRTs. Compared to the control cycle, which consisted 

of mono-digestion of pig slurry, this corresponded to a 3.0-fold increase of SMP, which proved the better 

performance of co-digestion relative to single feedstocks digestion. 

Due to changing environmental conditions, the pig slurry used in the second repetition of the third cycle 

was more diluted and, as such, had less organic substrates available for the microbial activity, which 

decreased GPR. Nonetheless, although the rate of digestion lost velocity, the substrate had sufficient 

quality for continuous methane production, which showed the potential of co-digestion of these two 

substrates and the utilisation of horse manure in a CSTR as an interesting alternative to more 

conventional, high solids, digestion systems.  

It was also noticed that, due to the reactor having a small volume, little perturbations in the system 

operation significantly affected the results and the microbial activity performance. For this reason, more 

repetitions of each cycle should be made, to guarantee a better quality of results. 

From the experiments performed, the investigation of higher inclusion levels of horse manure in the 

mixture was thought interesting as further work. If possible, the successful closing of the mass balance 

would be ideal for the solution of the management problem of these residues. 

In the assessment of biogas and biomethane potentials in Portugal, the productions estimated 

were of 592.5 Mm3 and 310.0 Mm3, respectively. If the totality of biogas were to be converted into 

electric energy, it would cover circa 4.7% of 50469 GWh of total electricity consumed and imported in 

Portugal in 2016. Bovine manure digestion in CSTR was identified as having the largest potential for 

this technology, corresponding to 38% of the total biogas production. National biogas and biomethane 

potentials of co-digestion mixture were 17.9 Mm3 and 10.5 Mm3, respectively, which seemed a worse 

solution than mono-digestion of each substrate alone. However, co-digestion studies must be made at 

a municipal scale, due to different dispersions of organic residues. Comparing the technologies 

considered, PFR had highest biogas yield than CSTR, however only studies with bovine manure and 

swine slurry digestion in this type of technology were found.    
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Analysing the energy consumption of each scenario, the first one, which considered biogas utilisation 

in CHP for heat and electricity production, had always the lowest result, followed by the second 

(+13.5%) and by the third at the end (+21.1%). The ECR varied accordingly with the amount of each 

type of residue, with the biogas production step representing the largest portion of energy consumption, 

with a range of values from 0.12 to 0.24 MJexp energy.MJbiomethane
-1. Comparing technologies, the ECR of 

the biogas production step represented circa 70% of total ECR for dry digesters, 46% for CSTR 

digesters and 48.5% for PFR digesters. The highest value obtained for dry digesters was justified by 

the higher heating requirements. The step with second highest ECR obtained was the biogas 

destination, which amounted to 12.4% of total ECR for the first scenario, 17.1% for the second and 

24.4% for the third. The ECR values obtained for biomethane production are in the same range of 

natural gas transportation via land, 0.21 MJ.MJCNG
-1, and of natural gas transportation via ocean, 

0.33 MJ.MJCNG
-1, which proves the feasibility of partial substitution in national gas grid. 

The GHG emissions followed the same tendency of energy consumption, with a range of values of 

23.9 – 58.8 gCO2eq.MJbiomethane
-1. The first scenario had always the lowest GHG emissions, followed by 

the second (+37.2%) and third (+39.1%) scenarios. The difference between the first scenario and the 

other two was more accentuated than when ECR was analysed due to the last two having GHG 

emissions associated with the supply of electricity from the national grid, which contributed to worse 

environmental impact. The GHG emissions ratio obtained are slightly higher than the ones of natural 

gas, 16.1 gCO2eq.MJCNG
-1 for land transportation and 17.8 gCO2eq.MJCNG

-1 for ocean transportation but, 

considering a credit of avoided emissions, the balance would be better and biomethane would prove to 

be a greener energy source than natural gas. 

The most adequate municipalities for exploitation of each manure type for biogas production were also 

obtained for each type of substrate considered, based on higher number of animals per km2 and lowest 

ECR. It was observed that the most adequate municipalities for sole equine manure and sole swine 

slurry were different than the ones obtained for the co-digestion mixture and that the total biogas and 

biomethane potentials obtained from the mixture were also higher. This confirmed that co-digestion is 

a better alternative to mono-digestion, provided that an adequate assessment of the municipal organic 

resources is made. 

With this thesis, it was possible to conclude that horse manure and swine slurry are adequate co-

substrates for anaerobic co-digestion and that this process is a promising waste management solution, 

at a regional-scale, for Portugal. It could also be concluded that biomethane is sustainable, green 

energy alternative to natural gas, in terms of energy consumption and GHG emissions.  

From the assessment performed, the following topics should be pursued in future research: 

• Study of other possible co-digestion mixtures, with the substrates considered and others (agro-

industrial); 

• Refinement of database of residue producers, focusing on their location and production size; 

• Assessment of other production scenarios, such as decentralised biogas production with 

centralised/decentralised biomethane production; 

• Further analysis of co-digestion utilisation, at a municipal level; 

• Assessment of the viability of intermunicipal waste management;     
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• Analysis of influence of municipal typology on energy of the transportation step; and 

• Evaluation of influence of natural gas grid/refuelling stations distances to biogas plants on 

biomethane destination step. 
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