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Abstract 

 

The present thesis, in collaboration with the company Irminio, aims to develop a possible 

solution to avoid the mining closure of wells out of production. The objective of the thesis 

is to demonstrate that there are valid alternatives to avoid such an irreversible process. In 

addition, a solution has been proposed that integrates the problem related to wells and the 

possibility for extraction companies to integrate a cogenerator into their production process; 

that is able to exploit and make the best use of the tail gas of the plants, which currently 

cannot be released into the atmosphere or burned by the torch.  

The paper will present the current conditions of Italian mining activity and specifically will 

analyse the causes that often lead wells to exhaust their production. The main remedies 

currently used to implement production will be introduced. The paper will present a 

solution that involves the installation of a pump to improve the thermodynamic conditions 

of the well. This will enable the well to be used for anaerobic digestion. 

It was decided to build an Anaerobic Digestion plant for the production of Biogas. An 

overview description of the biomass and its properties will be provided. The biomass used 

for the process was chosen in view of a possible collaboration of the company Irminio with 

the province of Ragusa (RG), in compliance with the plans for the circular economy.  

A process of energy reuse will therefore be integrated in a field such as oilfield which is 

often considered to have a very bad environmental impact. Then will be discussed  the 

emerging problem of continuous increasing production of municipal solid waste in cities 

and therefore a search for new types and methods of disposal.  

In this paper is analysed specifically the final treatment of the organic fraction of municipal 

solid waste (OMSW) with the primary planning of parametric dimensioning of an anaerobic 

biodigester.  

As a case study was selected the city of Ragusa (RG) in Sicily., where is made an analysis on 

the production of solid waste in the city considering only the type of collection. It’s choosed 

as an alternative method of treatment to the disposal in landfills, the anaerobic treatment 
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with semi-dry biodigester. This study will analyse three different scenarios, in order to 

provide a complete view on the potential of this solution. 

It’s then estimated the production of electricity from biogas generated and after an economic 

analysis, it is estimated the returning time of investment and the economic feasibility of the 

project.  
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Chapter 1: Energy transition to Renewable Sources 

 

  Italy is considering accelerating the transition from traditional fuels to renewable sources, 

by promoting the gradual phasing out of coal for electricity generation in favour of an 

electricity mix based on a growing renewables share and, for the remainder, gas. This 

transition will require replacement plants and the necessary infrastructures need to be built 

with the right planning.  

Italy will implement all policies and measures needed to achieve the objectives of reducing 

greenhouse gases agreed at European and international level. For those sectors covered by 

the European Union Emissions Trading System (EU ETS) – primarily the thermoelectric 

sector and energy-hungry industries – in addition to a higher CO2 price level than in recent 

years, the phasing out of coal, scheduled by the end of 2025, and a significant acceleration 

of renewables and energy efficiency in manufacturing processes will contribute towards 

this. The most important contribution will, in any case, come from the transport and civil 

(residential and tertiary) sectors, combining measures for using and increasing the efficiency 

of renewables.  

With regard to renewables, Italy intends to promote their further development, whilst also 

protecting and enhancing pre-existing products, by exceeding, if possible, the 30% target 

set. Which must, in any event, be assumed to be a contribution towards meeting the EU 

target.  

This will be achieved through the use of instruments calibrated on the basis of the sectors 

of use, types of measures and size of the plants, with an approach aimed at limiting soil 

consumption and the impact on the landscape and environment, including requirements on 

air quality. With regard to the electricity sector, and with an additional view to the 

electrification of consumption, the intention is to make widespread use of built-up areas or 

areas already in use in some other way, by raising the profile of the different forms of self-

consumption, including through distributed generation and storage. A further aim is to 
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promote the creation of systems, starting with a few small islands disconnected from the 

national networks, in which an accelerated decarbonisation process and electrification of 

consumption with renewable sources can be trialled. In the heating sector, it will be 

particularly important to ensure coordination with the instruments for energy efficiency, in 

particular for buildings, and coherence of the instruments with air quality objectives. 

The intention is to use a mix of physical, economic, regulatory and policy instruments, 

primarily calibrated towards the sectors of activity and type of beneficiaries.  

However, attempts will be also be made to integrate the energy efficiency aspect into 

policies and measures whose main purpose is something other than efficiency, in order to 

optimise the cost-benefit ratio of the actions. In this respect, the significant potential for 

efficiency in the building sector may be better exploited through measures aimed at, for 

example, the energy renovation of buildings and neighbourhoods, together with the 

structural renovation, earthquake-proofing, remodelling and refurbishment thereof, in line 

with the strategy for energy renovation of the building stock by 2050.  

 

The Italian policy on the Energy Transition 

 

  Italy is fully aware of the potential benefits inherent to the increased availability of 

renewables and energy efficiency connected to the reduction in polluting and climate-

changing emissions. The improvement of energy security, of economic and employment 

opportunities for families and for the production system must also be followed, with an 

increasingly attentive approach to citizens, including prosumers and to businesses. This 

development is facilitated by a constant focus on efficiency and cost reduction for some 

renewable technologies, including photovoltaics, which will take on growing significance 

due to their modularity and the fact that they use a source that is widely available. In the 

course of this shared and consolidated strategic process, due consideration must be given 

to aspects of economic sustainability and compatibility with other environmental protection 
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objectives. Due care needs to be paid to ensuring that the energy and climate objectives are 

compatible with the objectives relating to landscape protection, the quality of air and water 

bodies, the safeguarding of biodiversity and soil protection. Those measures necessary for 

the increasing decarbonisation of the system require plants and infrastructure that may have 

environmental impacts. If, on the one hand, the impacts of some of these measures may be 

mitigated – for example by promoting the incorporation of photovoltaics into already built-

up areas or areas unsuitable for other uses – on the other hand the stability of the energy 

system additionally requires, at least in the mid-term, a range of physical infrastructure. The 

construction of those structures will stimulate forms of dialogue and cooperation between 

territories.  

The following figure shows in detail the consumption, in millions of toe’s, of energy in Italy. 

As can be seen, the largest percentage of Italian consumption is: oil (34) and natural gas 

(34.5). 

 It is important to underline that consumption from        

renewable sources is already 20.5% of the total, thus 

reaching the target of Europe 2020. 

For some time, Italy has been working towards ensuring 

the widest possible use of instruments that, together, serve 

to enhance energy security, environmental protection and 

the affordability of energy, thus contributing to European  

objectives relating to energy and environment. 

                                                                                                Figure 1-Energy Consumption Italy ,MISE 

Figure 2- Sources percentage consumption, 

MISE. 
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The process aimed at defining the mix of solutions and instruments that is most compatible 

with the objectives of the 2030 Energy and Climate Plan and other requirements, including 

those relating to environmental impacts, will commence with a public consultation and a 

strategic environmental assessment. 

The innovation in terms of policies for the decarbonisation of the energy sector, the 

development of which additionally focused on those other areas in which citizens and 

businesses are vulnerable, is thus expected to receive a sufficient degree of support. The 

plan is designed to implement a vision for wide-ranging transformation of the economy, in 

which the combination of decarbonisation, the circular economy, efficiency and the rational 

and fair use of natural resources represent objectives and instruments for an economy that 

is more respectful of people and the environment.  

The general objectives discussed in the Draft Integrated National Energy and Climate Plan 

(PNEC) are essentially the following: 

1. Accelerate the decarbonisation process, by setting 2030 as an interim milestone for 

achieving full decarbonisation of the energy sector by 2050; 

2.  Place a central emphasis on citizens and businesses, in such a way that they become 

key players and beneficiaries of the energy transition and not just the financiers of 

active policies; this requires the promotion of self-consumption and renewable 

energy communities, but also the greatest possible degree of regulation and 

transparency of the sales segment, so that consumers may reap the benefits of a 

competitive market;  

3.  Foster the evolution of the energy system, particularly in the electricity sector, from 

a centralised structure to a distribution predominantly reliant on renewable sources, 

by adopting measures to improve the capacity of those renewables to contribute to 

security and, at the same time, by promoting structures, infrastructure and market 

rules which, in turn, contribute to the integration of renewables; 

4. Continue to ensure adequate supplies from conventional sources, by pursuing 

security and continuity of supply, with the understanding that the demand for these 
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conventional sources is in progressive decline as a result of both the increase in 

renewables and energy efficiency; 

5.  Promote energy efficiency across all sectors as an instrument for protecting the 

environment, improving energy security and reducing energy costs for families and 

businesses; 

6.  Promote electrification of consumption, in particular in the civil and transport 

sectors.  

7. Guide the evolution of the energy system through research and innovation activities 

to develop, in line with European guidelines and the requirements for full 

decarbonisation, solutions able to achieve sustainability, security, continuity and 

affordability of supply. They have to include solutions for long-term storage of 

renewable energy and to encourage the reorientation of the production system 

towards processes and products with a small carbon footprint. 

8. Adopt objectives and measures to reduce the potential negative impacts of energy 

transition on other equally relevant objectives, such as the quality of air and water 

bodies, the limitation of soil consumption and landscape protection; 

9.  Continue the process for integrating the national energy system with the Energy 

Union.  

The pursuit of these general objectives requires the adoption of horizontal policies and 

measures to supplement the sector-specific measures. They must be coordinated and 

structured so as to be coherent with not just the specific objectives, but also the general 

objectives outlined above. The horizontal measures will include: 

1. Careful governance of the plan that will enable it to be implemented in a 

coordinated manner that ensures uniformity of action, in particular in terms of the 

timeframes and processes for authorising and building physical infrastructure,  

2. Coordination of research and innovation activities, and, more generally, the 

monitoring of the effects of the plan in terms of the reorientation of the production 

system and costs and benefits.  
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3. Updating – and, if necessary- revising the tasks of the various public bodies working 

on energy and environmental matters to ensure that their roles and activities are 

coordinated and coherent with the objectives of the plan and, more generally, the 

objectives of full decarbonisation by 2050; 

4. Promoting research activities, like the possibility of using pre-existing infrastructure 

to store renewable energy, including in the long term, with solutions that are 

effective in terms of economic and environmental costs/benefits; 

5. Integrating new technologies into the energy system, starting with information 

technologies, in order to facilitate distributed generation, security, resilience, energy 

efficiency, and the active participation of consumers in energy markets; 

Italy’s path towards sustainability beyond 2020, and hence 2030, will follow in the tracks of 

the Energy Union strategy, based on five dimensions:  

 Decarbonisation (including renewables);  

 Energy efficiency;  

 Energy security;  

 Fully integrated energy market;  

 Research, Innovation and Competitiveness. 

In light of this situation, and with a view to 2030 and the Roadmap 2050, Italy is making 

efforts towards creating planning instruments to identify objectives, policies and measures 

coherent with the new 2030 Framework for Climate and Energy approved by the European 

Council in 2014. 

The Decree of the Minister of Economic Development and the Minister of the Environment 

and Land and Sea Protection of 10 November 2017 approved the new National Energy 

Strategy (SEN). That was not so much a destination as a starting point for drafting the 

Integrated National Energy and Climate Plan (PNEC), used for the basic technical 

examination and the consultation performed.  
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The objective of defining how to tackle the impacts of climate change, including climatic 

variations and extreme weather and climate events. It has to identify a set of actions and 

guidelines aimed to reduce to a minimum the risks of climate change, protecting the health, 

wellbeing and property of the population, preserving natural heritage, and maintaining or 

improving the ability of natural, social and economic systems to adapt.    

Over the last few years, the steadily growing impact of RES and the reduction in energy 

intensity have helped Italy become less dependent on foreign sources of supply; the share 

of national energy demand met by net foreign imports remains high (at 76.5 %), but is 

approximately six percentage points lower than in 2010.  

The following figure show the Italian’s objectives. 

 
Figure 3- Primary objectives on energy and climate identified by the EU and Italy for 2020 and 2030,MISE. 
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The extraction wells in Italy 

 

The data on the reserves as at 31 December 2018  reveals, with respect to the figure set at 31 

December 2017 and net of the production obtained in the year 2018, an increase of 23.9% for 

the gas and an increase of 3.1% for oil. 

According to the International Classification, reserves are divided as follows: 

1. Proved reserves; represent the estimated quantities of hydrocarbons that based on the 

available geological and engineering data of reservoirs, may, with reasonable certainty 

(greater than 90% probability) be commercially produced. 

2. Probable reserves; represent the quantities of hydrocarbons which, based on the 

geological and engineering data of the available reservoirs, can be recovered with 

reasonable probability (greater than 50%). The elements of residual uncertainty may 

concern the extension or other characteristics of the reservoir (mining risk), the economy 

(under the conditions of the development project), the existence or adequacy of the 

hydrocarbon transport system and / or the sales market . 

3.  Possible reserves; are the quantities of hydrocarbons which are estimated to be able to 

be recovered with a decidedly lower degree of probability (much less than 50%) 

compared to that of probable reserves, or that have a lower degree of economy than the 

established limit. 

The following table show the National Hydrocarbons situation: 

 RESERVES 

2017 

PRODUCTION 

2018 

RESERVES TO 

PRODUCTION 

R-2018 

REVALUATED 

VARIATION 

% 

GAS 
(millions 

of Sm3 ) 

44.684 5553 39.131 48.479 23.9 

OIL 
(millions 

of 

tonnes ) 

78.244 4673 73.571 75.834 3.1 

Table 1-Reserves evaluation,MISE. 
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With regard to the location of proved reserves, 53.8% of the national gas total is located on 

land, while oil reserves fall to 92.5% on the mainland, mostly in Basilicata. 

One day this reserve will finish, the wells will be in the so called depletion phase therefore 

is necessary to plan their future since now. 

A study of Princeton University has discovered that leaks from oil wells and abandoned gas 

not only pose a risk to groundwater, but represent a growing threat to the climate.  Between 

200,000 and 900,000 abandoned wells in the state of Pennsylvania are likely to contribute 4 

to 7% of anthropogenic methane emissions in that jurisdiction, a source that was not 

previously taken into account. Pennsylvania, like Alberta in Canada, is the oldest oil and 

gas producer in the United States and the scene of a strong environmental controversy due 

to the impact of hydraulic fracturing on its abundantly drilled landscape. As a result, losses 

from shale and conventional gas infrastructures could make these industries dirtier than 

coal. The field scientists have consistently found that the models used by the oil and gas 

industry and by legislators significantly underestimate the losses of methane from valves, 

pumps, gas pipelines, gas plants and production wells. The emissions from oil and gas 

activities are much greater than those estimated by government and industry.  

The problem of abandoned wells and their relative losses has not been well studied in the 

past and is not considered by the American EPA in its estimates of greenhouse gas emission.   

We would expect this to be a problem that affects most, if not all, of the oil and gas fields. 

The problem of sink loss, however, is widespread and global and involves millions of oil 

and gas wells. It is necessary to take into consideration several problems to better manage 

their disposal. 

This thesis has the aim of demonstrate the benefit in using the abandoned oil and gas wells. 

Mine closure is an irreversible intervention, so it is advisable to specify the different 

techniques to apply to a well in depletion phase, before proceeding to the mine closure.  
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Structure and life of an extraction well  

 

  The extraction wells are structures through which it is possible to extract hydrocarbons (oil 

and natural gas) from the subsoil. They consist of an underground part, which can reach 

variable depths depending on the position of the reservoir, characterized by a telescopic 

series of pipes, and a superficial part, called the wellhead, consisting of a set of valves that 

isolate the inside of the well from the external environment preventing the escape of 

production fluids. The well is completely isolated from the layers of soil it passes through, 

through tubular casing structures and an additional cementation layer that guarantees 

hydraulic separation. 

The following figure show the details of the well’s casing. 

 

Figure 4- Extraction Well, Treccani. 
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A hydrocarbon reservoir is considered technically exhausted when at a particular point in 

its time-life, the sale of products can no longer cover the costs of production. However this 

does not mean that all of them hydrocarbons contained in the reservoir rock have been 

products; indeed, usually, when it comes to the economic limit of production, it is still in 

the field a fair amount of hydrocarbons, a part of which it can be recovered with appropriate 

interventions at the wells, or with assisted recovery techniques. 

These operations however involves additional costs that must be accurately estimated 

before they are implemented. The decision to leave a field, from a point of technical-

economic view cannot therefore be taken with relative stillness until they have been 

undertaken all the economically viable actions for prolong its productive life. For this 

decision, however, the forecast of the product price scenario, which is often fluctuating, is 

crucial. However, a determining that decision can also compete strategic-political and 

logistical considerations. The company may have an interest in being present in a particular 

geographical area. 

To motivate a delay in the decision to leave a field could also be logistical reasons, such as, 

for example, maintenance (at a loss) of a base with related warehouses offices, to be able to 

operate in contiguous geographical areas, where the construction of a base and its 

maintenance would be very expensive, if not impossible. 

A mature reservoir (i.e. in an advanced stage of production) generally shows medium-low 

pressures, relatively high saturations in water and high saturations in gas (in the case of oil 

fields) close to wells. The decrease in pressure in the reservoir, due to the production of the 

fluids that it contains, leads to over time a decrease in hydrocarbon flow rates. The presence 

of layer water (or gas in oil deposits) may limit the flow of hydrocarbons to the wells 

producers: water can be produced together with hydrocarbons, creating problems for their 

lifting on the surface and imbalances in treatment plants. 

Due to the progressive deterioration, the mechanical conditions of wells and surface 

equipment (plants, pipes, platforms, etc.) can decrease in efficiency, leading to a sudden 

reduction in the production. 
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It is also possible that there are areas of the reservoir that are not sufficiently drained, with 

interesting quantities of hydrocarbons still to be produced. 

To have a correct reservoir management, mathematical simulation are used with numerical 

models. This simulation, with an appropriate monitoring of the historical parameters of 

production and a knowledge approximate of the geological and petrophysical 

characteristics of the reservoir and of the contained hydrocarbons, allows to redefine these 

characteristics more accurately, through the technique known as history matching. In 

general, the greater the number of parameters reproduced histories, the greater the 

knowledge of the reservoir, reaching the apparent paradox that a reservoir can be known at 

best only at the end of its production history. It can therefore be understood that, when a 

reservoir approaches its exhaustion, with an ever increasing number of historical 

production parameters available, it becomes necessary to study it in a more and more depth 

way to be certain not to leave interesting quantities of hydrocarbons in the subsoil. It should 

be emphasized that the cost of one reservoir study with numerical models is generally much 

lower compared to the one relative to an any intervention at a well. 

As stated above, it is clear that any intervention at wells and plants, as well as all actions 

aimed at prolonging the life of a reservoir, is carried out on the condition that it can be 

economically justified according to the production increasing obtainable.  

When approaching the end of the production concession, it is certain that no further 

financial intervention can be made. 

The reasons for which not all the hydrocarbons contained in the reservoir rock have been 

produced in a reservoir, exhausted or being depleted, are numerous. The most important 

are related to the efficiency of volumetric displacement of hydrocarbons by displacement 

fluids (water or gas) and the inability of wells to bring the same hydrocarbons to the surface, 

due to the gradual decrease in reservoir pressure and inevitable production of layer water, 

with the resulting water cut. 

When in an oil reservoir the pressure drops below the “bubble point”, the gas dissolved in 

the oil is released near the wells and, once critical saturation is reached, it becomes mobile. 

Due to the relative permeabilities, a drastic reduction in oil flow rates can be observed, at 



19 

 

the same time as a surge in gas flow rates. If, on the other hand, the conditions of high 

permeability, moderate thickness of the reservoir rock, low viscosity of the oil and low 

density of the gas occur, the gas that is released from the oil can migrate towards the top of 

the reservoir and generate a gas cap. The gas of this hood, during production, will 

participate, expanding, to an action of displacing the oil towards the production wells, 

which may be relevant for the recovery of oil from the reservoir. If the location of the wells 

is not optimal, if the number of wells is insufficient or if the reservoir rock is not 

homogeneous, they may remain “rock islands” containing hydrocarbons, not completely 

affected by the displacement process. 

Generally the hydrocarbons are accumulated in underground porous structures, 

characterized by pressures higher than atmospheric, except for very superficial 

accumulations (for example, the tar sands of Athabasca in Canada, for which the extraction 

of hydrocarbons is essentially a mechanical excavation process, followed by recovery by 

distillation). The difference in pressure between the reservoir and the well induces a flow of 

fluids towards the latter that, if able to overcome the pressure losses along its path to the 

surface, determines a spontaneous supply. In the case of so-called “volumetric” gas fields 

(i.e. in the absence of natural water pressure), the mechanism that supplies the energy to 

bring the hydrocarbons up to date is based exclusively on the expansion of the entire system 

(container, connate water and gas) due to a decrease in pressure. This expansion is linked 

to the value assumed by the isothermal compressibility coefficient. For volumetric oil fields, 

the production mechanism is similar as long as the reservoir pressure remains higher than 

the bubble pressure. For lower pressures, things get complicated, as the oil releases gas into 

the reservoir, reducing its volume. In this case, oil, free gas, connate water, and porous 

volume participate in the production mechanism as regards their compressibility.  

At the beginning of the productive life of a reservoir, the pressure is generally sufficient to 

overcome the resistance that the fluid encounters on its way from the reservoir to a 

producing well and from here to the treatment plants. 
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At some point in the productive life, however, due to the natural decline of the pressure 

resulting from the withdrawal of fluids, the resistances can be such that the well is no longer 

able to bring fluids to day.  

Below are the reasons for the pressure loss of the fluid in its path from the inside of the 

reservoir to the surface. 

 Pressure losses in the porous medium.  

The withdrawal of reservoir fluids through a well induces a pressure drop inside the 

porous medium. If the porous medium constituting the reservoir is characterized by 

very high absolute permeabilities (above 1,000 mD) and by low viscosity of the fluids, 

the pressure gradients within it during production are very small and the pressure, 

at any point, is reasonably homogeneous. Instead, in the presence of low 

permeability and high viscosity of reservoir fluids, rather high pressure drops can 

occur between a generic point, inside the reservoir, far from a producing well and a 

point in the vicinity of it. The pressure differences can be such that, in the case of an 

initially undersaturated oil, this remains unsaturated away from the wells and 

becomes saturated or even free gases in the vicinity of them. 

 Pressure losses at the interface between the reservoir and the bottom of the well. 

 The reservoir fluid, on its way to the surface, after passing through the porous 

medium, must cross a reservoir area, very close to the producing well, which was 

initially disturbed during drilling (penetration of drilling fluids and mechanical 

effects of drilling) and subsequently from the cementation of steel tubes, placed to 

protect the hole (casing). A further disturbance is caused by the penetration with 

explosive charges, carried out to connect the inside of the well with the reservoir. 

These disturbances are reflected in a pressure drop between the disturbed area and 

the inside of the well.  

 Pressure losses in production strings.  

The hydrocarbons, in order to be produced, in their journey from the bottom of the 

well to the surface must overcome the force of gravity (weight of the column of fluid 

in the well) and the pressure losses due to the friction of the fluids moving within the 
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production string, as well as losses due to speed changes (section restrictions, valves, 

etc.). As for the weight of the column of fluid (which decreases with decreasing 

depth), this depends on the density of the fluids involved, which in time, it is a 

function of pressure. While for the produced reservoir water the dependence of the 

density on the pressure is practically negligible, in the case of the oil the dependence 

of the density on the pressure is greater, at least as long as the gas remains dissolved; 

in the case of gas density, instead, there is a strong dependence on pressure. It is 

evident that the presence of water in the reservoir fluids produced, due to its greater 

density, increases the pressure losses in the production tubing.  

 Pressure losses in the well by friction with the walls 

These losses increase with the square of the linear velocity of the fluids, with the 

linear length of the string, with its internal roughness, with the decrease of the 

internal diameter and with the increase of the viscosity of the fluid mixture. 

Generally, with the same flow rate, the greater the section of the production string, 

the lower the pressure drop. It should be noted that the viscosity of fluid mixtures 

depends on how they are interspersed between them. The pressure losses due to 

speed changes are all the more significant, as many restrictions are present within the 

well. It should however be emphasized that the component due to gravity is by far 

the most important of the load losses in the well. 

 Pressure losses between wellhead and surface equipment.  

Between the wellhead and the surface equipment is normally inserted a "rolling 

valve" that allows to regulate the flow rate of fluid leaving the well. The effect of this 

valve is to dissipate the excess pressure available upstream, obtaining downstream 

the pressure necessary for the flow up to the treatment plant. 

 

The spontaneous production of wells is naturally ensured as long as the reservoir retains 

the necessary thrust to overcome the pressure losses that fluids encounter along their path. 

When this does not occur, the wells stop producing spontaneously. 
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Actual solution to avoid the mining closure 

 

  Some types of action can extend the life of a reservoir, thereby increasing its recovery and 

thus delaying the moment of abandonment, because as stated before, mining closure is an 

irreversible process. 

So several interventions on the well must be considered before deciding to abandon it, and 

proceed with irreversible mining closure. The most common are listed in the following. 

 Interventions at the wells. 

The operating conditions of the surface equipment generally determine the operating 

conditions of the well. They impose the pressures downstream of the head lamination 

valve. It is evident that the well can produce as long as the pressure upstream of this 

remains higher than that imposed downstream. In the course of the life of a 

producing well, it inevitably happens that the difference between these pressures 

tends to cancel itself. It is therefore appropriate to intervene with actions aimed at 

reducing the pressure losses that the fluid undergoes in its path from the reservoir to 

the surface. The pressure drop at the interface between the reservoir and the bottom 

of the well can be critical. One of the reasons that can cause this fall is the damage 

caused by the movement of fine particles that accumulate inside the pores of the well 

blocking them and thus creating an obstacle to the passage of fluids. The most 

common way to restore the level of productivity is to re-perforate, with high 

penetration and high density explosive charges per linear meter, the production 

casing at the levels containing the hydrocarbons. The effect is to make mobile those 

materials that can hinder the production, both in the formation adjacent to the well, 

and inside the perforations and, at the same time, to create a greater number of 

drainage points towards the inside of the well. This system is particularly effective 

when, in the presence of poorly consolidated sands, the production of reservoir water 

causes the entrainment of sand towards the inside of the well, causing it to cover up. 

The increase in the number of holes in the casing can reduce the linear velocity of the 
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fluid and solve the problem of sanding. Another type of intervention normally 

performed in similar circumstances is the stimulation by injection, at the production 

levels, of acid solutions or mixtures of solvents suitable for dissolving the materials 

that can clog the perforations. The acid solution can also have the effect of dissolving 

the fine particles that clog the pores and partially dissolving the rock matrix, often 

significantly increasing its permeability near the well. In some cases, justified by a 

strong damage to the formation and conditions of low rock permeability, the 

productivity of the well can be re-established, or even increased, through the 

hydraulic fracturing of the rock behind the casing. 

 Change of tubing sections. 

In a production well, the natural decline of the reservoir pressure and the possible 

production of water can make it critical to raise the fluids produced on the surface, 

due to pressure losses in the production string due to restrictions inside the tube, due 

to valves, joints, or equipment housings for wireline operations. These restrictions 

can create sudden increases in speed and therefore turbulence, resulting in increased 

pressure losses. However, this problem can be solved by using appropriate mixtures 

of emulsion or solvent injected into a well. On the other hand, when the pressure 

losses along the production tubing depend on its diameter, the completion of the well 

with pipes of a suitable diameter normally allows the life of the well itself to be 

extended. The increase in diameter does not always bring benefits to production. In 

such circumstances there can be a progressive increase in the quantity of water in the 

well, with a consequent increase in the weight of the column of the fluid in the well 

until it prevents the production of gas. In this case, instead, the well is recompiled 

with a smaller diameter tube that can allow the restoration of production. 

 Artificial lifting. 

 In the case of oil fields, where the pressure losses in the production string can be 

significantly higher than the production of gas (due to the higher density and 

viscosity of the oil), the excessive pressure loss, which would make production 
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impossible , can be overcome through the use of artificial lifting means. Among the 

most common vehicles are the mechanical rod pumps, the hydraulic pumps, the 

electric submerged centrifugal pumps and the gas lift. 

 Head pressure reduction. 

 It can often happen that the wells, despite the stimulation or change of section of the 

production tubing, are no longer able to produce having the static head pressure 

reached the same value as the counter-pressure of the surface plants. In the case of 

gas fields this is usually relatively high, to allow the plants to operate and treat gases 

with chemical and physical characteristics (composition and pressure) suitable for 

connection with the methane pipeline. If the working pressure of the pipeline is high, 

the dynamic pressure at the wellhead must be higher. In order to be able to continue 

producing from a well that is no longer able to send the treated gas to the distribution 

network, it is therefore necessary to modify the treatment plants in such a way as to 

lower the operating pressure and use compressors downstream of these for the 

dispatch of the gas produced. 

 

 

Mining closure of an extraction well 

 

  Extraction wells are not destined to always remain operational. When it has completed its 

function, the well is closed and "abandoned" from the mining point of view. This occurs in 

conjunction with different situations: 

 Depletion of the reservoir (involves the abandonment of all the wells and the total 

reclamation of the site); 

 End of the production phase and conversion to storage (abandonment of wells not 

suitable for storage because marginal or not sufficiently performing); 

  Damaged wells whose recovery is not economically justified; 

 Low performing wells due to exceeding their useful life (on average 50 years). 
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The well is abandoned from the mining point of view after the conclusion of procedures 

and operations that involve its mining closure. 

The mining closure must restore the same hydraulic conditions prior to the execution of the 

hole in order to: 

1. Avoid pollution of surface fresh water; 

2. Avoid the release of layer fluids to the surface; 

3. Isolate the fluids of different layers restoring the closures of each formation. 

At the end of the works, the well is placed under control to check the perfect tightness of 

the cementations and flanges and the absence of pressures from the cavities between the 

different pipes. After the execution of the mining closure caps, the well head is 

disassembled. The piece of pipe that comes out of the ground is cut up to 1.60/1.80 meters 

below the original ground level and a special protection plate called “mining closing flange” 

is welded onto the pipe. 

From the area previously occupied by the well, all the equipment that can cause an impact 

on the surrounding environment are removed. The site, thus abandoned, is subject to 

environmental restoration, a procedure that consists of environmental characterization (soil 

analysis to check for contamination and / or pollution pollution), and in the eventual 

reclamation of the area. 

The mining closure, following authorization by the competent office of the Ministry of 

Economic Development, is therefore the sequence of operations that allows you to leave the 

well safely. The objectives that the mining closure proposes are achieved with the combined 

use of the following systems described in detail below: 

 Cement plugs; 

 Cement squeezes; 

 Bridge-plug / Cement retainer; 

 Mud of appropriate density. 

Cement plugs and bridge plugs isolate the pressures below them, eliminating the effect of 

the hydrostatic load of the overlying fluids. The density of the mud controls the pressures 

above the cement plugs and bridge plugs. 
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Below is a brief description of the locking systems listed above. 

1. Cement plugs: the execution of a cement plug takes place by pumping and 

displacing into the well a cement mortar with a volume equal to the length of the 

hole to be closed. The cement mortar is pumped and brought to the bottom by 

displacing it with drilling mud. 

2.  Squeze of cement: the term squeezing indicates the operation of injection of fluid, 

pumped under pressure, towards a specific area of the well. In mining closures the 

squeezes of cement mortar are carried out by means of appropriate “cement 

retainers” with the aim of closing the previously perforated layers for the execution 

of production tests. 

3.  Bridge plug / cement retainer: the bridge plugs are mechanical plugs that are 

lowered into the well and fixed against the covering column. The main elements of 

the bridge plug are the wedges, which allow the attachment of the tool against the 

column wall and the packer, which expanding against the column isolates the 

underlying area from the upper one. Some types of bridge plugs known as cement 

retainers are provided with a communication hole between the upper and lower 

parts with a non-return valve, so as to allow the cement mortar to be pumped below 

them. 

4. Drilling mud: the free hole sections (between one plug and the other) are kept full of 

drilling mud at the appropriate density in order to control the pressures above the 

cement plugs and bridge plugs. 

The number and location of cement plugs and plug bridges in mining closures depend on 

the depth reached, type and depth of the lining columns, mining and geological results of 

the survey. The mining closure program is formalized at the end of the drilling operations. 

Guidelines for the disposal of mining were approved with the Ministerial Decree of 15 

February 2019. 

Mining closure of wells, ART 4 : 

1. An exhausted well or anyway that cannot be used, or not able to further ensure 

production in commercial quantities, must be closed according to the procedure 
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established by the decree of the President of the Republic May 24th 1979, n. 886, and 

by the indications of the Ministry of Economic Development. 

2. As part of the mining operations referred to in the previous paragraph, the lining 

column, the intermediate columns and the production column must be removed 

below the seabed by cutting and recovery. 

3. The abandonment of the connected platforms and infrastructures is prohibited. 

4. By way of derogation from paragraph 3, an alternative re-use may be authorized by 

the competent administration, when the requirements and guarantees pursuant to 

art. 8, paragraph 2 and to the art. 11, paragraphs 4, 5 and 6, or a partial removal of 

the connected platforms or infrastructures  
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Chapter 2: Waste-to-Energy in the Circular Economy 

 

  A circular economy aims to maintain the value of products, materials and resources for as 

long as possible by returning them into the product cycle at the end of their use, while 

minimising the generation of waste. The fewer products we discard, the less materials we 

extract, the better for our environment. 

This process starts at the very beginning of a product’s lifecycle: smart product design and 

production processes can help to save resources, avoid inefficient waste management and 

create new business opportunities. 

A circular economy is explained as an economy “where the value of products, materials and 

resources is maintained in the economy for as long as possible, and the generation of waste 

minimised (European Commission,2015)”. 

The circular economy offers an opportunity to reinvent our economy, making it more 

sustainable and competitive. This brings benefits for European businesses, industries, and 

citizens such as: 

 more innovative and efficient ways of producing and consuming; 

 protection for businesses against scarcity of resources and volatile prices; 

 opportunities for local jobs and social integration; 

 optimisation of waste management which boosts recycling and reduces landfill; 

 energy savings as less production processes requires less energy; 

 benefits for the environment in terms of climate and biodiversity, air, soil and water 

pollution. 

The circular economy is both a prominent concept, an industrial trend, and a policy 

instrument. There is a promise of economic growth without further pollution and resource 

extraction, of a smarter way to use and reuse extant resources, and of innovation.  

Before a throw-away consumerist society, people reused, refurbished, and repurposed most 

of their possessions. Yet for a long time it was consumerism that fueled economic growth, 

together with ever shorter technology and innovation cycles, creating new “needs” and 
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feeding the curiosity of consumers. The sustainability of such behavior has long been 

discussed.     

The circular economy concept is one of the potential answers to these problems. It combines 

many elements and streams of previous sustainability endeavors. The key-concept is  to 

understand what is novel, and how the circular economy extends or combines previous 

streams of literature.  Circular economy is a term that has been coined as opposed to the 

concept of a linear economy, a generally used label for traditional economic business 

processes.  

 

European Circular Economy Action Plan 

 

   In 2015, the European Commission adopted an ambitious “Circular Economy Package”. 

The Action Plan for the circular economy establishes a concrete programme of actions 

outlining measures that cover the entire product life cycle: from production and 

consumption to waste management and the market for secondary raw materials. Action on 

the circular economy ties in closely with key EU policy priorities and with global efforts on 

sustainable development. 

The action plan looks at the whole lifecycle of products and adopts a systemic approach that 

promotes partnerships along the entire value chain and across different sectors. The action 

plan includes a balanced mix of voluntary initiatives and regulatory actions along 

production, consumption, waste management and secondary raw materials. It also 

identifies five priority sectors:  

1. Plastics; 

2. Food waste; 

3. Biomass and bio-based products; 

4. Critical Raw Materials;  

5. Construction and Demolition.  
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Four years after its adoption, the action plan can be considered fully completed. Its 54 

actions have been delivered or are being implemented, even if the work will continue 

beyond 2020. 

On 4 March 2019, the European Commission adopted a comprehensive report on the 

implementation of the Circular Economy Action Plan. This approach helps to drive forward 

not just environmental, but also economic progress. 

A circular economy can offer major benefits, for example as established by the Commission: 

 450 million fewer tonnes of EU carbon emissions by 2030. 

 Savings of 600 billion of € for EU businesses (8% of their annual turnover). 

 580,000 new jobs. 

The Action Plan is accompanied by over €10 billion in funding, confirmed by the 

Commission for 2016-2020. 

In addition, the circular economy has strong synergies with the EU’s objectives on climate 

and energy and with the Commission’s package on “Clean Energy for all Europeans”. The 

circular economy is also instrumental in supporting the EU’s commitments on 

sustainability, in particular to reach Sustainable Development Goal 12 “Responsible 

consumption and production”. 

In the following an extract of the 54 actions planned. 

 
Figure 5- Circular Ecnonomy Actions,EU. 
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For the waste management the Commission has adopt a lot of action, some of them are 

really ambitious, but this means that the problem is of fundamental importance and can no 

longer be underestimated.  

 
Figure 6 -Circular Ecnonomy Actions,EU. 

 

Food Waste: the main problem  

 

  Among the actions with the highest priority, the European Commission has identified food 

waste as one of the most critical. There is no universally accepted definition of “food waste”, 

although it is now becoming widely accepted that any definition should include food that 

is lost in the primary production phase (including farming, fishing and aquaculture). 

In the EU, an estimated 20% of the total food produced is lost or wasted, while 43 million 

people cannot afford a quality meal every second day. 
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Households generate more than half of the total food waste in the EU (47 million tonnes) 

with 70% of food waste arising at household, food service and retail (FUSIONS, 2016). 

Globally, approximately a third of all food produced for human consumption is lost or 

wasted. 

Food loss and waste in industrialised countries are as high as in developing countries, but 

their distribution is different: in developing countries, over 40% of food losses happen after 

harvest and during processing; instead in industrialised countries, over 40% occurs at retail 

and consumer level. 

Food is lost or wasted along the whole food supply chain: on the farm, in processing and 

manufacture, in shops, in restaurants and in the home. The reasons for food waste vary 

widely. 

Although the appearance of food waste may differ depending on its origin, due to local food 

preferences and habits, in biochemical terms it is generally very similar. It shows roughly 

the same distribution of proteins, fats, carbohydrates and essential elements, is easily 

biodegradable and has a high biochemical methane potential (BMP). 

Factors contributing to food waste include: 

 Insufficient shopping and meal planning and promotions like "buy one get one free" 

leading to too much food being purchased or prepared; 

 Misunderstandings about the meaning of "best before" and "use by" date labels 

leading to edible foods being thrown away; 

 Standardised portion sizes in restaurants and canteens; 

 Difficulty in anticipating the number of customers (a problem for catering services); 

 Stock management issues for manufacturers and retailers; 

 High quality standards (eg. for produce sold at retail); 

 Overproduction or lack of demand for certain products at certain times of the year; 

product and packaging damage (farmers and food manufacturing); 

 Inadequate storage/transport at all stages of the food chain; 

As we can see from the next picture, the amount of the waste food has reached more than 

170 kg for person in a year. 
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Figura 7- Food Waste, European Commission. 

The total amount of municipal solid waste is continuously rising. Consequently, there are 

millions of tons of solid waste being produced every year which have to be safely disposed 

without any negative impact to the environment. Anaerobic digestion as a pretreatment 

prior to landfill disposal or composting offers several advantages, such as minimization of 

masses and volume, inactivation of biological and biochemical processes in order to avoid 

landfill-gas and odor emissions, reduction of landfill settlements and energy production in 

the form of methane, or Biogas. Therefore, anaerobic digestion of biodegradable organic 

solid wastes can be considered an alternative option to improve the environment condition 

caused by organic solid waste and at the same time taking an advantage as an 

environmentally-friend resource of energy.  

Due to its simplicity and financial reason, solid waste disposal on sanitary landfill has been 

the common practice for many decades. However, a study of Eriksson (2005) shows that 

reducing landfilling in favour of increasing recycle of energy and materials lead to a lower 

environmental impact, a lower consumption of energy resources, and lower economic costs. 

Landfilling of energy rich waste should be avoided as far as possible, partly because of the 

negative environmental impacts from landfilling, and mainly because of its low recovery of 

resources. Furthermore, burying organic fraction of municipal solid waste together with 

other fractions implied extra cost for Leachate treatment, low biogas quality and quantity, 

and high post closure care.  

In Europe the introduction of the European Landfill Directive (EC, 1999) has stimulated 

European Union Member States to develop sustainable solid waste management strategies, 
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including collection, pretreatment and final treatment methods.  According to the Directive, 

it is compulsory for the Member States to reduce the amount of biodegradable solid waste 

that is deposited on sanitary landfills.  

 

Biomass: one of the solution  

 

  Circular economy and renewable sources has become increasingly important for 

sustainable development. As a renewable source, Biomass has the potential to replace the 

fossil sources when wastes of biomass activities and disposed products are processed within 

a supply chain network. The sectoral integration network involves pre-treatment at each 

Biomass site, regional conversion processes, and centralized upgrading plants. This 

network uses wastes from many sectors and produces energy and multiple products. In this 

way, the risk of supply shortage is reduced, and the revenue of each sector increases. This 

network structure provides more evenly distributed population and development of rural 

areas as well. To enable these features, this network needs multi-feed-multi-product and 

flexible Biomass conversion processes. The conversion processes are the heart of Biomass 

supply chain network. 

The term Biomass appeared in Italy in the late '70s when, after the energy crisis of 1973 and 

under the pressure of environmental emergencies returned the interest in renewable energy 

sources. Biomasses were included, following what was already happening in other 

countries of the world, in this context.  From the scientific point of view, the word biomass 

indicates every material of biological origin, therefore linked to the chemistry of carbon; in 

other words, we can refer to every substance that derives directly or indirectly from the 

photosynthesis of chlorophyll. 

 If we want to associate the term biomass with the concept of renewability, we must exclude 

from the definition just given all the biomass that occurs in fossil form and its derivatives 

An energy source is considered renewable when the time needed for its reconstitution is not 

more than the average life-time of a person. In this case, and in common use, Biomass is 
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defined as: any organic substance deriving directly or indirectly from chlorophyll 

photosynthesis, which is not present in fossil form or is derived from it. 

From a regulatory point of view, Decree Law No. 387 of 29 December 2003 (often referred 

to as the Environmental Consolidation Act) defines biomass as "the biodegradable part of 

products, waste and residues from agriculture (including vegetable and animal substances) 

and forestry and related industries, as well as the biodegradable part of industrial and 

municipal waste". 

These definitions cover a wide variety of substances which can be divided into the following 

categories: 

 Biomass from energy crops: trees or bushes specially cultivated for energy purposes 

(poplar, eucalyptus, willow, mischantus, sweet sorghum, etc.);  

 Forest residues: scrub, branches, foliage and various residues from forest 

maintenance;  

 Agricultural residues: residues from farms and farms (straw, bagasse, uprooted 

plants, pruning, etc.). 

 Zootechnical waste: organic substance produced by animal farms (manure, sludge 

from washing stables, etc.); 

 Agro-industrial and food industry residues: waste substances from production 

processes (olive pomace, pomace, rice husk, hazelnut and almond shells, etc.);  

 Urban solid waste: OFMSW;  

 Industrial, Urban and other waste: wood waste from woodworking industries, 

urban wood, civil wastewater, etc. 

It can be said that biomass is the most sophisticated form of solar energy storage: in fact, 

photosynthesis of chlorophyll occurs thanks to the action of solar energy that reaches the 

Earth, without it would not take place. The use of energy from biomass has always existed, 

and indeed they have represented the first energy source used by man, and are still one of 

the most widespread today. 
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Main characteristics of Biomass 

 

The characteristics of Biomass are widely variable due to the large amount of substances 

that fall into this category. Biomasses, if managed in a sustainable way, are a renewable 

source, so their availability is theoretically eternal.  

From the point of view of CO2 emissions into the atmosphere, the energy use of biomass (if 

managed in a sustainable way) makes a practically zero contribution. The amount of CO2 

emitted during their use is approximately equal to the amount that they themselves have 

absorbed from the atmosphere during the growth cycle. It should also be noted that even 

when biomass is left in the field or in the woods, when it rots and degrades, it still emits the 

CO2 it has absorbed, together with other greenhouse gases (e.g. CH4). 

In a more rigorous analysis, such as the so-called life cycle assessment, it is also necessary 

to consider the greenhouse gas emissions of all activities related to the production, 

collection, treatment and transport of biomass to the point of use. In fact, therefore, the 

contribution that the energy use of biomass makes to the concentration of CO2 in the 

atmosphere is not exactly zero; however, in a sustainable management of biomass, this 

contribution is decidedly negligible.  

Biomasses are available in various forms and species, almost everywhere on Earth, so they 

are not affected by international crises, which instead heavily affect the availability and 

prices of oil, natural gas and, more generally, all fossil fuels. 

The energy use of biomass contributes to the reduction of dependence on fossil fuels, which 

is particularly strong in Italy.  If well managed, the use of biomass for energy purposes, has 

an impact on the territory concerned, with the possibility of creating a supply chain, which 

can contribute to the growth of the economy and local development. 

On the other hand, biomass has a low calorific value, which means that in order to obtain 

the same power obtained with a given quantity of fossil fuels, a higher quantity of Biomass 
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must be used. However, this disadvantage is almost always compensated by the lower cost 

of biomass compared to fossil fuels.  

The feeding of large power plants requires a high quantity of Biomass which, except in 

special cases, cannot be available in the vicinity of the plant itself. This implies that supplies 

have to be supply to the plant from somewhere else with increased transport costs and 

greenhouse gas emissions. In general, the cost becomes unsustainable when distances of 80-

120 km from the plant are exceeded, and this is a limit on the size of the plants that can be 

built. Particulate emissions during Biomass combustion are generally higher than those of 

conventional fuels; however, it should be remembered that the normal dust abatement 

systems with which the plants are always equipped are more than sufficient to keep 

emissions well below the legal limits. 

The organization and management of biomass plants is slightly more complicated than 

fossil fuel plants (possibility of self-combustion of stocks, continuity of supply, wide range 

of variation in fuel humidity, etc.). 

Here is a list of basic parameters for the use of biomass: 

1. Moisture content: one of the most important characteristics from the point of view of 

the energy use of Biomass, is the moisture content or simply the humidity. Every 

Biomass, and in general every substance, contains a certain amount of water linked 

to the sap present, for example, in the wood fibres or in the leaves, to the water 

trapped in the pores present in the biomass. Moisture is expressed as a percentage 

by mass.  

2. Low Heating Value (LHV): the calorific value of a substance represents its energy 

content, i.e. the maximum amount of energy that can be extracted from it. In addition 

to the particular substance considered, this size also depends on its moisture. Usually 

we always talk about lower heating value (LHV), meaning the amount of energy 

contained in a material net of the share absorbed by the heating of the fumes and, 

above all, by the vaporization of the water produced during combustion. 
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3. C/N ratio: Carbon is a combustible substance, while Nitrogen is an inert element, so 

it is normal to expect that when the carbon fraction is higher than the nitrogen 

fraction, biomass is better suited for combustion or a thermochemical process. In 

general, in fact, it can be said that when the C/N ratio is higher than 30 it would be 

better to use thermochemical processes, while if you are below it is better to use 

biochemical ones.  It should be noted, however, that when choosing a conversion 

process, not only the C/N ratio (which provides a rough indication) should be taken 

into account, but also other factors, such as the cost of the plant, the environmental 

impact, the availability of biomass, etc. 

4. Ash content: biomasses generally have an ash content of around 5-6 %, but in some 

cases, it can be as much as 20%. The increase in ash content has a negative effect on 

LHV. 

5. Density: expresses the mass of material that is in one unit of volume. It can be 

physical or apparent. 

6. Volatil Matter (VM): when the biomass is heated, the bonds that hold the various 

substances together begin to break, and these compounds are released from the solid 

matrix to form new gaseous compounds. These gaseous compounds released during 

the biomass devolatilization phase are called volatile substances. Volatile substances 

are the fundamental component of biomass, even solid, representing about 70-90% 

by mass. The temperatures at which volatile substances begin to form are relatively 

low (200-250°C), and their release is very rapid. They are essentially composed of 

combustible gases (CO, H2, CxHx, CO2) water vapour, and other substances present 

in the form of vapours generally referred to as tar. 
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Transformation of the Biomass 

 

 Biomass energy conversion processes can be divided into three main classes: 

thermochemical processes, biochemical processes and mechanical processes. 

The most widely used processes today are those of a thermochemical nature, with 

combustion in first place; in the last 10-15 years gasification plants have also begun to 

spread, and co-firing has become an increasingly widespread technique in coal-fired plants. 

Pyrolysis and carbonization, on the other hand, have now found limited application. 

Gasification makes it possible to transform solid or liquid biomass into a gas (Syngas) that 

can be used mainly in internal combustion engines or gas boilers. Pyrolysis is a process in 

which the biomass undergoes thermal decomposition (at temperatures typically between 

400 and 800 °C) in the total absence of oxygen, thus avoiding combustion. The products 

obtained are gaseous, liquid (pyrolysis oil), and solid (charcoal), and can then be burned in 

appropriate devices. Carbonisation consists in the transformation of biomass into charcoal, 

subjecting it, also in this case, to thermal degradation. The temperatures involved are 

slightly lower (400-500 °C) than those of pyrolysis and the gaseous and liquid products are 

not collected.  In biochemical processes, alcoholic fermentation allows the transformation of 

biomass with a high sugar content (typically sugar beet and sugar cane) into a liquid fuel 

(Ethanol or Bio-Ethanol) which can be used in internal combustion engines. in Italy the limit 

to its diffusion is the scarce availability of land to be dedicated to the cultivation of suitable 

species. Anaerobic digestion is a process of converting biomass into gas (Biogas), through 

the action of microorganisms that operate without oxygen. Finally, it is possible to extract 

oil from some oil plants (i.e. Sunflowers) through mechanical systems (pressing), which, 

after further processing, becomes a fuel that can feed normal diesel engines. In addition to 

biodiesel, there is increasing interest in the use of pure or exhausted vegetable oils (used 

cooking oils).  

The choice of one process rather than another is made on the basis of certain parameters, 

the most important of which is represented by the characteristics of the biomass available. 
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In particular, for thermochemical systems, the most suitable biomass must have a C/N ratio 

of more than 30, the moisture content must be as low as possible (no more than 45-50%), 

and the LHV must have a sufficient value (not less than 9000-10000 kJ/kg), otherwise 

combustion will not support itself. Conversely, if the biomass has a C/N ratio of less than 

30, and a high moisture content (over 50%), it is generally better to use a biochemical 

process.   

The following tables show the principal processes of the Biomass: 

TERMOCHEMICAL 

COMBUSTION 

CO-COMBUSTION 

GASIFICATION 

CARBONIZATION 

PYROLYSIS 

BIOCHEMICAL 
ANAEROBIC DIGESTION 

ALCOHLIC FERMENTATION 

MECHANICS Oil EXTRACTION 

Tabel 2- Biomass Process. 
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Chapter 3: Biogas production from Organic Solid Waste 

 

  Organic fraction of municipal solid waste and its proper disposal is becoming a serious 

challenge around the world. Environmental pollution, public health risk, and scarcity of 

dumping land are the aftereffects of its improper disposal. Embodied energy recovery 

associated with the organic waste along with waste minimization may be achieved using 

anaerobic digestion.  

The chemical composition of the substrate plays a crucial role among the factors responsible 

for digestion performance and Cumulative Methane Production (CMP). Due to the high 

moisture content and low caloric value of organic waste, incineration will not be an 

economical option. Thus, the treatment of the Organic Fraction of Municipal Solid Waste, 

(OFMSW), can be realized alternatively by anaerobic digestion or aerobic composting.   

There are different treatment methodologies including mechanical, thermal, chemical, 

biological, ultrasonic, and microwave approaches to enhance methane yield of anaerobic 

digestion of the OFMSW.  

Compared to composting, anaerobic digestion of OFMSW has several advantages, such as 

better handling of wet waste, the possibility of energy recovery in the form of methane, less 

area requirement and less emission of bad odor and green house gasses. Furthermore, if the 

digestate of an anaerobic digester has to be disposed in a landfill, anaerobic digestion of 

OFMSW has advantages such as: minimization of masses and volume, inactivation of 

biological and biochemical processes in order to avoid landfillgas and odor emissions, 

reduction of landfill settlements, and immobilization of pollutants in order to reduce 

leachate contamination. 

Accurate weight data and chemical or biochemical analyses are essential for developing 

treatment and resource recovery technologies to recycle food and process residues, 

avoidable and unavoidable, that end up in the waste stream. Chemical and biochemical 

analysis generally covers a range of parameters, of which the most common are moisture 

and solids content (total (TS) and volatile (VS)); biochemical composition (proteins, lipids, 

carbohydrates and fibre); macro and trace nutrients; and potentially toxic elements (PTE). 
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The organic fraction of municipal solid waste (OFMSW) is widely used as a feedstock for 

anaerobic digestion and promising source or biogas generation. Biogas generated by 

digesting OFMSW anaerobically may be utilized directly in combined heat and power 

(CHP) units, cooking or may be purified for transportation purpose. 

 

 

Anaerobic Digestion of the OFMSW 

 

  The anaerobic process is based on the activity of particular microorganisms that use 

biomass (substrate) as a source of livelihood and growth as well as a source of carbon for 

the production of new cells. This process is called anaerobic digestion and is a process that 

takes place in the absence of oxygen: the biomass digested by the microorganisms is 

transformed into gas, called biogas.  The compounds present in the biogas are essentially: 

CO2,H2O, NH3, CH4 and others; methane (55-65%) and carbon dioxide (25-30%) are the 

highest percentage. In addition to the gas, there remains a residue of muddy consistency 

called digestate, which can be used as a soil improver or fertilizer for the fields.  

Anaerobic digestion is described as a series of processes involving microorganisms to break 

down biodegradable material in the absence of oxygen. The overall result of anaerobic 

digestion is a nearly complete conversion of the biodegradable organic material into 

methane, carbon dioxide, hydrogen sulfide, ammonia and new bacterial biomass (Veeken, 

2000; Kelleher , 2002; Gallert and Winter, 2005). Buswell (1952 as cited in Gallert and Winter, 

2005) proposed a generic formula describing the overall chemical reaction of the anaerobic 

fermentation process of organic compounds which can be used for the prediction of biogas 

production: 

𝐶𝑐𝐻ℎ𝑂𝑂𝑁𝑛𝑆𝑠 +  
1

4
 ( 4𝑐 − ℎ − 2𝑜 + 3𝑛 + 2𝑠 )𝐻2𝑂   

→  
1

8
 ( 4𝑐 − ℎ + 2𝑜 + 3𝑛 + 2𝑠 )𝐶𝑂2 +  

1

8
 ( 4𝑐 +  ℎ − 2𝑜 − 3𝑛 − 2𝑠 )𝐶𝐻4 + 𝑛𝑁𝐻3 + 𝑠𝐻2𝑆 
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In the anaerobic digestion process different types of bacteria degrade the organic matter 

successively in a multistep process and parallel reactions. The anaerobic digestion process 

of complex organic polymers is commonly divided into three inter related steps: hydrolysis, 

fermentation (also known as acidogenesis), ßoxidation (acetogenesis) and methanogenesis 

which are schematically illustrated in the following imagine. 

 

In the schematic diagram of complete anaerobic digestion of complex polymers, the names 

Figure 8- Methane process creation 
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in brackets indicate the enzymes excreted by hydrolytic bacteria. Numbers indicate the 

bacterial groups involved: 

1. Fermentative bacteria; 

2. Hydrogen-producing acetogenic bacteria; 

3. Hydrogen-consuming acetogenic bacteria; 

4. Aceticlastic Methanogenic bacteria; 

5. Carbon dioxide-reducing methanogenic bacteria 

As stated before the process is divided into 3 parts, as in the following: 

1. Hydrolysis. In the first step, complex organic polymers such as polysaccharides, 

proteins, and lipids (fat and grease) are hydrolyzed by extracellular enzymes into 

soluble products. The size of these soluble products must be small enough to allow 

their transport across the cell membrane of bacteria. Hydrolysis is a rather slow and 

energyconsuming process and is normally considered as the overall rate limiting step 

for the complete anaerobic digestion of complex polymers.  

2. Fermentation (Acidogenesis). The monomers produced from the hydrolysis process 

are then degraded by a large diversity of facultative anaerobes and anaerobes 

through many fermentative pathways. The degradation of these compounds results 

in the production of carbon dioxide, hydrogen gas, alcohols, organic acids, some 

organic nitrogen compounds, and some organicsulfur compounds. The most 

important of the organic acids is acetate since it can be used directly as a substrate by 

methanogenic bacteria. Acetate can be produced not only through the fermentation 

of soluble organic compounds but also through acetogenesis. In this step low 

molecular weight volatile fatty acids are converted into acetate, hydrogen gas and 

carbon dioxide by acetogenic bacteria. This conversion process can only be 

thermodynamically favoured if the partial hydrogen pressure is kept low. Thus 

efficient removal of the produced hydrogen gas is necessary (Pavlosthatis and 

GiraldoGomez, 1991; Veenstra, 2000, Gerardi, 2003).  

3. Methanogenesis. Finally, methane gas is produced by methane producing bacteria. 

Methane is formed around 66 % from acetate by means acetate decarboxylation 



45 

 

proceeded by acetoclastic methanogenic bacteria (. M spp. and  spp.) and 34 % from 

carbon dioxide reduction by hydrogen, catalysed by hydrogen utilizing 

(hydrogenophilic) methanogenic bacteria. In particular, hydrogen utilizing 

methanogenic bacteria maybe responsible for the low partial pressure of hydrogen 

gas in anaerobic reactors, thus they create optimal conditions for acetogenic bacteria 

to breakdown the hydrolyzed organic compounds other than CO2, H2 and acetate 

into substrates for methanogenic bacteria (Veenstra, 2000; Metcalf & Eddy Inc., 2003). 

Alternatively sulphatereducing bacteria or autotrophic acetogenic bacteria may also 

use hydrogen for sulphate reduction or acetate production from CO2 + H2 and thus 

decrease the hydrogen partial pressure.   

In the next page are shown the kind of degradation process. In this figure 9 we can also see 

the bacterial group involved and the kind of the bacteria. 
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Figura 9-Bacterial Group for Anaerobic Digestion,Nayono 2009. 
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Important parameter in OFMSW digestion 

 

Several factors can affect the performance of the anaerobic digestion, either by process 

enhancement or inhibition, influencing parameters such as specific growth rate, 

degradation rates, biogas production or substrate utilisation. 

The most important parameters are discussed below. 

 

Alkalinity and pH 

 

  The pH value of the digester content is an important indicator of the performance and the 

stability of an anaerobic digester. In a well balanced anaerobic digestion process, almost all 

products of a metabolic stage are continuously converted into the next breaking down 

product without any significant accumulation of intermediary products such as different 

fatty acids which would cause a pH drop.   

Many aspects of the complex microbial metabolism are greatly influenced by pH variations 

in the digester. Although acceptable enzymatic activity of acidforming bacteria can occur at 

pH 5.0, methanogenesis proceeds only at a high rate when the pH is maintained in the 

neutral range.  Most anaerobic bacteria including methane forming bacteria function in a 

pH range of 6.5 to 7.5, but optimally at a pH of 6.8 to 7.6, and the rate of methane production 

may decrease if the pH is lower than 6.3 or higher than 7.8 . 

Zhang (2005) reported that an anaerobic digestion of kitchen wastes with controlled pH 

value at 7.0 resulted in a relatively high rate of hydrolysis and acidogenesis with about 86 

% of TOC and 82 % of COD were solubilized.  

Alkalinity and pH in anaerobic digestion can be adjusted using several chemicals such as 

sodium (bi) carbonate, potassium (bi) carbonate, calcium carbonate (lime), calcium 

hydroxide (quick lime) and sodium nitrate. Addition of any selected chemical for pH 

adjustment should be done slowly to prevent any adverse impact on the bacteria. Because 

methanogenic bacteria require bicarbonate alkalinity, chemicals that directly release 

bicarbonate alkalinity are preferred. Lime may be used to increase digester pH to 6.4, and 
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then either bicarbonate or carbonate salts (sodium or potassium) should be used to increase 

the pH to the optimum range. 

 

Temperature 

 

Temperature is one of the major important parameters in anaerobic digestion. It determines 

the rate of anaerobic degradation processes particularly the rates of hydrolysis and 

methanogenesis. Moreover, it not only influences the metabolic activities of the microbial 

population but also has a significant effect on some other factors such as gas transfer rates 

and settling characteristics of biosolids (Stronach ., 1986 and Metcalf & Eddy Inc., 2003). 

Anaerobic digestion commonly applies two optimal temperature ranges: mesophilic with 

optimum temperature around 35 °C and thermophilic with optimum temperature around 

55 °C. The biphasic curve typically is a result of insufficient adoption and selection time by 

increasing the mesophilic and lowering the thermophilic temperature and not awaiting 

several retention times. The next figure show the influence of the temperature on the rate of 

anaerobic digestion process.    

 

Figure 10- Optimal Temperature Range in Anaerobic digestor.Nayono. 
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Mesophilic bacteria are supposed to be more robust and can tolerate greater changes in the 

environmental parameters, including temperature. Smaller digesters, poorly insulated 

digesters, or digesters in cold climates are susceptible for extreme temperature fluctuations 

thus these would be beneficial if the digester is being run in the mesophilic range to 

minimize system crashing. Although it requires longer retention time, the stability of the 

mesophilic process makes it more popular in current anaerobic digestion facilities (Zaher ., 

2007). 

Thermophilic process offers faster kinetics, higher methane production rates and pathogen 

removal. This method, however, is more sensitive to toxic substances and changes of 

operation parameters. A study comparing the performance of thermophilic and mesophilic 

treating mechanically sorted municipal solid waste (Cecchi, 1991) found that thermophilic 

process yielded 100 % more methane production and better volatile solids elimination 

compared to mesophilic process. However, thermophilic process is sometimes considered 

as less attractive from the energy point of view since it requires more energy for heating. 

Reasonable methane yields still can be expected from anaerobic digestion at low 

temperatures (14 – 23 °C) if the organic loading of the digester is reduced by mean of 

extending the hydraulic retention.  

The most common method for maintaining the temperature in anaerobic digester is an 

external heat exchanger. This method has the benefit of enabling to mix recirculating 

digestate with raw slurry before heating, and in seeding the raw slurry with anaerobic 

microorganisms. Among three types of external heat exchangers frequently used ( water 

bath, tubular and spiral exchangers), both tubular and spiral exchangers are mostly 

preferred for their countercurrent flow design and heat transfer coefficients. The hot water 

used in the heat exchangers is commonly produced in a boiler fueled by biogas that comes 

from the digester. At the startup and/or under conditions of insufficient biogas production, 

an alternative fuel source such as natural gas must be provided 
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Substrate characteristics 

 

The characteristics of solid wastes determine the successful anaerobic digestion process 

(high biogas production potential and degradability). In municipal solid waste, substrate 

characteristics may vary due to the method of collection, weather season, cultural habits of 

the community. Substrate characteristics such as its composition, C/N ratio and particle size 

will be briefly discussed in the following. 

The degradability and biogas production potential from solid waste in an anaerobic digester 

are dependent on the amount of the main components: lipids, proteins, carbohydrates such 

as cellulose and hemicelluloses as well as lignin (Hartmann and Ahring, 2006). Among them 

lipids are the most significant substances in the anaerobic digestion, since the methane yield 

from lipids is higher than from most other organic materials.  

The lowest hydrolysis rate constants were obtained in the assays fed with kitchen waste that 

contained an excess of lipids. This was presumably due to a synergetic effect on the 

degradation of the other components since lipids adsorb into solid surfaces and may delay 

the hydrolysis process by reducing the accessibility of enzyme attack. Lignocellulosic 

(cellulose and hemicelluloses which are tightly bound to the lignin) waste can be found in 

abundant amount in the form of garden waste, paper residue or agricultural waste. Due to 

the presence of lignin, lignocellulosic waste is considered to be quite resistant to anaerobic 

digestion and hydrolysis is the rate limiting step in the overall process. In order to improve 

the rate of enzyme hydrolysis and increase yields of fermentable sugars from cellulose or 

hemicellulose in lignocellulosic waste, several pretreatment methods such as thermal (steam 

or hot water), chemical (acid, lime or ammonia addition) or combination of both methods 

were proposed by several studies. 

The composition of waste also determines the relative amounts of organic carbon and 

nitrogen present in the waste substrate (C/N ratio, as mentioned before). A solid waste 

substrate with high C/N ratio is not suitable for bacterial growth due to deficiency of 

nitrogen. As a result the gas production rate and solids degradability will be low. On the 
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other hand, if the C/N ratio is very low, the degradation process leads to ammonia 

accumulation which is toxic to the bacteria. Kayhanian and Hardy (1995) found that a C/N 

ratio (based on biodegradable organic carbon and nitrogen) within the range of 25–30 is 

considered to be optimum for an anaerobic digester. To maintain the C/N level of the 

digester material at optimum levels, substrates with high C/N ratio can be codigested with 

nutrientrich organic wastes (low C/N ratio) like animal manure or foodwaste.  

The particle size has a significant role in anaerobic digestion of solid waste, especially 

during hydrolysis since a smaller particle size provides a greater area for enzymatic attack 

(Palmowski and Müller, 2000; Hartmann and Ahring, 2006). The increase of the average 

particle size in anaerobic digestion of foodwaste was reported to decrease the maximum 

substrate utilization rate coefficient. Mshandete  (2006) reported that by reducing the size to 

2 mm, the potential methane production of sisal fiber waste will improve to more than 20 % 

and the total fiber degradation increased from 31% to 70% compared to the untreated fibers. 

 

Hydraulic retention time 

 

 The hydraulic retention time (HRT) is a measure to describe the average time that a certain 

substrate resides in a digester. In a digester with continuous mixing, the contents of the 

reactor have a relative uniform retention time. In this system, the minimum HRT is dictated 

by the growth rate of the slowest growing, essential microorganisms of the anaerobic 

bacterial community. If the HRT is shorter, the system will fail due to washout of the slowest 

growing microorganisms that are necessary for the anaerobic process. Shortening the HRT 

consequently reduces the size of the digester, resulting in capital cost savings. Furthermore, 

a shorter HRT yields a higher biogas production rate, but less efficient degradation of 

organic matter (as volatile solids or COD), associated with less process stability must be 

anticipated. 

Hartmann and Ahring (2006) compiled the reports from other researchers and found that 

the HRT of anaerobic digesters treating solid wastes varied from 3 to 55 days, depending on 
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the type of waste, operational temperature, process stage(s) and configuration of the 

digesters.  

The HRT for dry anaerobic digestion ranges between 14 and 30 days and for wet anaerobic 

processes it can be as low as 3 days. Salminen and Rintala (2002), however, reported even a 

longer retention time of 50 – 100 days for a digester treating solid waste from poultry 

slaughterhouse. The authors also found that at a shorter retention time (13 to 25 days), the 

process appeared to be inhibited, as indicated by the buildup of longchain fatty acids and a 

lower methane yield. 

 

Mixing condition 

 

  Although there were several contradictions, researchers agreed that mixing plays an 

important role in anaerobic digestion of solid waste. Mixing provides an adequate contact 

between the incoming fresh substrate and the viable bacterial population and also prevents 

the thermal stratification and the formation of a surface crust/scum buildup in an anaerobic 

reactor (Karim, 2005; Meroney and Colorado, 2009). Furthermore, mixing ensures that solids 

remain in suspension avoiding the formation of dead zones by sedimentation of sand or 

heavy solid particles. Mixing also enables the particle size reduction as digestion progresses 

and the release of produced biogas from the digester contents. 

Stroot et al. (2001) reported that minimal mixing resulted in excellent performance of high 

solids digestion of OFMSW with higher gas production rates and specific gas production. 

Minimally mixed solid waste presumably resulted in slower hydrolysis and acidogenesis, 

allowing synthrophs and methanogens to consume the fermentation products and by this 

avoiding inhibition through accumulation of these compounds. Vigorous and continuous 

mixing was reported to be inhibitory at high organic loading rates.  

According to Appels et al. (2008) mixing can be performed through several means such as 

mechanical mixers, recirculation of slurry (digesting sludge), or by injection of the produced 

biogas. Mechanical mixing systems generally use lowspeed flatblade turbines and are most 
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suited for digesters with fixed covers. The digesting sludge is transported by the rotating 

impeller(s), thereby mixing the content of the digestion tank. Slurry recirculation is 

provided by centrifugal pumps, generally set up in an internal or external shaft tube to 

support vertical mixing. Slurry recirculation is performed by withdrawing the digesting 

sludge from the centre of the digester. The sludge is then pumped through external heat 

exchangers, where the digested sludge is blended with the raw sludge and heated to the 

desired temperature. It is then pumped back in the digestion tank through nozzles at the 

base of the digester or at the top to break the scum layer. The disadvantage of this method 

is that the flow rate in the recirculation should be very large to ensure a complete mixing 

(thus the energy required is high). Other disadvantages of slurry recirculation are plugging 

of the pumps by rags, impeller wear from grit and bearing failures.  

Biogas recirculation is a successful method of mixing the digester content and avoids the 

buildup of scum. Biogas mixing systems can be confined and unconfined. In unconfined 

systems, the gas is collected at the top of the digestion tank, compressed and then released 

through a pattern of diffusers or a series of radially placed lances suspended from the 

digester cover. In confined systems the gas is collected at the top, compressed and 

discharged through confined tubes and gas bubbles rise, creating an airlift effect. 

 

Anaerobic digestor reactors  

 

 Typically anaerobic reactors or processes of solid waste can be distinguished into several 

types, mostly according to the feeding mode (continuous mode: single stage, two stages and 

batch mode) and the moisture content of the substrate (wet or dry digestion). Furthermore 

with those basic types, the anaerobic reactors can be arranged according to the digestion 

process temperature (mesophilic or thermophilic) and the shape of the reactors (vertical or 

horizontal).   
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Anaerobic digestion processes can be termed as “wet” and “dry” digestions depending on 

the total solids concentration of the feed substrate. Anaerobic digestion is defined as a wet 

process if the total solids concentration of the substrate is less than 15% and as a dry process 

if the concentration reaches 20 – 40%.   

In wet digestion processes, the solid waste has to be conditioned to the appropriate solids 

concentration by adding process water either by recirculation of the liquid effluent fraction, 

or by codigestion with a more liquid waste. The latter is an attractive method to combine 

several waste streams like sewage sludge or manure and OFMSW. Reactors used in wet 

digestion processes generally are referred to as continuous stirred tank reactors (CSTR), 

with application of mechanical mixers or a combination of mechanical mixing and biogas 

injection (Banks and Stentiford, 2007). The application of a wet digestion process offers 

several advantages such as dilution of inhibitory substances by process water and 

requirement of less sophisticated mechanical equipments. However, disadvantages, such as 

complicated pre-treatments, high consumption of water and energy for heating and the 

reduction of working volume due to sedimentation of inert materials have to be taken into 

account. 

The reactors used in dry anaerobic digestion processes generally do not apply mechanical 

mixers and may use biogas injection to perform mixing of the digester content. However, 

using this technique, complete mixing of the digestate is almost impossible; thus, the ideal 

contact of microorganisms and substrate cannot be guaranteed. As a consequence, 

individual processes may run in different parts of the reactor, which limits an optimal 

cooperation of the microbial groups involved in the digestion process. Thus, the digesters 

used in dry anaerobic digestion can be considered as plug flow reactors. Dry anaerobic 

digestion offers less complicated pre-treatments and higher loading rate (10 kg VS m-3  d-1  

or more). However, the systems require more sophisticated mechanical equipments and less 

possibility to dilute the inhibitory substances. 

In general, both anaerobic digestion processes can be considered a proven technology for 

the treatment of organic solid waste. Luning , (2003) reported that biogas production figures 
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of the wet digestion process (Waasa process) and the dry digestion process (Valorga 

process) were identical. The wet process produced more wastewater; however, this was 

compensated by a smaller amount of digestate to be disposed of and the separation of inert 

materials suitable for recycling. De Baere and Mattheews (2008) reported that although the 

applications of both systems have continued to increase in total capacity, dry digestion 

systems have been dominant since the beginning of the 1990’s. An increase of wet systems 

was observed between 2000 and 2005 as a number of full-scale wet plants were operated, 

while more dry fermentation plants were being installed since 2005. In 2008, dry anaerobic 

digestion provided almost 54% of the capacity while the rest applied wet anaerobic 

digestion. 

Two feeding modes are generally used in anaerobic digestion of solid waste: the batch 

system and the continuous system. In the batch system, digesters are filled once with fresh 

feedstock, with or without addition of inocula, and sealed for the complete retention time, 

after which it is opened and the effluent removed. In the continuous system, fresh feedstock 

continuously enters the digester and an equal amount of digested material is removed.  

Batch systems are often considered as “accelerated landfill boxes”, although in fact they 

achieve much higher biogas production rates than that observed in landfills, because of two 

basic features. The first feature is that the continuous recirculation of leachate not only 

allows the dispersion of inoculants, nutrients, and acids, but also improves the mixing 

condition. The second is that batch system is run at higher temperatures than that normally 

observed in landfills. One technical shortcoming of batch system is the risk of blockage of 

the leaching process caused by clogging of the perforated floor. This problem is alleviated 

by mixing the feedstock with bulking material (wood chips) and by limiting the thickness 

of the fermenting wastes in order to limit compaction (Vandevivere ., 2003). Although batch 

systems have not succeeded in taking a substantial market share, especially in more 

developed countries, the system is attractive to developing countries. The reason is that the 

process offers several advantages as it does not require fine shredding of waste, 
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sophisticated mixing or agitation equipments, or expensive, highpressure vessels, which 

consequently lower the investment costs. 

As has been discussed previously, the anaerobic digestion of organic wastes is accomplished 

by a series of biochemical processes. These processes can be separated into two main stages: 

the first stage where hydrolysis, acidification and liquefaction take place and the second 

stage where acetate, hydrogen and carbon dioxide are converted into methane. Concerning 

these processes, the continuous system can be further divided to onestage and 

two/multistage system. 

   

Biogas and the CHP 

   

  There are several possibilities for using the biogas generated, which depend on the 

quantity and quality of the gas, the type of production, the temperature, the type of of 

substrate used and the time spent in the reactor. The calorific value can  therefore be used 

in direct combustion to generate heat, such as fuel for vehicles, such as combined heat and 

power generation and Combined Heat and Power (CHP). 

The energy power is associated with the amount of methane contained, the percentages of 

the different gases that make up the biogas depend on the type of waste used for the to his 

own production.  

The easiest way to use it is direct combustion in boilers or burners to generate heat. The 

biogas can be used directly where produced or transported by pipeline and then burned. 

For direct combustion the biogas does not need to be treated to improve its quality and the 

level of contaminants do not restrict the use of gas. 

Cogeneration of energy and heat is widely used by many producing countries of biogas 

having high production efficiencies, it allows a considerable saving of energy emissions 

compared to the separate production of the same amounts of heat as energy. The efficiency 

can exceed 90% (about 30% more in electrical efficiency and about 60% in thermal 

efficiency). For cogeneration, it is necessary to use alternative endothermic engines or 
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microturbines. In the first case, the following engines are used operating on an Eight Cycle 

or on a modified Diesel Cycle, while in the second case it is use small aeronautical derived 

gas turbomachinery. 

The gas used in cogeneration must be previously treated for improve the quality and 

remove impurities because most of the engines at gases have maximum limits for the 

content of hydrogen sulphide, halogenated hydrocarbons and siloxanes. Another important 

problem for the energy and economic efficiency of a biogas cogeneration plant is the use of 

the heat produced. Usually, the part of the heat is used for heating the digesters and about 

2/3 of all the energy. The heat produced is used for external needs. 

An Otto Cycle engine works with the addition of air to decrease the monoxide of carbon 

emitted after combustion. These types of engines require biogas with at least 45% methane 

content and are generally used for plants of production of about 100kW. 

Instead of an Otto-cycle engine, a Stirling-cycle engine can be used, which has no internal 

but external combustion, operates in a closed cycle using a gas as a thermodynamic fluid, 

usually air or nitrogen, or helium or hydrogen in the high-performance versions. When the 

right difference of tempering between its cold and hot points, triggers a cyclic pulsation 

transformed into alternating motion of the pistons; it continues until the temperature 

difference. This external combustion used can be provided by the biogas and therefore a 

highly purified gas is not necessary.  
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Chapter 4: Case stude: Irminio’s wells. 

 

The activities covered by this project concern the extraction of water from oil wells out of 

production; with the construction of a waste treatment and transformation plant at the 

Buglia Sottana (RG) site, in concession to the company Irminio srl. The activity in question 

is located within the "Irminio" Mining Concession for the Cultivation of Liquid and Gaseous 

Hydrocarbons.  

The following image shows the top management of this concession. 

 

Figure 11- Irminio Concession,MISE 

The aim of this thesis is to propose a green solution to avoid the mining closure of the wells 

currently out of production at Irminio. In particular, the design data examined refer to well 

N°3. Currently this well has exhausted its productivity, having reached a water cut of 100%, 

which implies that the well is totally full of water. 
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The further aim of the thesis is to propose a technically valid solution to solve the 

cogenerator problem. In particular, the low productivity of the system does not guarantee 

the right quantities of Nm3 of gas to keep cogenerator under nominal operating conditions. 

Therefore through the production of biogas we can guarantee the operation of the 

cogenerator for 7,500 h / y, as established with Irminio. 

 In collaboration with the company Irminio, an OFMSW digestion plant is proposed for the 

production of biogas. The figure 12 show the final layout of the plant. 

 The project of this plant foresees two different scenarios: 

1. Scenario [1]: Well n° 3 in current conditions, mesophilic process. 

2. Scenario [2]: Well n° 3 in improved conditions, thermophilic process. 

3.         Scenario [3]: Oil company with exhaust well, thermophilic process. 

 

Figure 12-Biogas power plant 

With respect to the figure, in the following there is the list with the classification of the 

building sized in this thesis: 

1. Reception; 

2. Storage building OFMSW in; 
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3. Humidization tank; 

4. Water lines and process tank; 

5. Anaerobic Digestor; 

6. Biogas Storage tank (1); 

7. Biogas Storage tank (2); 

8. Aerobic storage of digestate. 

 

OFMSW: Collection and pretreatment  

 

The starting point is the analysis of all those factors that characterize the catchment area that 

will provide the amount of biogas produced. In particular they will have to be evaluated:  

 The characteristics of the territory;  

 The demographic situation; 

 The quantity and quality of the waste produced;  

The main purpose is to carry out a technically valid intervention, in compliance with the 

optimal cost-benefit ratio of the installation of the FORSU treatment system. 

The preliminary design of a waste treatment plant must identify:  

 Qualitative-quantitative data on the waste produced in the catchment area of 

interest. 

 The treatment/disposal process of the waste entering the plant and its current 

destination; 

  Areas whose characteristics are such as to meet the needs of the work from a 

localisation and functional point of view; 

 The economic and environmental assessments of the intervention;  

 The possibility of including the recovered materials or energy in the production 

system. 
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The choice of the process must be made on the basis of the characteristics of the waste 

produced and the possible fate of the final products of the treatment cycle. The chosen site 

must have suitable characteristics from a dimensional, morphological and hydrogeological 

point of view and be served by a good access road. 

In order to optimally size a biodigester, a suitable working area must be available and all 

the various processes for receiving and preparing the substrate must be analysed and sized. 

The various processes are therefore divided into:  

1. Reception of the waste; 

2. Substrate preparation  

3. Anaerobic digestion 

4. Biogas production 

5. Energy Production 

6. Digested Aerobic Storage   

For the sizing of the digester, data relating to the situation of separate collection in the 

Sicilian Region were used, and in detail the estimated values of OFMSW in the province of 

Ragusa. 

 

Figura 13-Waste production in Sicily, Regione Sicilia. 

The data show an estimated production of about 16,000 tons for 2018. The analysis of these 

data shows a net growth in separate collection and therefore in the collection of the potential 

organic matrix to be sent to the digester, which is consequently oversized in this project. We 
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can suppose that the OFMSW production will increase in the next years, due to the 

modularity of the plant, it can be able to work until 35,000 tons/year.  

 

Biogas power plant: sizing 

 

All processes for the production of Biogas will be specifically analysed below. 

 Reception. 

Waste entering the plant (1) is transferred from the collection vehicles to the reception 

department, where it is stored in an industrial shed (2). Normally a volume of waste 

corresponding to 1-2 days of production is collected. This volume requires sorting and 

separation of impurities and problematic materials that are present in the received 

substrate. For the purpose of this thesis, it has been hypothesized that the waste from 

separate collection will reach the plant only after having undergone a first mechanical 

sorting process that allows the input matrices a high degree of purity. In particular, the 

substrate will undergo a screening and mechanical shredding process before being fed 

into the digester. 

As stated above the plant has been sized with a mass flow rate of 16.000 tons/year 

collected in the Ragusa city, and it represents the point (1) in the layout of the plant. 

 Substrate preparation.  

As mentioned above in the specific case of this thesis work, the substrate will undergo a 

mechanical shredding process following a mechanical screening process. The OFMSW 

shredder is of the two-shafts type at low speed; the shredding is not very strong so as to 

ensure the tearing of the organic matter below 60 mm. The shredder is positioned in the 

shed where the waste is unloaded/storaged and pre-treated (2). The shredder is of the 

fixed electric type for the following reasons: absence of emissions in the area of use; easy 

cleaning of the work area; greater safety for the pre-treatment workers. For the sizing of 
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the processing and preparation buildings of the organic material entering the digester, a 

high degree of purity of the material entering the storage site has been considered, 

therefore only a shredding process is necessary to increase the digestion speed. 

 

Figure 14-FOR-REC TBS shredder, recycling systems. 

 Substrate pre-heating 

The waste thus pretreated is sent to the preparation department of the substrate where 

it undergoes homogenisation (3), its moisture content is adjusted by mixing it with water 

or recirculating sludge and, if necessary, a temperature correction is carried out in order 

to obtain a mixture with optimal chemical-physical characteristics so that it can be fed 

into the digester. Particular attention must be paid to the temperature of the feed 

material. Large differences between the temperature of the new feed and the operating 

temperature of the digester can occur if the raw material has been preheated or during 

the winter season (below 0 °C). Temperature differences disturb the process 

microbiology, causing gas yield losses and should therefore be avoided (SEADI, RUTZ, 

et al., 2008). To avoid this problem, and to stabilize the process regardless of climatic 

conditions, the storage shed is equipped with a heating system that ensures a constant 

temperature by exploiting the heat output of the cogenerator. 

In our plant, following the shredding in the storage and pre-treatment depot, the organic 

material coming out of the mouth of the shredding machine is collected in a hopper 
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underneath flanged to the suction for relaunching in the homogenizing tank (3). In this 

tank the homogenization is carried out through propeller stirrers and the preheating of 

the waste, using a coil applied to the wall (the yellow pipe in the picture). Copper pipe 

coils are applied on the perimeter of the tank, inside which hot water from the 

cogenerator installed by Irminio circulates. The sizing of these exchangers will be 

discussed later, in the next figure is shown the homogenization tank and the connection 

with the Biodigestor. As we can see the two “tank” are more or less the same, the 

difference is that the Bioreactor works in absence of oxygen. 

 

Figure 15- Plant view,Simulink 

The aim of the homogenization tank is to prepare the entry of the substrate into the digester 

and to regulate its water content. The plant requires this tank to guarantee constant biogas 

production, due to the variable climate during the working seasons. The sizing of the 

homogenization tank must be done according to climatic condition of the site. In the 

following imagine there is the climatic condition of the city of Ragusa.

 

Figure 16 - Climatic Situation of Ragusa, Ragione Sicilia 
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The thermal power needed for the HT has been calculated as a percentage of the total 

thermal power supply by the cogenerator. In the following chapter has been demonstrated 

that with Scenario [1] we can’t supply the total of the energy needed of the HT with the IW3. 

The situation change with the Scenario [2]. A further Scenario [3] has been analysed. In this 

scenario the construction of the same plant, for an oil company that has the same problem 

on wells out of production, is discussed. In this scenario the cost of installing the cogenerator 

is also considered. 

 Supply to the Digester. 

After storage and pretreatment the substrate is fed into the digester. The feeding technique 

depends on the type of raw material and its pumpability. Pumpable substrates such as 

livestock slurry, flotation sludge, fish oil are transferred from the storage tanks to the 

digester via pumps. Types of raw materials that are not pumpable (fibrous materials, grass, 

silage corn, manure with high straw content) can be tipped/verted by a loader into the feed 

system and then fed into the digester. 

In the plant sized for Irminio we have a semi-dry process, and hence we can pump the 

substrate directly into the biodigestor through the use of a pump. 

 

Irminio Cogenerator characteristic 

 

As stated above, Irminio already has a cogenerator unit, the following figure shows its 

characteristics. 
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Figure 17- Irminio Cogenerator 

With the IW3 out of production, there is not enough gas produced in the plant, so the 

cogenerator is now out of service. For Irminio this situation represents a danger to avoid. It 

is important to point out that the Italian legislation absolutely prohibits the release of gases 

produced by combustion within a mining concession. This solution also provides for the 

recovery of the heat produced by it, heat that is currently dissipated. 

The thermal power supplied by the cogenerator is partly used by the plant and partly 

transferred to the preheating of the incoming organic material. In this way we can carry out 

a thermophilic process with an increase in the Biogas production. Anyway by this analysis 

we can say that Irminio has installed an oversized cogenerator.. 

In the  table 3 are summarized the cogenerator’s characteristic. 
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Rating  

[%] 

Electrical Power  

[kWel] 

Thermal Power 

[kWth] 

Gas Consumption 

[Nm3/h] 

Hot Water 

[°C] 

100 981 1.008 239 90 

50 560 580 158 90 

40 392 406 138 90 

Table 3 Irminio Cogenerator characteristics 

Since no data is available for such facilities, it is assumed that: 

 Self-consumption accounts for 40% of the electricity produced by the cogenerator, 

while the remainder is fed into the grid and sold.  

 Of the thermal energy recovered in cogeneration, only a part (about 35%) is used to 

maintain the plant at the temperature required by the process. The surplus heat is 

currently not exploited and is dissipated into the atmosphere.  

Energy expenditure on heating consists of two items: 

 Heating of incoming waste; 

 Heat loss of the digester; 

It can be demonstrated, by appropriate calculations, that the waste heat from losses does 

not exceed 25% of the total heat needed to keep the digester at temperature. The biggest 

expense is therefore the one due to the heating of the input mass (E_HT). 

In order to increase the productivity of the Biogas plant, an increase in the temperature of 

the OFMSW in the pre-treatment is the first solution to take into account, in such that way 

we can improve the biogas yield from the waste and hence we are able to produce more 

biogas. In order to keep all the thermal power needed for the pre-heating of the OFMSW, 

we have installed in the IW3 a new pump. In the actual condition the maximum flow rate 

that can be yield from the well is of 122 m³/d. In the figure 18 is shown the potential of the 

IW3 in the actual condition. 
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Figura 18- Scenario 1 

The solution to improve the mass flow rate has been sized after an evaluation on the 

possibility of improvement of the well. This evaluation has been carried out starting with 

the actual condition of the well. In the figure 19 there is represented the actual condition of 

the IW3.  

 

Figure 19- IW3 characteristics,Irminio 

E_HT 420.997,50                [kWh/y]

E_IW3 102,467 [kWh/y]

E_dis 420.895,03-                [kWh/y]
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The evaluation of the possibility of the mass flow that can be taken from the same well, with 

the replacement of the extraction pump, leads us to build the scenario [2]. In this scenario 

we have a greater thermal power to feed the anaerobic digester, this improvement leads us 

to upgrate our process in a thermophilic way. In the figure 20 is shown the improvements 

in the thermal potentiality of the IW3. 

 

Figura 20- Irminio well upgrade 

So by the substituion we can reach the condition shown in figure 21. 

 

Figura 21- Improvements in scenarios 2,3. 

As can be seen from the analysis of the scenerios, we can say that with [1] we haven’t enough 

thermal power to size a thermophilic process. Instead in [2] and in [3], we have enough 

thermal power to size a thermophilic process in which the substrate in input has a 

preheating to the temperature of 38°C; with this solution we can use the thermal power 

potentiality of the wells. It is important to underline that for an extraction company in Italy 

it is very important to have a solution for the “tailpipe”, and by the installation of a 

cogenerator we can solve this problem. 

E_IW3 563.791,41                [kWh/y] E_IW3 563.791,41                [kWh/y]

E_HT 561.330                      [kWh/y] E_HT 551.250                      [kWh/y]

E_dis 2.461,41                     [kWh/y] E_dis 12.541,41                  [kWh/y]

Scenario [2]

THERMAL BALANCE

Scenario [3]

THERMAL BALANCE
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Anaerobic digestor 

 

The core of a biogas plant is the Digester; an airtight reactor tank, where the decomposition 

of the raw material takes place, in the absence of oxygen, and where biogas is produced. 

The design of a biogas plant and the type of digestion are determined by the dry matter 

content of the digested substrate. In order to size a bioreactor with anaerobic digestion that 

uses the FORSU as substrate, it is first necessary to decide what type of reactor to use and 

what sizing method to follow. You must initially decide whether the substrate feed in the 

reactor is continuous or discontinuous: continuous or discontinuous.  

The second step is to decide whether or not to recirculate the effluent leaving the 

biodigester. In the non-recirculation process the concentration of substrate, products and 

biomass in the effluent is the same as in the reactor, the content of which is assumed to be 

homogeneous. Recirculation of part of the effluent after separation allows the recirculation 

of part of the extracted active biomass with the output biomass back into the reactor, thus 

ensuring higher concentrations of the extracted active biomass within the reactor. This is 

generally achieved by separating the liquid fraction from the solid fraction and recirculating 

the latter back into the reactor. (CECCHI, PAVAN, et al., 2005).  

The type of reactor to be used with the management methods analysed must be chosen 

according to the type of substrate to be inserted. For the treatment of the organic fraction of 

organic waste, which is the case study taken in analysis, there are three types of reactor 

operation that depend on the solids content that characterizes the treated waste: dry , semi-

dry and wet process. 

PROCESS %ST IN TEMPERATURE REGIME 

WET < 10        All available 

DRY                          >20                    Thermophilic 

SEMI-DRY   [1][2][3] 10 – 20 Thermophilic & Mesophilic 

Table 5- Process Regimes 
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As can be seen in the semi-dry process the amount of total solids present in the substrate is 

a middle way compared to wet and dry processes, in fact it operates with substrates with a 

total solids content between 10-20% which is the typical concentration of organic waste from 

separate collection. 

For this reasons this kind of process has been chosen. The most suitable plant solution is a 

completely mixed reactor that can work in thermophilic and mesophilic conditions with 

continuous feeding; the waste used, after a simple initial screening treatment, is diluted to 

facilitate digestion and maintain a constant organic charge. 

It has been found that anaerobic digestion processes in mesophilic regimen show the best 

biogas production in temperature ranges between 20 and 35 °C, while in the case of 

thermophilic processes the range widens and varies between 35°C and 60 °C. In general it 

can be observed that, within the optimal range, the production of biogas and substrate 

removal increase as the temperature increases (Stafford et al., 1980). In the following figure 

the processes just listed are shown, with specific attention to the shaded areas: 

 

Figure 22-Temperature in Anaerobic Process 

The shaded area shows the optimal growth region of the bacteria. For this reason the 

operating temperature of the DA will be set in these ranges for both scenario, [1] and [2]. 
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PROCESS TEMPERATURE [°C] HRT [d] 

Psychrophilic 4 – 15 70 – 80 

Mesophilic                         [1] 20 – 35 15 – 35 

Thermophilic               [2] [3] 35 – 70 10 – 20 

Table 6- Termperature and Hydraulic redention time 

A semi-dry mesophilic process was chosen for this project. The mesophilic phase, which 

works at temperatures between 20 and 40 °C, is a slower but more stable process as it is less 

affected by operational variations; in this thermal range there is a growth of a more 

diversified microbial population, which is more stable than the thermophilic field. The 

energy consumption to keep the reactor at optimal temperatures is lower than in 

thermophilic conditions. There are about 14 bacteria that adapt to mesophilic conditions 

versus two that adapt to thermophilic conditions. For the most stable conditions, and lower 

installation costs and maintenance, mesophilic bioreactors are the most widely used and 

widespread. 

For the project under examination a further scenario was analysed in which, through the 

replacement of the extraction pump already present inside the same well, we are able to 

extract a water flow rate with much higher temperatures. In this way the pre-heating 

process can be totally covered by the well thermal power, and the process can be done in 

thermophilic way. 

The mass flow rate of well Irminio n°3 so can be used in the process, and actually this is a 

good solution to avoid the mineral closure. As can be seen from the analysis of the Scenarios, 

we can improve the electricity production. In the scenario [1] a part of the electricity 

produced by the cogenerator (26.4%) need to be used for the pre-heating process in the 

homogeninazation tank. Instead with Scenario [2], all the electricity produced by the 

cogenerator can be sold to the grid. 

 

 



73 

 

Sizing procedure for Anaerobic Digestor 

 

To size the bioreactor we have to follow the scheme proposed by Checchi, Pavan in the 

manual: “Digestione anaerobica della frazione organica dei rifiuti solidi”. In the following 

there is the calculation procedure, performed with a Matlab script (see appendix A). It can 

be summarised in the following points: 

1. Step.  Determination of input mass flows 

Normally, in sizing hypotheses, the catchment area to be served is known. It is estimated 

then, on the basis of the available data on the state of waste generation in the area and from 

the harvested, a production per capita, expressed in kg of selected organic fraction produced 

per day. The incoming mass flow, understood as waste as it is, will be: 

𝑃𝑟𝑜𝑐𝑎𝑝𝑖𝑡𝑎 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑥 𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 𝑎𝑟𝑒𝑎 =  𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑑𝑎𝑦            [
𝑘𝑔

𝑑
]  

Depending on the type of collection, you will have different characteristics in terms of total 

solids and volatile. The incoming flow, which defines the total organic load to be sent daily 

to the digester, in terms of TS and TVS, can be calculated as follows:  

𝑆𝑒𝑙𝑒𝑐𝑦𝑒𝑑 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝐷𝑎𝑦 [
𝑘𝑔

𝑑
]  𝑥  %𝑇𝑆 =  

𝑘𝑔𝑆𝑇

𝑑𝑎𝑦
  

𝑘𝑔𝑆𝑇

𝑑𝑎𝑦
  𝑥 %

𝑇𝑉𝑆

𝑇𝑆
=

𝑘𝑔𝑇𝑉𝑆

𝑑𝑎𝑦
 

2. Step. Evaluation of the Digestor’s Volume. 

Considering the available data, an optimal organic load to be applied to the digester is 

chosen, based on the useful load and HRT intervals for each process reported in the 

literature. At this point, knowing the load to be applied and the mass flow in TVS input, the 

volume of the digester will be given by: 

𝑘𝑔𝑇𝑉𝑆

𝑑𝑎𝑦
     𝑂𝐿𝑅  ⁄  = 𝑉            [𝑚³] 
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3. Step. Evaluation of the operating conditions  

The volume determined, although corrected in principle, may not meet the conditions for 

maintaining the HRT at the desired values. In order to carry out this verification, it is 

necessary to know the flow rate of substrate to be fed, to be calculated taking into account 

any dilutions. Known the specific weight [kg/m3], we have: 

𝑆𝑒𝑙𝑒𝑐𝑦𝑒𝑑 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝐷𝑎𝑦 [
𝑘𝑔

𝑑
]  𝑥 [

𝑘𝑔

𝑚³
] =  [

𝑚³

𝑑
]  𝑜𝑓 𝑂𝐹𝑀𝑆𝑊  

And the HRT will be: 

𝑉 [
𝑚3

𝑑
]⁄ 𝑜𝑓 𝑂𝐹𝑀𝑆𝑊 =    𝐻𝑅𝑇   [𝑑]    

Often, following this logic, the HRT that is applied is not compliant with the HRT selected 

for the process. It is advisable to repeat the calculation by decreasing the load until an 

optimal compromise is reached. The reduction of the organic load is always an additional 

safety factor compared to possible overload situations, as the system can work in less 

stressful conditions. For the calculation of the useful volume of the digester, a safety factor 

representative of the desired flexibility for the installation, generally between 1.1 and 1.3, 

should be considered (CECCHI, PAVAN, et al., 2005). It is therefore specified that 75% of 

the volume of the digester is used as a digestion tank, while the remaining 25% acts as a 

gasometric dome, thus obtaining the total volume of the bioreactor to be sized (BRUNETTI, 

2013). It is considered a reactor of circular plant with a height of h= 9 m and a diameter of 

D=11 m; by using this data it is possible to size the biodigestor in such way that it is able to 

be used in both thermal and mesophilic way. 

 

4. Biogas production 

The daily production of biogas can be evaluated as in the following: 

𝐵𝑌 [
𝑚3 𝑏𝑖𝑜𝑔𝑎𝑠

𝑘𝑔𝑇𝑉𝑆
] 𝑥 [

𝑘𝑔_𝑇𝑉𝑆

𝑑𝑎𝑦𝑠
] =  [

𝑚3 𝑏𝑖𝑜𝑔𝑎𝑠

𝑑𝑎𝑦
] 
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And considering the percentage of 𝐶𝐻4 we can find the daily production of the methane.  

In the table 7 are shown the results and the data used to perform the calculation on Matlab: 

Input Data Unit Scenario [1] Scenario [2] Scenario [3] 

OFMSW          [tons/y] 16130 16130 16130 

Wf [kg/d] 22100 22100 22100 

J [kg/m³] 550 550 550 

HRT [d] 18 16 16 

OLR [kgSV/ m³/d] 4 4 0.4 

TS [%] 0.11 0.15 0.15 

TVS [%TS] 0.87 0.87 0.87 

V_d [m³] 950 950 950 

D [m] 11 11 11 

Q [m³/d] 8 12 12 

BY [m³/ kgSV] 0.7 0.7 0.7 

B_d [m³/d] 1500 2000 2000 

C_d [m³𝐶𝐻4/d] 920 1250 1250 

Q_out [kg/d] 22500 30800 30800 

Q_out [m³/d] 30 40 40 

V_dep [m³] 175 240 240 

Table 7 SIzing Results 

As we can see we have sized the same digestor (V_d; D) but with the improvements in the 

scenario [2] and [3] we have a greater biogas production. ( B_d; C_d). The output of the plant 

is greater in those scenario since there is much water in the digestor. 

In the figure 23 is shown a Cad view of the Digestor. In this imagine the mixer can be shown. 
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Figure 23-Bioreactor sizing,AutoCad 

 

Biogas production 

 

Biogas production is one of the main advantages of the anaerobic digestion of waste, thanks 

to the substantial energy recovery that can be achieved through its use. Therefore, the whole 

process must be conducted in such a way as to maximise the yields of methanization. 

However, the flow rate at the outlet of the digester can vary considerably, from 60 to 140% 

of medium range. This also corresponds to a variation in the quality of the biogas produced, 

which methane content may range from 45 to 65 %. These variations are due to the different 

degradation rates of the different components of the degradable organic matter. In fact, 

shortly after the introduction of the substrate in the digester, the first components degrade, 

producing a biogas that is very rich in carbon dioxide, then the components degrade later 
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with the production of a biogas richer in methane. The two parameters, flow rate and 

concentration of the 𝐶𝐻4, vary in the opposite direction: during loading of the digester you 

have a large flow of biogas with low methane content, while far from the loading, during 

the weekend for example, you have a low flow rate but rich in methane. The biogas yield of 

the process, expressed in terms of m³/kgTVS powered, is very variable and depends on the 

biodegradable fraction of the substrate. In fact, not all the organic substance present in the 

digester is converted into biogas, but only a fraction of it. 

All piping and equipment must be made of suitable materials that hold account of the 

corrosive character of certain components, in particular hydrogen sulphide. A filtration 

(<10ppm) must be provided at the outlet of the digester to eliminate the particles liquid or 

solid that could be dragged by biogas. This simple system allows protect the blowers or 

compressors that will be used to supply the gas to the subsequent uses. 

In the table 8 are summarized the amount of Biogas that can be yield (BY) from the OFMSW, 

and in table 9 there is the percentage composition of the Biogas, as can be senn the 𝐶𝐻4 

percentage is the higher. 

 

SUBSTRATE 

MESOPHILIC THERMOPHILIC 

Wet Semi-dry Dry Wet Semi-dry Dry 

Organic 

Residual Waste 

 

0.17 – 0.23 

 

0.23 – 0.3 

 

0.35 – 0.45 

 

0.2 – 0.3 

 

0.3 – 0.4 

 

0.35 – 0.45 

OFMSW  0.65 – 0.85 0.6 – 0.8  0.5 – 0.7 0.6 – 0.85 0.6 – 0.8 0.5 – 0.7 

Table 8-Biogas yield from OFMSW 

For the sizing of the digestor has been chosen a BY of 0.7 m³/ kgSV, with a 70% of 𝐶𝐻4. 

COMPOSITION PERCENTAGE [%] 

Methane  𝐶𝐻4 55 – 65 

Carbon Dioxide  𝐶𝑂2 35 – 45 

Hydrogen Sulphide 𝐻2𝑆 0.02 – 0.2 

Table 9-Methane percentage in OFMSW 
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Prior to use for energy purposes, the biogas must undergo appropriate purification 

treatments. In fact, the presence of carbon dioxide, nitrogen and water causes the LHV of 

the mixture to lower, while substances such as hydrogen sulphide and halogenated organic 

compounds, which may be present in the biogas, behave as corrosive agents, causing 

significant damage to the plants used. The choice of the most appropriate treatments 

depends both on the characteristics of the biogas and the intended use. Here we do not 

intend to go into the sizing criteria of the biogas purification equipment, widely described 

in the specialized literature, but we just want to recall the main treatments to which it is 

necessary to submit the fluid before feeding it to the energy production units. These 

treatments are aimed at obtaining a significant reduction in the costs of running and 

maintenance of the machines, optimal operation and greater reliability, in addition to 

ensuring compliance with the emission limits imposed by law. 

Once produced, the biogas must be purified before being used; in fact in the biogas there 

are small quantities of certain compounds which, because of their oxidising properties, or 

because of their incombustibility, must be eliminated so as to favour the optimisation of the 

combustion process. The main process are listed below: 

 Filtration 

The filtration of biogas takes place by means of gravel or sand filters. This operation is 

necessary to eliminate the suspended solids, essentially made up of organic material, 

fats, and any foams formed during the digestion process. 

 Dehumidification  

The temperature of the biogas leaving the digester is at least 35-40 ° C with a high degree 

of humidity; this means that when the gas is sent to the combustion device, the steam 

condenses. For this reason, condensate collection and drainage wells are arranged along 

the pipes. However, to avoid the formation of condensation in the combustion chamber 

of biogas-powered devices, moisture must be drastically eliminated. 

 Desulphurisation 
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Biogas can contain up to 1% of hydrogen sulphide (H₂S) which, having a high corrosive 

power, could damage the engine and the pipes. Desulphurization can be done simply 

by adding air to the top of the digester near the biogas outlet, so that the oxidation 

bacteria can convert the hydrogen sulfide into sulfur which will be dropped into the 

digester itself as elemental sulfur. If the quantity of air is suitably mixed, the presence of 

hydrogen sulphide in the biogas can be reduced by up to 95%; vice versa, if the air is 

introduced in excess, sulfuric acid can be produced. Furthermore, the combination of air 

and biogas can be explosive, therefore this operation must be carried out with extreme 

attention. 

Since biogas production continues, all collection and use systems must be automatic. Biogas 

production takes place at the pressure of the digester, generally close to atmospheric 

pressure. Since storage and transportation require compression important and therefore not 

negligible costs, we generally try to use it for the production of a form of energy directly 

usable on the production site or with reduced transport costs. Part of the biogas produced 

is used for the self-consumption of the plant, while the remaining part can be used for the 

production of energy to be transferred externally.  

To make the biogas production kinetics compatible with those of use, an accumulation 

system must be installed (6) and (7) in the layout of the plant. As mentioned before the 

biogas production is constant for all the scenarios, since the biogas that can be yield is 

proportional to the OFMSW inlet and to the temperature inside digestor. It is important to 

underline that with the preheating of the OFMSW it is possibile to yield more biogas, in 

particular we can reach the 40% of the Biogas needed for the Irminio’s cogenerator with 

Scenario [2].In the table 10 are shown the results for each scenarios. 

Input Data Scenario [1] Scenario [2] Scenario [3] 

BY             [m³/ kgSV] 0,7 0,7 0,7 

B_d                    [m³/d] 1.500 2.000 2.000 

C_d              [m³𝐶𝐻4/d] 920 1.250 1.250 

Table 10-Biogas production 
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As stated above the biogas production is directly proportional to the OFMSW in input to 

the plant. The biogas tank has been oversized in order to keep operative the plant even if 

the reception of OFMSW will growth. 

 

Sludge dewatering  

 

During the anaerobic digestion phase the volatile dry matter is transformed into biogas and 

therefore comes out of the digester, while in the mass remains a mud, more liquid than at 

the inlet, with values of dry matter in the order of 25-30% for dry processes and 10-15% for 

liquid processes, consisting of undigested matter and most of the water. 

This sludge must be subjected to a dehydration treatment in order to obtain a product more 

concentrated (about 45% dry matter), having physical characteristics compatible with the 

subsequent aerobic stabilization phase. 

Depending on the quality of the waste treated, the type of process (dry, semi-dry or liquid) 

and the fate of the stabilized matter, the dewatering system of digested sludge can be made 

by means of a screw press, centrifuge or belt press or by means of an appropriate 

combination of these devices. The choice must be made on the basis of the particle size of 

the hard particles, the content in dry matter of the material to be sent for aerobic stabilisation 

and dry matter content of the process water in relation to his fate.  

Table shows the characteristics of the equipment mentioned in terms of percentage of dry 

matter obtained in the two separate fractions. 

MACHINE %SS  %SL 

Screw press  40 – 55 10 – 20 

Centrifuge  25 – 35 3 – 8 

Press tape 30 – 40 1 – 3 

Table 11-Shredding process 
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In the following a description of each process. 

 Screw press 

It is generally used for the dewatering of sludge from digestion processes at dry. In fact, it 

is the only machine capable of dehydrating sludge from waste treatment from urban waste, 

with solid particles larger than 20-30 mm. The screw, which turns inside a filter tube, must 

produce a major effort to win the resistance of the hydraulic cap that holds the outgoing 

matter. It is precisely this pressure generated on the material between the screw and the cap 

that pushes the water through the holes in the filter tube. The robustness of these elements 

and their resistance to abrasion are decisive in the choice of of the equipment. Despite the 

precautions for the abrasion resistant coating, maintenance plays a very important role 

important in the smooth running of the press. Screw presses must always be installed in at 

least two units with a factor of oversizing by at least 50%. The diameter of the holes and the 

required flow rate define the length of the pressing area and therefore the power required 

while the diameter of the holes and the service pressure define the content in dry matter of 

the sauce. 

 Centrifuge  

This machine, most commonly used in sludge treatment, can be used either directly for the 

dehydration of the material coming out of the digester, both as a treatment complementary 

to gravy from a screw press. 

The installed power will depend on the flow rate and the amount of dry matter to be 

extracted. 

 Press tape 

This filter, which is also widespread in the sludge treatment sector, can be used either 

directly for the dehydration of the material coming out of a digester operating with a liquid 

type process, either for the complementary treatment of the sauce after a screw press or after 

a centrifuge, in order to obtain a wastewater with better characteristics. The installed power 

will depend on the flow rate and the amount of dry matter to be extracted. The liquid flow 
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separated with the various equipment still contains fine particles of matter dry and/or 

organic and must be suitably treated to achieve compatible parameters with his 

employment. Some of the liquid can be used as a diluent to prepare the mixture at the inlet 

to the digesters, especially important in the case of municipal waste treatment. For use as  

diluent, the liquid fraction must have a dry matter content generally below 5% for to avoid 

a continuous increase in the fine particle content in the fermenting mass that would 

unbalance the process. The remaining part must be properly conveyed to a plant of 

purification.  

The digested sludge produced by the methanization phase is generally not completely 

stabilised, due to the short residence time of the waste inside the reactor. To this end a 

subsequent aerobic stabilisation phase must be provided for, with a view to completing of 

the degradation of organic matter, which is more difficult to degrade, and to obtain of 

sanitizing the material. The degree of maturation required depends on the final use of the 

stabilized product. Usually the digested sludge undergoes a stabilization treatment that 

develops in different stages. Since the organic material has already undergone partial 

degradation, the residence time in the aerobic stabilization department can be contained 

within 30-45 days. Depending on the final fate of the biostabilized material, a refining of the 

material may be required, to be carried out after the accelerated bioxidation phase or, 

alternatively, after postmaturation. 

 

Final storage of products in the plant 

 

The storage facilities for digested outgoing material are fundamental in the management of 

the plant, both for the correct environmental management and for a proper agronomic use. 

The characteristics of the digestate, in terms of size and method of use, are regulated by 

precise national regulations (e.g. D.Lgs. 152/99; D.M. 7 April 2006). Storage proves to be 

indispensable due to the impossibility in certain periods of the year to spread the digestate 

for various reasons: 
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 impracticability of the land; 

 presence of rainfall that dilute the nutrients present in the digestate (N, P, K);  

 presence of crops, which have precise fertilization requirements;  

 absence of crops that use the nutrients present.  

Depending on the dry matter of the digestate, separation systems are used to produce a 

palpable solid fraction and a liquid fraction.  

The solid fraction is collected in open-air tanks, i.e. paved yards with leachate and 

wastewater recovery(8). The liquid fraction is accumulated in underground or above 

ground tanks. The tanks must have certain surface/height ratios so as to withstand 

hydrostatic pressures and be covered with impermeable sheets in the case of underground 

tanks to prevent infiltration.  

The quantity of digestate produced is considered equal to the total biomass input subtracted 

from the estimated mass of biogas produced.  

For the sizing of the storage tanks we have considered a redention time of 40 days. In 

addition, 2 additional tanks have been designed in order to guarantee constant operation. 

The idea of adding two more storage tanks is also intended to guarantee a correct mix of the 

material coming out of the digestate; 3 storage building have therefore been sized for the 

aerobic storage of the digestate of 1250 m³ each. 

The figure 24 show the mass balance of the system. 

 

Figure 24- Mass Balance of the plant 

Scenario[1] Scenario[2] Scenario [3] unit

B_d 1.500           2.000                   2.000                     [m³/d]

B_m 1.776           2.422                   2.422                     [kg/d]

Wf 40                 40                         40                           [m³/d]

Wf 22.100        22.100                 22.100                   [kg/d]

A 2.210           11.100                 11.100                   [kg/d]

Q_out 22.534        30.778                 30.778                   [kg/d]

MASS BALANCE
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As we can see we have the same input for all the scenario of 40 m³/day, and in output flow 

of 22.500 kg/day for scenario [1] and 30,800 for both scenario [2] and [3]. By the knowledge 

af the density of the matter that leave the digestor we can size the depositation tank. 

At the end of the stay in the aeration tanks, the product is to be considered as real 

composting. No hypothesis has been made about its subsequent use, but considering the 

agricultural nature of the community of Buglia Sottana (Ra), it can easily be disposed of. 

 

Figure 25- Aerobic deposal, Simulink 
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Economic analysis 

 

In order to carry out a study on investment costs, the type of reactor installed and its 

production of biogas and electricity are analysed. In the following there is the procedure of 

the economic feasibility of the plant. 

The type of plant of the project under examination is identified as a medium plant, therefore 

it is possible to estimate the construction and investment costs expressed with reference to 

the installed electric power. 

 

1. Running costs 

The running costs are divided into the cost of energy used for operation, cost of disposal of 

unwanted material removed by mechanical pre-treatment (about 0.5% of incoming waste), 

cost of routine maintenance. They are evaluated in €/y and they can be assessed as follows: 

𝐶1 =  𝐶11 +  𝐶12 + 𝐶13 + 𝐶14 + 𝐶15 

With : 

 C11  Staff costs 

 C12  Unwanted material removed 

 C13  Ordinary maintenance 

 C14  Non-Ordinary maintenance  

In the costs of the energy used we have also to considerate: 

𝐶2 =  𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑜𝑓 𝑠𝑙𝑢𝑑𝑔𝑒 𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒;  𝐶3 =  𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑡ℎ𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠; 

The dimensioned project does not provide for treatment of the sludge produced, it will be 

sent to an appropriate treatment system, after the redention time in the plant. 

For the treatment of the liquid we have estimated a cost of 2 [€/m³] of liquid waste. So with 

those assumption the annual running cost has been evaluated by the summation of each 

specific costs. 

𝐶𝐴 =  𝐶1 +  𝐶2 + 𝐶3 
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2. Revenues. 

The income from the installations consists of the exploitation of electrical and thermal 

energy. The electrical energy produced is valorized through the use of a cogenerator that, 

without self-consumption, produces energy that is fed into the grid. The thermal energy is 

not sold but reused in the system. Not all the thermal energy can be used so a portion is loss 

into the environment. So we can calculate the specifics revenues: 

𝐵1 = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑒𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [
𝑘𝑊ℎ

𝑦
] ∗ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑖𝑐𝑒 [

€

𝑘𝑊ℎ
] 

For the purpose of this thesis, we have also evaluated the money savings resulting from 

OFMSW digestion, instead of the landfill disposition. This saving cannot be attributed 

directly to the company Irminio, and currently Italian legislation does not provide 

incentives for the implementation of this solution. This saving can be considered as a saving 

for the system. 

𝐵2 =  𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑛𝑜𝑡 𝑠𝑒𝑛𝑑𝑖𝑛𝑔 𝑤𝑎𝑠𝑡𝑒 𝑡𝑜 𝑙𝑎𝑛𝑑𝑓𝑖𝑙𝑙 

So the amount of revenues each year can be estimated as: 

𝐵𝐴 =  𝐵1 + 𝐵2 

A further net income is considered the saving from the mineral closure. The results show 

that with scenario [1] and [2] we have an inversion in the cash flow in the 6° year of the 

installation; this is a good result for the proposed intervention. For the scenario [3] we have 

an inversion in the cash flow in the 9° year of the installation, this result is in the typical 

range of the installation of a new Biomass power plant. 

In the figure 26 there is the results of the economic analysis. 

 

Figure 26- Economic analysis 

Installation Costs 1.264.222-€              Installation Costs 1.419.200-€         Installation Costs 1.664.500-€              

Running Costs 80.234€                    Running Costs 82.148€               Running Costs 81.136€                    

Annual Saving 188.606,88€            Annual Saving 197.475,84€       Annual Saving 188.340,00€            

Saving each year 108.373,18€            Saving each year 115.327,40€       Saving each year 107.204,26€            

Mineral Closure cost 750.000,00€            Mineral Closure cost 750.000,00€       Mineral Closure cost 750.000,00€            

VAN € 1.626.760,58 VAN € 1.397.641,78 VAN € 1.236.039,52

TIR 18% TIR 13% TIR 3%

SPBP 11,67                         SPBP 12,31                    SPBP 15,53                         

PB 5,4 5,6 9,3

ECONOMIC ANALYSIS 

Scenario[1] Scenario[2] Scenario[3]
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And for the cash flow we have: 

 

Figure 27- cash flow comparison 

As can be seen for the scenario [1] and [2] we have a better payback period since in the plant 

is already installed a cogenerator.  

 

Figura 28-Scenario [3] cash flow 

For the economic analysis has been considered a State all-inclusive tariff of 0,28 euro/kWh, 

which includes the price of electricity sold to the Energy Services Operator (GSE) and the 

State incentive for energy produced with these plants. 
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Conclusions 

The work achieves its goal. 

The project shows how, starting from a “static” situation, we can act in an eco-sustainable 

way to avoid an expensive and often insecure mining closure of a well out of production. 

The analysis was carried out on the basis of real data, which show how, with moderate 

investments, it is possible to exploit an out-of-production mining plant in a transversal way.  

The solution proposed in this thesis stems from the need to bring the policy of oil companies 

closer to the concept of Circular Economy. It has therefore been chosen to design a 

transversal solution that integrates the possibility of using a well in such a way as to 

generate wealth, rather than loss due to the high cost of mine closure. 

The realization of a further scenario [3] shows how this plant solution can be exploited by 

other companies that are in the same productive condition as Irminio. 

From the analysis of the results it is clear that the investment follows the trend of the current 

investments in Biomass, with the exception of Irminio; as it has already installed a 

cogeneration plant it is able to have a better payback. 

The particularly attractive aspect for this investment is the direct proportionality between 

biogas yields, and hence money, and the amount of waste treated.  

Following the growth trend of available selected waste (OFMSW) it is possible to assume 

that the plant will reach its maximum productivity over the years. 
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Appendix : Matlab code 

clc  
clear all  
%% -------- ANAEROBIC DIGESTOR CALCULATION ----- 
       %% ANALYTICAL COMPOSITION OF THE FORSU 
%the following data have been taken from existing literature for the study of 

forsu anerobic digestion 
%the studies suggest us to use : Wet process, mesophilic and fully mixed; 
TS=0.11;    % percentage of the solid matter 
TVS=0.87;  % percentage in TS of the Volatil matter 
HRT=18;    % Hydraulic redention time; 
OLR=4;     %% Organic loading rate in [kg_SV/m3/day]; Wet process in mesophilic 

habitat 
j=550;     % Density of the FORSU (ETRA,2007); in [kg/m3] 
cp=4.186;  % Specific Heating Value of H20 [kJ/kgk] 
       %% MANAGEMENT OF THE FORSU 
%The following data are an estimate of waste production in the Region of Sicily,  
%In particular in the Province of Ragusa, where this digestor will be built. 
%The plant will process organic material from separate waste collection. 
FORSU=16130;          % FORSU produced in [tons/y] in Ragusa 
FORSU_d=FORSU/365;    % [tons/day] 
x=0.5;                % Corrective factor, considering that not all the FORSU 

produced con be treated 

  
Wf=FORSU_d*1000*(1-x);  % Waste food --> FORSU in [kg/d]; 

  
Wf_pc=Wf/75500;       % Procapite waste food, on [kg/d/p] 
F_d=Wf/j;             % [m3/d] 
       %% SIZING OF THE DIGESTOR 
%For the chosen process we have to follow this sizing eqautions: 
W_TS=Wf * TS;           % [kg_TS/day] 
W_TVS=TVS*W_TS;         % [kg_TVS/day] 
                        % Security factor considering also the additional 
b=1.3;                 % Volume for the Biogas 

  
h=7;                    % hypothetical height [m] --> commercial reasons 
V_hy=W_TVS/ OLR ;       % Volume of the didestor [m3] 
HRT_r=(V_hy/(F_d));    % HRT optimal in [days] 

  
V_d = V_hy *b ;           % Real Volume of the digestor [m3] 
D_1=2*sqrt(V_d/(3.14*h)); % Diameter of the digestor [m] 
           %% -------- WATER EQUATIONS 
% For the evaluation of the water needed we have to use those equations: 
TS_d= 0.1 * Wf ;                   % Diluted substrate in a day 
A = Wf * (( W_TS - TS_d)/TS_d );    % Water entering the digestor [kg_H2O/ day] 
a=1000;                            % Water density [kg/m3] 

  
Q=A/a;                             % [m3/d] 
Q_f= A/(24 *60);                   % Mass flow rate of the water in [kg/s] 
           %% -------- BIOGAS YIELD 
% We have chosen a mesophilic process and the biogas yiel cab be in the 
% range of 0.65 - 0.85 m3/kg_SV. 
BY= 0.70 ;             % [m3/kg_SV] 
B_d= W_TVS * BY;       % [m3/d] of Biogas  
B_m=B_d*1.2;           % [kg/d] of Biogas 
B_y=B_d*360;           % [m3/y] of Biogas 
c=0.62;                % percentage of CH4 in the Biogas 
C_d=B_d*c;             % CH4 yield in [m3/d] 
C_y=C_d * 360;         % CH4 yield in [m3/y] 
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