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Abstract: Italy is one of the leading nations in the biogas sector. Agricultural, landfill, sewage and
manure substrates are converted into biogas using anaerobic digestion and, then, into electricity and
heat by means of properly arranged internal combustion engines. In this study, after an overview of
the European context, the authors present the Italian biogas sector status in terms of development
trends and factors that favour/block biogas spread. Despite the fact that biogas is a renewable
fuel and a consolidate technology, it is mandatory to examine its real costs, biogas composition
and engine combustion products. For this purpose, in the present work, the authors selected six
in-operation biogas plants fed by different substrates, investigate plants construction and operation
costs and measure both biogas and engine emissions compositions. Biogas status analysis shows a
high growth rate until the end of 2012 due to generous Government subsidies while, after supports
reduction, a continuous depletion of biogas installations is observed. Alongside the development,
established supports overlook also the plant size as well as the cost. In fact, the most widespread
plant nameplate electric power is 1 MW while its construction cost ranges between 4.2–4.8 millions
of Euros. Real on-site measurements show variable biogas composition while engine emissions are
comparable with the natural gas ones.

Keywords: Italian biogas sector; emission legislation; biogas plant cost; biogas composition;
biogas engine emissions

1. Introduction

Energy is the prime mover of our society. Indeed, in countries with high industrial growth,
the standard of living is also high. However, this is strictly related to energy availability. Thus, to boost
population growth, urbanization and industrialization, it is crucial to efficiently cover the ever-increasing
energy demand by means of cheap energy sources.

Presently, the world energy demand is for 85% [1] fulfilled by fossil fuels (coal, oil and natural
gas): exhaustible natural resources characterised by a carbon footprint. In addition, fossil fuels are
available only in specific regions: a fact that causes economic concerns and, in several historical periods,
geopolitical tensions and crises.

For these reasons, several countries started to seek new effective solutions able to guarantee secure
energy supply at reasonable prices and low or even null environment impact. The major outcome is a
growing interest into renewable energy production and, in particular, on resources which can replace
conventional fuels to produce heat and power. Please note that due to their fossil fuels shortage and
population’s increasing awareness about environmental issues, the European countries are the most
involved nations.
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The European Union (EU) and the other world authorities, after an in-depth discussion, stated
that spreading Renewable Energy Sources (RES), improving energy efficiency and mitigating power
systems carbon footprint are actions that can help to improve energy security and abate environmental
pollution. Hence, they ratify stringent environmental protection actions and energy efficiency policies
devoted to a rapid transition to a low carbon economy.

At worldwide level, the Kyoto Protocol [2] was the first international treaty that commits state
parties to reduce GreenHouse Gas emissions (GHG) on the basis that global warming is occurring,
and this is predominantly linked to human made carbon dioxide (CO2) emissions. Despite the
Kyoto Protocol was adopted in 1997, it entered into force on 16 February 2005, and will expires
in 2020. The year in which the Paris Agreement [3], adopted by consensus on 12 December 2015,
enters into force.

At regional level, the EU is the most active region because it progressively fixed objectives for
2020, 2030 and 2050. The European Renewable Energy Directive 2009/28/EC [4] established a common
framework for the promotion of energy from renewable sources. In a nutshell, the three ambitious
targets for 2020 are: a GHG emissions 20% lower than 1990 levels, a 20% of energy coming from
renewable energy and a rise of 20% of energy efficiency. Obviously, to fulfil the common objectives, each
European country developed its own National Renewable Energy Action Plan (NREAP). A detailed
report which outlines commitments and initiatives put into force by the country to develop renewable
energy. In Italy as a whole, the established targets for 2020 are [5]: a 17% share of energy generated from
renewable sources in gross final energy consumption, a 17% of heat consumption met by renewable
sources, a 26% of electric demand covered by electricity generated from RES and a 10% of energy
demand met by renewable resources.

To achieve these targets, support schemes were settled on: feed-in tariffs, energy efficiency credits,
renewable building hot water obligations, green certificates, quota system for electricity generated
from renewable, biofuel transport quotas, tax relief for biofuels and financial support for research and
development activities.

In order to continue RES foster after 2020, European countries have developed and, subsequently,
ratified, the 2030 framework for climate and energy and the 2050 low-carbon economy roadmap [6,7].
The 2030 framework is valid for the period 2020–2030 and plans a 40% reduction of GHG emissions
from 1990 levels, a 27% increase of the energy saving and an increase of EU energy consumption
produced from RES by 27%, while the 2050 low-carbon economy roadmap sets a more ambitious
target: a cut of 80% of GHG emissions from 1990 levels. Then, by 2030, the GHG emissions cut needs
to be of 40% while, by 2040, a 60% reduction from 1990 levels needs to be achieved.

As stated in several statistical reports (see, e.g., [8]), the actions established in these Regulations
contributed to boost RES investments and installations: two aspects that rapidly support the spread of
renewable electricity generation.

In 2017, new annual investment in renewable power and biofuels reached 279.8 billion US Dollars
(+2% compared to 2016) while, in one year, the renewable power capacity has gone from 2017 GW
to 2195 GW: 178 GW added globally. RES power accounted for 70% of net additions to global power
generating capacity and new solar photovoltaic (PV) installations alone were greater than the combined
additions of coal, natural gas and nuclear power [8].

At the end of 2017, hydro-power is the RES technology with the largest installed capacity
worldwide: 1114 GW (+1.7% compared to 2016). Wind power capacity is in second place with
539 GW (+9.6% compared to 2016) while PV is the third larger contributor with 402 GW (+24.6%
compared to 2016). Bioenergy capacity reached 122 GW while geothermal and ocean power capacity
reached 12.8 GW (+5% compared to 2016) and 0.5 GW (+0% compared to 2016), respectively.

Please note that despite in 2017 RES power accounted for 70% of the net additions to global power
generating capacity, global carbon dioxide emissions, related to energy production, rose to 1.4% due to
the robust world economic growth (+3.7% compared to 2016), the low fossil fuel prices and the weak
penetration of the energy efficiency concept.
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Similar trends can be observed in the Italian RES sector [9,10] where solar and wind are the most
installed technologies.

As depicted in Figure 1a, in 2006, PV plants were 14, in 2007, they became 7647 while, in 2017,
PV installations reached 774,014 units. In one year (2006–2007), there was a 54,500% increase while,
in 10 years (2007–2017), PV units raised of two order of magnitude and constituted over the 90% of net
additions to the Italian power generation capacity.

In terms of installed power (see Figure 1a) and annual gross electricity production (see Figure 1b)
the 10 years increment is also staggering. In 2007, the installed power was 86.80 MW with an annual
gross electricity production of 39.10 GWh while, 10 years later, the installed power reached 19.682 GW
with an annual gross electricity production of 24.378 TWh. This means that PV plants constitute about
20% of the Italian installed power and are able to cover about 7% of the Italian electricity demand.

(a) (b)
Figure 1. Trend of Italian PV (a) Installed power and number of plants, (b) Generated electricity. Source:
GSE [10].

A similar trend, but with less striking figures, can be recognised in the wind sector. One hundred
sixty-nine wind turbines were installed in Italy in 2006. Ten years later, there were 3598. During
the same decade (2006–2016), the installed power and the annual gross electricity production rose,
respectively, from 1908.3 MW to 9409.9 MW and from 2970.7 GWh to 17688.7 GWh. A growth that
brought wind power to be about 8% of the Italian installed power and electricity from wind to be able
to cover 5.6% of the Italian electricity demand.

As previously said, at the global level, wind and solar are the technologies with the highest rate of
growth in terms of installed units and power due to their capability of generating electrical energy in an
environmental friendly way. However, being sources characterised by high variability, unpredictability
and uncontrollability, their electricity production suffers of large fluctuations on a daily, monthly or
even annually basis. On account of these drawbacks and despite the expected future remarkable
contribution to electricity production from wind and solar, several researchers are reconsidering the
role and the potential of bioenergy in the future energy scenario. This renewed interest stems from the
fact that electricity, heat or both of them can be generated by exploiting the large quantities of unused
bio-wastes and bio-residues coming from, e.g., forestry, agriculture and other similar sectors.

Solid, liquid and gaseous biofuel like wood, biogas, biomethane, bioethanol, biodiesel, vegetable
oil, etc. are available worldwide, can generate electricity, thermal energy or both of them in an
eco-friendly way, guarantee a stable and programmable production without suffering of variability,
unpredictability and uncontrollability as in the case of wind and solar, can enhance energy security
and reduce GHG emissions. Important features which have renewed the interest in these sources both
within the developed and developing countries.

More specifically, bioenergy truly constitutes an opportunity to boost in-developing countries
rural development because they can:
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• Improve or reinforce energy security. They can help to reduce fossil fuels import as well as the
dependence from foreigner countries natural resources.

• Develop local bioenergy chains. In this way, new local markets with regional producers can be
established as well as new forms of employment for local people. Aspects that can positively affect
agricultural and rural incomes with the result of boosting economic growth and, consequently,
reduce poverty.

• Support regional development without increasing local, regional or even global GHG emissions.

Nevertheless, the last bullet point clearly explains why also the most developed countries and,
in particular the European ones, consider bioenergy a key source in their policy agenda. However,
a massive and on large-scale exploitation of bioenergy is the cause of deep concern about food security
and environmental impact [11,12]. In particular, the first point of discussion is still overly focused
on food versus fuel and why agricultural crops should be redirected to biofuels to the detriment of
the food supply. On the other hand, the second critical point is linked to the negative environmental
effects of biofuel support policies: indirect land-use change effects, indirect output use change effects,
loss of natural habitats and large use of fertilizers and pesticides due to the need for pushing crops
growth and, subsequently, their production.

To overcome these issues, several researchers worldwide are working, on the one hand, to estimate
the bioenergy potential and how can be efficiently used for electricity production, thermal energy
generation or combined heat and power (CHP) production. On the other hand, defining how
authorities can support bioenergy sustainable development or how the massive use of these kind of
RES can boost the competition between energy and food production are the other hot research topics.
Obviously, these research are generally focused on a specific type/kind of bioenergy. Therefore, being
this work focused on biogas, it is interesting to investigate research lines linked only to this biofuel.

Generally speaking, in biogas field, the following areas are hot research topics:

(a) Potential and role of biogas in rural development (see, e.g., [13–15]) or in developed countries
(see, e.g., [16–21]).

(b) Analysis and optimization of biogas feeding composition, carbon-nitrogen ratios and methane
production during anaerobic digestion or co-digestion of different kinds of substrates
(see, e.g., [22–26]).

(c) Biogas quality analysis and factors that limit or enhence the anaerobic digestion process
(see, e.g., [27–31]).

(d) Experimental and numerical analyses of biogas combustion processes in internal combustion
engines (ICEs), gas turbines, packed bed burner, furnance, etc. (see, e.g., [32–39]).

(e) Biogas exhaust gases components and emissions levels (see, e.g., [40–44]).
(f) Improvement of biogas engine performance by means of Waste Heat Recovery Units - WHRU

(see, e.g., [45]).
(g) Biogas plant life cycle assessment (LCA) (see, e.g., [46]).
(h) Biogas upgrading into biomethane: tecnologies, potential and benefits (see, e.g., [47–49]).

Despite the huge number of research conducted on biogas, to the authors’ knowledge, no one is
focused on the Italian biogas sector or analysed the drives that, firstly, supported its development and,
then, stemmed it.

For this purpose, in the present work, the authors firstly introduce the concept of biomass,
bioenergy, biofuels and biogas to clarify the differences and the meaning of each terms. Then, they
examine the biogas sector at EU and Italian level in order to figure out its trend of development,
the legislation evolution and factors that influenced its past growth, but also that can boost or stem its
present and future progression.

In addition, in the literature, few works focus on biogas composition evaluation and its emissions
using real on-site measurements on plants fed by different feedstocks. Usually, published works
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which evaluate biogas composition are focused on chemical aspects of the anaerobic digestion process
and tests are conducted in laboratory scale test rig. To the authors’ knowledge, no experimental
measurements are available on in-operation plants which works with different feedstocks. Similarly,
only a few works are available on on-site measurements of the emissions of in-operation biogas ICEs
fed with biogas derived from different kind of feedstocks. In general, biogas combustion emissions
are evaluated using laboratory scale engines in which the fuel is not pure biogas but a mixture of
methane and carbon dioxide or natural gas and CO2 (sometimes this fuel is called “simulated biogas”).
Varying methane and carbon dioxide percentage, researchers evaluates combustion products and their
quantity. However, in commercial anaerobic digestion plants, the produced biogas is composed by
methane, carbon dioxide and several other substances that must be detected and measured as well as
the products of biogas combustion.

For this purpose, the authors, after the analysis of biogas legislation at the Italian level in terms
of biogas quality and emission limits, selected 20 in-operation biogas plants (BGs) and conducted an
experimental campaign devoted to measure feedstocks, digestate, biogas and emissions compositions.

In the present work, among the 20 investigated plants, six are considered and analysed. They are
equipped with a 1 MWel internal combustion engine while digesters diet is different in terms
of type of supplied feedstocks and quantity. For these plants, biogas composition is analysed.
Then, the combustion products released by the engines are evaluated and compared with the limits
prescribed by the Italian standard and with the exhaust gases components of an engine fed by natural
gas. Engines nameplate power and manufacturer are the same for both biogas and natural gas (NG)
units. Finally, real construction and operation costs are presented and discussed.

The rest of the paper is organised as follows: in Section 2, bioenergy is firstly defined. Then,
the EU and Italian bioenergy sectors are analysed focusing on biogas sub-sector. After that, in Section 3,
the Italian Standards which set the acceptable limits for exhaust emissions of biogas engine are
presented and compared with the ones adopted in other EU countries. Section 4 reports the method
adopted to estimate feedstocks quantity, plant costs and biogas and emissions compositions while,
in Section 5, the selected biogas and natural gas plants are described. Plants diet and costs and real
measurements on biogas composition and exhaust gases emissions are presented and discussed in
Section 6 while conclusion remarks are given in Section 7.

2. Biomass, Biofuels, Bioenergy and Biogas

After the energy markets deregulation and the introduction of policies devoted to RES spread,
the bioenergy concept entered the public domain and, sometimes, is confused with other terms like
biomass or biofuels. Therefore, it is firstly necessary to define these terms and understand the difference
among them (see, Section 2.1). Being this work focused on biogas plants, in Sections 2.2 and 2.3, the EU
and Italian biogas sectors are analysed considering trends, targets and support schemes.

2.1. Definitions and Differences among Bioenergy, Biomass and Biofuels

Biofuels are fuels made from biomass while biomass is the source of bioenergy [50]. Biomass is
an organic material derived from plants and animals. In particular, it can come from several organic
matters like wood and wood waste, agricultural and forestry crops, agricultural and food industry
waste, municipal solid waste, sewage, industrial and animal residues [51–53].

Biomass can be directly burnt to produce bioenergy namely heat, electricity or both of them but,
in several cases, it is better to treat biomass in some way to convert it into a useful biofuel capable to
be easily used to produce, again, bioenergy [54].

A biofuel can be in three forms: solid, liquid or gaseous. Pellets, wood chips and biomass
briquettes are examples of solid biofuels that can be used alone in biomass boilers or burnt in
conjunction with coal in conventional electricity generation units [55].

Bioethanol and biodiesel were the first biofuel to be produced from biomass. Bioethanol is mainly
manufactured by the fermentation of plants containing sugar and starch like sugar crops [56,57] while
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Biodiesel is made from vegetable oils and animal tallow via transesterification [58,59]. The first one
is generally added to gasoline at a ratio of ten percent by volume while biodiesel can be burned in a
standard diesel engine as single-fuel (diesel and biodiesel) and dual-fuel (biogas and biodiesel) [60].
Another biofuel is the so called green diesel: a renewable fuel derived from oils which, in turn, are
derived from plants, hence from biomass. It is usually mix in a percentage lower than 15% with
conventional diesel and used in vehicles designed to operate with fossil diesel fuel. This mixture helps
to reduce both fuel costs and engine emissions especially in lightweight vehicles.

Other types of liquid biofuels are propanol, butanol or the one derived from the filtration and
purification of low quality vegetable oils like the restaurants’ waste oils. Also these biofuels are mixed
with conventional fossil fuels and used to fed lightweight vehicles.

The last form in which biofuels can be produced is the gaseous one. In this case, fuel production
process can be gasification, pyrolysis, fermentation or anaerobic digestion [61,62]. The gaseous product
can be called “syngas” if biomass is gasified (gasification is a thermochemical process) or “biogas” if
gas is produced by the biological decomposition of organic matters in an oxygen deprived environment.
Please note that syngas or synthetic gas can be also produced from gasification of coal or from biogas
reforming. Syngas is mainly composed by carbon monoxide (CO), carbon dioxide and hydrogen (H2)
while biogas main components are methane (CH4) and carbon dioxide. Both these gaseous biofuels
are considered energy vectors, are flammable and need to be purified before being burnt.

As said, biogas results from a process called “anaerobic digestion” (AD). Anaerobic digestion
is a biological process, it occurs in an oxygen-free environment and its aim is to degrade biomass
organic matters in a gaseous fuel called “biogas” [63]. In order to allow the AD process, biomass
organic matters need to be rich in proteins, fats, sugar and starch. Substances contained in feedstock
like energy crops, agricultural and industrial residues, animal manures and sewage, municipal and
industrial waste. Therefore, compared to other biofuels like biodiesel or bioethanol, biogas fuel can be
produced only using biological waste.

Despite the possibility of deriving biogas from agricultural and industrial residues or animal
manures and sewage, in the recent years, biogas production adopts large quantitative of energy
crops (maize, grasses, beets, sunflowers, etc.). These feedstocks have the ability of stabilizing the AD
process, are characterised by fast growth and are ease to procure. This is a fact that, as previously
remarked, introduced concerns over the potential adverse impact on food security and environmental
repercussion of intensive agricultural production [11,64].

2.2. The EU Biogas Sector: Trend, Targets and Support Schemes

At the global level, biomass plays a key role because, in 2015, it reaches 60 EJ which means 10% of
the global primary energy consumption share and 14% of the contribution in terms of final energy
consumption [19].

Given its primary products are easy to store and directly convertible into energy [54], it covers
most energy needs, including cooking and heating, in in-developing countries like Nepal (97%), Bhutan
(86%), Nigeria (85%), Kenya (76%) and Cote d’Ivoire (75%) [65].

Since the early 1990s, thanks to generous supports schemes and environmental actions devoted
to emissions abatement, EU countries increased their use of biomass and bio-products. Policies that
brought biomass to cover 4% of the EU energy share [66].

However, in developed countries, biomass is used to generate electricity, heat or both of them
in complex power generation units while it plays a marginal role in the domestic heating sector or
in food preparation activities compared to in-developing nations. Note that producing power from
biomass through external combustion is less efficient than converting biomass using, e.g., anaerobic
digestion and, then, burn the gaseous biofuel in an internal combustion engine [67].

As stated in [67,68], the production of biofuel, via anaerobic digestion, and the use of biogas is
an economic and environmental friendly way to address global energy needs and provide multiple
environmental benefits like green energy production of electricity, heat, vehicle fuels, organic waste
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disposal, GHG emissions reduction and environmental protection. Favourable aspects that spread
biogas production around the world. Across Asia, there is a great interest on biogas technology and
modern use of biomass, but the vast majority of plants are in the United States and Europe.

In 2000, the world biogas production was 0.28 EJ while, in 2014, it reached 1.28 EJ: a rapid growth
that corresponds to a production of 59 billion cubic meter (m3) of biogas or 35 billion m3 of methane
equivalent [69].

In EU, from 2005 to 2015, the primary energy production from biogas grew from 167 PJ to 654 PJ
while, in the same period, the biogas volume rose from 2.5 to 18 billion m3 methane equivalent. A value
which represents half of the global biogas production [69,70].

Based on statistical analyses [71], the number of EU28 biogas installations rose from 10,508 to
17,662 in the period 2010–2016 while, in the same time, the installed electricity capacity rose from 4158
to 9985 MW (see, Figure 2a). The gross electricity generation from biogas grew rapidly in the last
25 years as depicted in Figure 2b: in 1990 it was 915 GWh, ten years later (2000) it became 6427 GWh
while, in 2010 and 2016, it reached 31,818 GWh and 62,704 GWh, respectively.

(a) (b)
Figure 2. Trend of EU28 biogas (a) Installed power and number of plants, (b) Generated electricity.
Source: EBA [71].

Analysing the evolution of biogas plants installations and of the installed electricity capacity in
Europe, it is important to point out that the highest increment of plant number was registered in the
period 2009–2010: +68% (from 6227 to 10,508 units) while the highest growth in installed electricity
capacity reached +52% in the period 2011÷2012 (from 4778 to 7265 MW). In the same time, electricity
generation from biogas rose from 25,180 GWh to 44,565 GWh, which means +77% of new generation.

As shown in Figure 3a, among the 17662 existing biogas plants, 71% of them run with agriculture
feedstock while 16% and 9% derived biogas from sewage and landfill feedstock, respectively.
Remaining plants produced biogas from various types of organic waste such as bio and municipal
waste (named “other”) or the source are unknown.

In terms of installed power (for clarity see Figure 3b), the situation is slightly different because
agriculture feedstock remains the most used substrate: 64% of the total installed capacity (6349 MW)
works with agricultural matters, but, in this case, the installed capacity which runs with landfill
feedstock is 2.65 times the one fed with sewage substrate: 2178 MW versus (vs.) 821 MW.

Similarly, the electricity generation per feedstock is, in 2016, 45,175 GWh from agriculture feedstock
(72%), 8272 GWh from landfill (13%) and 3295 GWh from sewage (5%), while 3967 GWh (6%) and
1994 GWh (3%) is, respectively, generated from plants where information related to feedstock is unknown
or coming from various types of organic waste such as municipal, industrial or bio-waste (see, Figure 3c).

As depicted in Figure 3d, the reckon of feedstock use for biogas production in 2016 shows that
energy crops and agri-residues produced 39% each; bio-, municipal and industrial waste contributed
for 8% while sewage and unknown feedstock supplied 5% and 9%, respectively.
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(a) (b)

(c) (d)
Figure 3. Trend of the EU biogas (a) Number of plants per feedstock, (b) Installed power per feedstock,
(c) Generated electricity per feedstock, (d) Feedstock use for biogas production. Source: EBA [71].

In the biogas sector, Germany is the leading country. In terms of number of plants, 10,849
(which corresponds to the 61.5% of the EU28) are installed in Germany while Italy and France are in
second and third place with 1555 and 873 plants, respectively. Germany is also in the first place in
regards to installed electricity capacity and electricity generation from biogas: 4635 MW of 9985 MW
and 34,162 GWh of 62,704 GWh are, respectively, installed and generated in Germany. The United
Kingdom (UK) and Italy are, respectively, in the second and third place in terms of installed electricity
capacity with 1543 MW and 1171 MW while, there is a places inversion between these countries
when the electricity generation is considered: 9368 GWh are generated in Italy against the 7832 GWh
produced in UK.

Given that Government supports were established for electricity production from biogas,
the technologies that can be adopted to convert this fuel in useful electricity are: Stirling engine,
gas turbine, fuel cell, spark ignition or diesel internal combustion engines.

Despite the large variety of commercially available technologies, the most adopted solution is
constituted by an internal combustion engine. Around Europe, as stated in [72], approximately 50%
of the installed units are equipped with spark ignition ICEs while the remaining 50% adopts Diesel
internal combustion engines. Solutions in which gas turbines or fuel cells are used to convert biogas in
electricity are really few.

Spark ignition engines are adopted when the required electrical power ranges between 100 kW and
1 MW while Diesel engines are employed when the required power is less than 100 kW. For this reason,
it is common to install Diesel engines in small scale agricultural biogas plants. In addition, in Diesel
engine biogas is generally mixed with Diesel fuel; then, in this case, ICES are dual-fuels engine.

Being initially designed for natural gas applications, spark ignition ICEs are characterised by high
electrical efficiency (34–40%), long lifespan (60,000 h of operation) and low-cost (1000–1300 US$/kWel) [72].
Ignition Diesel engines lifespan is approximately half of the spark ignition ones (35,000 h of operation)
and they require frequent oil analysis (every 465 h of operation). An aspect that increases biogas plant
operating costs [72].
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In terms of emissions, spark ignition ICEs are more efficient than Diesel engines but, both of them,
need to be monitored in order to comply prescribed limits fixed by regional or national authorities.

As mentioned above, biogas sector development has been planned and pushed at the European
level by means of European targets in terms of total installed electricity capacity. These annual targets
have been shared among EU members and set in their own National Renewable Action Plan (NREAP).
In each EU Member NREAP report, the support actions established to boost RES development have
been pointed out with the aim of fulfil the pre-defined annual target. Figure 4 shows the EU biogas
yearly targets for the period 2010–2020 (NREAP targets).

As said, at each member state is assigned an annual target that needs to be fulfilled. To achieve
fixed targets, each member state developed its National Renewable Energy Action Plant in which its
installed electricity capacity targets and established support schemes on annual basis are specified.

Looking again at Figure 4, it is interesting to highlight that from 2012 unit 2016, the EU28 installed
electricity capacity has repeatedly beaten the annual fixed target. As an example, in 2012, the annual
target was surpassed by 928 MW (+15%), while, in 2016, the target was outdone by 1395 MW (+16%).
The positive trend is strictly related to German and Italian biogas development boosted by generous
support schemes. However, at the time of writing, these Governments cut financial supports. The result
is biogas installations slowed down or blocked. So, to compensate Germany and Italy growth reduction
and reach the 2020 collective targets, it is fundamental that countries like Romania, Portugal, Greece,
Poland and France boost their biogas sector and reach their own targets.

As an example, in 2016, the Romanian target was set to 160 MW, while the installed electricity
capacity was 9 MW. Similarly, Portuguese, Greek, Polish and French targets were 120 MW, 120 MW,
280 MW and 415 MW while the installed electricity capacity reached 88 MW, 58 MW, 234 MW and
393 MW: a lack of 162 MW of originally budgeted power which needs to be absolutely installed.

Figure 4. Trend of the EU28 NREAP targets and installed electricity capacity at the EU level. Source:
EBA [71].

Support schemes are vital instruments to achieve a rapid and smooth transition toward RES
but, they are also crucial to push renewables economic competitiveness with fossil fuels technologies.
At the European level no indications are given about type of support schemes because supports for
biogas, biomethane and electricity from biogas are established at national level.

Across Europe, a wide range of schemes have been implemented with more or less successful
outcomes. Incentives can be grouped in two categories: price-based and quality-based methods.
Feed-in Tariffs or Feed-in Premiums are price-based approaches; they are, respectively
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• A technology specific remuneration per unit of renewable energy. The tariff is defined and
guaranteed for a certain period from National Authorities. Depending on technology type,
source quality, plant size and location, the payment amount changes. Obviously, a progressively
reduction of the tariff over the years is usually implemented

• A technology specific remuneration per unit of RES and a technology specific subsidy level per
unit of renewable energy at a pre-defined, fixed or floating quota. Also in this case, depending on
technology or plant size, etc., the tariff changes.

Quota or Green Certificates (GC) and fiscal incentives are quality-based incentives. In the first case,
renewable energy producers remuneration derived from selling energy to the grid and the certificates
on the green certificates marker. In the second case, a tax exemptions or reductions is applied to
renewable energy producers.

Among support schemes, Feed-in Tariffs is the most adopted approach even if all supports
are in general simultaneously implemented. For further details, in Section 2.3, the Italian case is
presented. It is important to note that support schemes are crucial instruments to reach the economic
competitiveness of a certain kind of technology; so, their rapid reduction can slow down or even stop
the technology spread. Therefore, it would be useful to plant at EU level these strategic aspects in
order to harmonise rules and boost again biogas installations.

Finally, it is interesting to examine biomethane sector at the European level. In 2016, biomethane
plants were 503 and were able to generate 17,264 GWh. From 2011 to 2016, the biomethane production
rose from 752 GWh to 17,264 GWh. The highest growth rate was registered in 2013 with +308% but,
also in 2012, a rose of +203% was observed.

Germany is, as in biogas production, the leading nation with 9400 GWh of biomethane production
followed by UK and Sweden: 3663 GWh and 1297 GWh, respectively. Italy is only at the 13th place
with 50 GWh of biomethane production.

At the time of writing, no EU targets for biomethane installations have been set up. In terms of
support scheme for biomethane production only in nine EU countries are set: Italy, Germany, UK,
France, Norway, Finland, Austria, Iceland and Sweden. Despite Italy being one of these countries,
the established support actions are not able to boost the biomethane sector. This is probably related,
on the one hand, to poor incentives and, on the other hand, to the absence of national biomethane
yearly targets.

2.3. The Italian Biogas Sector: Trend, Targets and Support Schemes

Based on the analysis of the EU scenario, there is no doubt that Italy is one of the European
countries with the most developed biogas sector.

The Italian biogas sector started its development in the early 1990s; however, only in 1999 with
the establishment of the green certificate system, did biogas electricity production, for the first time,
attempt to be boosted through state subsidies.

From 1995 to 1999, the growth of biogas electricity production was approximately 100 GWh
per year while, notwithstanding the efforts made and the initiatives carried out by the Government
(the green certificate system), biogas electricity production raised from 500 GWh to 1000 GWh during
the period 1999–2008. This means 55 GWh per year: a sluggish growth that led the Italian Government
to take conspicuous stimulus actions.

In 2008, with the aim of shaking up the renewables sector, the Italian Government established,
in the Budget Act of 2008 [73] and in the ARG/elt 1/09 [74], that electricity generators with an installed
power ranges between 1 kW and 1 MW (0.2 MW for wind energy) were entitled to receive a guarantee
“All inclusive” feed-in tariff (in Italian “Tariffa omnicomprensiva”) as an alternative to green certificate
(Art. 2 par. 145 L 244/07 and Art. 2 par. 3 ARG/elt 1/09).
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Therefore, biogas plant with an electric nameplate power in the range 1–1000 kW are eligible to
receive the “All inclusive” feed-in tariff as stated in Art. 2 par. 145 L 244/07 and Art. 2 par. 3 ARG/elt
1/09. The “All inclusive” feed-in tariff is guaranteed for 15 years if the plant enters in operation before
31 December 2012. The amount is equal to 0.18 e kWh−1 for plant based on landfill waste while, in the
case of plants which derive biogas from biomass substrates, the tariff reaches 0.28 e kWh−1.

The “All inclusive” feed-in tariff was the only support scheme adopted by biogas plants due to
the considerable amount of the incentive, while the most installed nameplate power and adopted
technology were 999 kW and ICE, respectively.

Please note that despite green certificates are granted for 15 years as the “All inclusive” feed-in
tariff, they are not convenient for generators with an installed power lower than 1 MW because one
GC validates 1 MWh of renewable electricity but its monetary value depends on the previous year
plant electricity production, the type of feedstock and GC market. As outlined in Art. 2 par 147,
148 L 244/07, the highest GC price is granted to biogas plants which convert agricultural, livestock or
forestry bio-products collected in an area of 70 km around the biogas unit.

The “All inclusive” feed-in tariff was the most generous support scheme established in EU for
renewable electricity generation. This feed-in tariff was the factor that demonstrated biogas potential
and considerably boosted the installations.

Figure 5a depicts the trend of biogas number of plants using EBA [71] and GSE [75] dataset.
The “Gestore dei Servizi Energetici—GSE” is the company identified by the Italian Government
to pursue and achieve environmental sustainability through the two pillars of renewable sources
and energy efficiency, while EBA is the “European Biogas Association”. The discrepancy among
available data is related to the fact that EBA dataset is based on data provided by national biogas
association. In the Italian case, the association is named “Consorzio Italiano Bioga—CIB”. Being CIB
membership not mandatory, several plants can not be inserted in their statistical reports. For the sake
of completeness, in the present study, the authors report on both datasets, but trends analyses are
based on GSE data due to their higher accuracy.

In the period 2008–2012, biogas plant installations rose from 107 to 1548 while the installed
electricity capacity grew from 55 MW to 1342.7 MW (see, Figure 5a,b). In the same period also the
electricity production expanded from approximately 1000 GWh to 4620 GWh as depicted in Figure 5b.
However, the biggest biogas electricity production growth was observed in the period 2012–2013
because, before 31 December 2012, were put in operation several biogas units with the aim of receiving
the “All inclusive” feed-in tariff before it expired.

This skyrocket growth helped to fulfil the Italian Renewable Energy Action Plan yearly targets as
explained below. Please note that the Italian NREAP yearly targets were set in accordance with the
EU28 yearly targets in order to fulfil the prescribed target of installed power for the year 2020.

In 2009, the EU drafted and approved the Directive 2009/28/EC [4] of the European Parliament
and of the Council of 23 April 2009 on the promotion of the use of energy from renewable sources and
amending and subsequently repealing Directives 2001/77/EC [76] and 2003/30/EC [77]. As presented in
Section 1, the Directive commissioned to member states of the European Union to deploy a report (called
National Renewable Energy Action Plan) which describes how the State planed to achieve its legally
binding target of share of energy from renewable sources in gross final energy consumption by 2020.
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(a) (b)

(c) (d)
Figure 5. Trend of the Italian biogas (a) Number of plants, (b) Installed power, (c) Generated electricity,
(d) NREAP targets and Installed Electricity Capacity. Source: EBA [71] and GSE [75] dataset.

The Renewable Energy Directive 2009/28/EC was transposed by the Italian Government with
the D.lgs. 3 March 2011, n. 28 [78] which established two objectives for 2020: an increase of the Italian
energy consumption from RES up to 17% and an increase up to 10% of the consumption of renewable
in the transportation sector. By means of the Italian NREAP [5], approved in 30 June 2010, the Ministry
of Economic Development explained how it intended to fulfil the targets set up in [78]. For the biogas
sector, progressive targets for the decade 2010–2020 were established as depicted in Figure 5d.

Obviously, in conjunction with new targets, the Italian Government updated the support scheme
which entered into force from 1 January 2013.

New support policies are detailed presented in the Ministerial Decree of 6 July 2012, [79] and it
is apply to plants commissioned from 1 January 2013. In the Decree, new, totally rebuilt, reactivated,
re-powered or upgraded or renovated RES plants other than photovoltaic with an electric nameplate
power of at least 1 kW are eligible to receive the State support. As established in the Budget Act of 2008
and in the ARG/elt 1/09 [73,74], two types of incentives are available depending on plant nameplate
power and type and adopted RES: All-inclusive feed-in tariff (To) and Incentive (I).

The All-inclusive feed-in tariff is applicable only to plants with an electric nameplate power lower
than 1 MW while Incentive can be applied to plant with a design power lower or higher than 1 MW
but which does not benefit of To. The All-inclusive feed-in tariff is computed as the sum of a base
feed-in tariff (Tb) and a premium (Pr), if the plant is eligible. As underlined in Annex 1 of the Decree,
Tb depends on plant capacity, source kind and plant type while the premium is assigned to plant
which, e.g., operates in high efficiency combined heat and power mode or guarantees a high reduction
of pollutants emissions.
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More complex is the Incentive calculation because I is given by the difference between Tb,
gained by Pr (if the plant is eligible), and the hourly zonal electricity price (Pz). The hourly zonal
electricity price is computed based on the zone where the plant produces and injects electricity into
grid. Pz depends also from the time of day at which it is produced and, obviously, the day itself
(weekly days prices are higher than public holidays ones as well as high demand hours compared to
off-peak ones).

Please note that plants granted with incentives have the advantage of remaining the owners of the
produced electricity while for both Tb and I, the period for which the subsidy is guaranteed depends
on plant nameplate power and RES type.

Plants which benefit of the All-inclusive feed-in tariff or the Incentive are not eligible to net
metering (“scambio sul posto”) or simplified purchase/resale arrangements (“ritiro dedicato”).

In regards to biogas units, both Tb and I are granted for 20 years independently to plant power
and source type. Tb depends on plant capacity and feedstock type while Pr changes with plant capacity,
feedstock type and if the plant is considered a high-efficiency CHP unit.

The new Feed-in Premium scheme entered in operation the 1st of January 2013 and it runs until
30 June 2016. It was applied to plants with a rated power from 1 kW to 5 MW while the incentives
ranged from 0.109 e kWh−1 to 0.236 e kWh−1. This Feed-in Premium scheme was hardly considered
generous compared with the previous one. Therefore, biogas installations continued to growth in
terms of plants number, but the total installed electricity capacity and the related electricity generation
remained approximately constant as clearly shown in Figure 5a,b.

The Ministerial Decree of 6 July 2012 entered into force the 1st of January 2013 and expired
on 30 June 2016 when entered into force the Ministerial Decree of 23 June 2016 [80]. The Decree
updates again the Government supports regarding the electricity generation from RES plants other
than photovoltaic with a capacity of at least 1 kW. However, in this case, stringent conditions were
set up.

As in the previous Decree, new, totally rebuilt, reactivated, re-powered/upgraded or renovated
RES plants other than PV commissioned on or after the 1st of January 2017 can access to the established
supports. However, in this Decree, the Government established that new incentives are granted from
the 30th of June, 2016 until 30 days after reaching one of the following conditions:

• 1 December 2017 for all renewable plants or, for plants who directly access to supports.
• 5.8 billion € per year. This is the maximum indicative cumulative cost available for renewable

plants other than PV which produce electricity.

In addition to the previous conditions, the Government established different paths to incentives
access depending on engine nameplate electric power, kind of proposed project and adopted RES:

• Direct access for new, totally rebuilt, reactivated or re-powered/upgraded plants with a capacity
not exceeding a given limit and using specific types of sources or for special projects.

• Enrolment into the Registries for new, totally rebuilt, reactivated or re-powered/upgraded and
renovated plants.

• Awarding of incentives after participation in a competitive Dutch auctions (electronic auctions
held by GSE) for new, totally rebuilt, reactivated or re-powered/upgraded plants: the capacity of
these plants shall exceed a given threshold (5 MW).

The Decree also fixed that:

• Incentives can be granted only to grid injected electricity. Therefore, self-consumed electricity is
not grated with supports and needs to be excluded from RES electricity generation calculations.

• A maximum installed capacity of 1370 MW of which 800 MW for new onshore wind capacity can
be awarded with incentives.
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Regarding support schemes, as in previous cases [73,74,79], two types of incentives are available
depending on plant nameplate power and type and adopted RES: All-inclusive feed-in tariff (To) and
Incentive (I).

The All-inclusive feed-in tariff is applicable only to plant with an electric nameplate power lower
than 500 kW while Incentive can be applied to plant with a design power lower or higher than 500 kW
but which does not benefit of To. The All-inclusive feed-in tariff is computed as the sum of a base
feed-in tariff (Tb) and a premium (Pr), if the plant is eligible. As underlined in Annex 1 of the Decree,
Tb depends on plant capacity, source kind and plant type while the premium is assigned to plant
which, e.g., operates in high efficiency combined heat and power mode or guarantees a high reduction
of pollutants emissions.

As in previous Decree, the Incentive is computed as the difference between Tb, increased by Pr
(if the plant is eligible), and the hourly zonal electricity price (Pz). The hourly zonal electricity price is
computed based on the zone where the plant produces and injects electricity into the grid. Pz depends
also from the time of day at which it is produced and, obviously, the day itself (weekly days prices are
higher than public holidays ones as well as high demand hours compared to off-peak ones).

Plants granted with incentives I have the advantage of remaining the owners of the produced
electricity while for both Tb and I, the period for which the subsidy is guaranteed depends on plant
nameplate power and RES type.

Plants which benefit of the All-inclusive feed-in tariff or the Incentive are not eligible to net
metering (“scambio sul posto”) or simplified purchase/resale arrangements (“ritiro dedicato”).

In regards to biogas units, nothing is changed from the previous Decree because both Tb and I are
granted for 20 years independently to plant power and source type. Tb depends on plant capacity and
feedstock type while Pr changes with plant capacity, feedstock type and if the plant is considered an
high-efficiency CHP unit. Obviously, Tb and Pr established in the Ministerial Decree of 23 June 2016,
are lower than the ones established in the Ministerial Decree of 6 July 2012, but, in the last Decree,
biogas producers can access to tax exemptions.

In fact, in 2017, the Feed-in Tariff is available for biogas plants with a rated power from 1 to
500 kW, it has a duration of 20 years and a value which ranges from 0.085 to 0.233 e kWh−1.

The further incentives drop coupled with the plant rated power reduction to receive incentives
further slowing down the Italian biogas plant installations as, again, depicted in Figure 5a,b.

The blockade of biogas installations is a crucial point because, in 2016, 2735 plants fed by bioenergy
where installed in Italy. However, among them, 1995 were biogas units while only 516 and 407 were
plants fed by liquid biofuels and solid biomass, respectively.

Bioenergy plants represented the 7.9% of the RES installed power (4124 MW): 40.5% of them are
fed by solid biomass and 25% by liquid biofuels while the 34.5% is biogas based power generation units.

In Italy, due to high subsidies until end-2012, the most widespread technology is the four-stroke
internal combustion engine with an electric design power of 1 MW. The heat generated by the ICE is
partially recovered and used to maintain the digester required temperature (usually the heat recovered
from the engine cooling water and the oil employed in the lubrication system) while the exhaust gases
are directly released into the environment with a remarkable waste of heat [45].

Bioenergy generation amounted for 19,509 GWh: 18.1% of the Italian RES total production. Biogas
plants generated the 42.3% of the 19,509 GWh, while solid biomass and bioliquids contributed for
33.6% and 24.1%, respectively.

Focusing on biogas Regional production, the 81.2% was generated in northern Italy. The
Lombardia region contributed for 33.8% while Emilia Romagna, Veneto and Piemonte generated
14.6%, 14.5% and 12.5% of the Italian biogas total production.

Among the 1995 biogas plants (year 2016), 49.6% run with agriculture feedstock while 27% and
19.5% of them derived biogas from animal manure and waste, respectively. The remaining 3.9% run
with sludge.
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In terms of installed power, the situation is slightly different. Agriculture feedstock remains the
most used substrate with 52.6% of the total installed capacity while sludge substrate is in the second
place with 28.2% of the total installed capacity. Waste and animal manure contributed for 16.1% and
3.1%, respectively.

Similarly, the electricity generation per feedstock is 66.5% from agriculture feedstock, 17.9% from
sludge, 14% from animal manure and 1.6% from waste.

Despite the huge number of biogas plants and largest EU fleet of vehicles fuelled with gas [71],
Italy has only 6 biomethane plants: 3 based on agricultural substrates, 2 on municipal solid waste
and 1 on landfill waste. All of them sell biomethane to vehicles fuel stations and no one is connected
to the natural gas network. As explain also in [71], biomethane is one of the most attracted way to
de-carbonise the transportation sector especially in a country with over 1100 gas fuel stations for
vehicles refilling and imports crude oil for 21,662 million of Euro.

In conclusion, it is important to remark that:

• Italy ranks second only to Germany in terms of number of biogas plants; this means that
approximately 9% of the EU28 installed plants are placed in Italy.

• In terms of installed electricity capacity, Italy is in the third position behind Germany and UK.
Then, approximately 12% of the EU28 installed electricity capacity is placed in Italy.

• The Italian biogas plants are mainly devoted to electricity production. In fact, at European
level, Italy ranks second only, again, to Germany in terms of electricity generation from biogas.
However, despite the second position and an electricity generation of 9368 GWh, German
electricity generation is 3.5 fold greater than the Italian one.

• Italy needs to restart biogas installations because, at the time of writing, it fulfils the National
Renewable Energy Action Plan targets at 2020, but, in a couple of years, new targets will be
set for at least 2030. So, the sector needs new supports especially to expand upon both biogas
(for electricity and heat generation) and biomethane (for injection in natural gas network as well
as fuel for transportation purposes) sub-sectors.

3. Existing Legislation on Biogas Composition and Its Emissions

In Italy, as in several other European countries, biogas composition is not subject to a specific
legislation like biogas engine emissions. Therefore, each biogas plant manufacturer adjust the anaerobic
digestion process in such a way that the methane quantity in the produce biogas is the highest possible.
This aspect guarantees a higher combustion quality in terms of stability and emissions.

Biogas plant emissions are regulated by the Legislative Decree No 152—3 April 2006 [81] and the
Legislative Decree No 118—19 May 2016 [82].

Limits are set for Nitrogen Oxides (NOx), Carbon Monoxide (CO), Hydrogen Chloride (HCI)
and Volatile Organic Compounds (VOC) expressed as Total Organic Carbon (TOC) while they change
based on nameplate thermal power (Pth) and plant type: internal combustion engine, gas turbine, other
combustion system.

Being Italian biogas used in internal combustion engines, in this work, the authors report on only
the Italian limits for biogas ICEs (Table 1). Limits are referred to 0 °C, 1013 mbar, 5% O2 and to an
internal combustion engine which operates at design point conditions.

Table 1. Prescribed Italian limits for biogas plants [81].

Contaminants Pth ≤ 3 MW Pth > 3 MW

NOx 500 mg Nm−3 450 mg Nm−3

CO 800 mg Nm−3 650 mg Nm−3

HCI 10 mg Nm−3 10 mg Nm−3

VOC as TOC 150 mg Nm−3 100 mg Nm−3
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Bearing in mind Table 1, it is important to note that:

• In [81], the limit set to VOC includes also methane.
• In the updated version of the legislation, see [82], the TOC limit for internal combustion

engine with a nameplate thermal power which not exceeds 3 MW is reduced and set equal
to 100 mg Nm−3. Biogas plants must be brought into line with this new legislation until the end
of 2016.

• In [82], it is specified that VOC expressed as TOC limit does not include methane and the limit is
100 mg Nm−3 independently to engine nameplate thermal power.

Being Germany and natural gas, respectively, the biogas leader and the biogas competitor, it is
mandatory to perform a comparison in terms of set limits.

Comparisons among Italian and German biogas regulated substances show that also Germany
restricts NOx and CO while no limitations are set for HCl and VOC. Nitrogen Oxides and Carbon
Monoxide maximum values depend on engine type and not on nameplate thermal power. NOx

need to be lower than 500 mg Nm−3 in the case of gas four-stoke engines, 1500 mg Nm−3 for gas
compression-ignition engines and 1000 mg Nm−3 for ignition oil diesel engines. Similarly, CO needs
to be lower than 1000 mg Nm−3 if the engine is a gas four-stoke engine while in the case of gas
compression-ignition engines or ignition oil diesel engines the limit is 2000 mg Nm−3 [72].

In contrast to Italy, Germany defines limits for Sulphur Dioxide (SO2) (350 mg Nm−3) and
Formaldehyde (60 mg Nm−3) [72].

In Italy, internal combustion engines fed by natural gas, independently to the nameplate thermal
power, are restricted in terms of:

• Particulate→ 5 mg Nm−3.
• NOx → 350 mg Nm−3.
• Sulphur Oxide (SOx)→ 35 mg Nm−3.

While no prescriptions are set for CO, HCl and TOC.
In this context, it is possible to claim that NOx limit, in the case of natural gas, is more stringent

than the biogas one, while German regulation prescribe limit to Formaldehyde: a toxic and volatile
compound which is known to be a human carcinogen.

For this reason, in the present work, the authors analysed biogas emission components not only
taking into account the regulated emissions listed in Table 1 but also substances like particulate, SOx,
Formaldehyde, etc.

Please note that the experimental campaign included also substances like Polycyclic Aromatic
hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), Aldehydes, etc. These substances are not analysed in the present work because they are the
so-called “unregulated emissions”. Emissions for which are not currently available a legislation at
both Italian and European level.

4. Method

The analysis of biogas plants’ diet are made considering plants operators’ provided data. Similarly,
plants investment and operation costs are derived from data provided by biogas plants operators.

Analyses of biogas composition involved characteristic compounds like methane, carbon dioxide,
nitrogen, oxygen, hydrogen, etc. but also elements like volatile organic compounds, particulate or
oily mists.

Moisture and temperature measurements are performed in accordance with UNI 10169:2001 while
the lower heating value (LHV) are computed based on UNI EN ISO 6976:2008. Percentage of methane,
carbon dioxide, nitrogen and oxygen are based on EPA 3C 1996 while hydrogen and ammonia values
are measured based on ASTM D1945 2014 and M.U. 632:84 standards, respectively. Total chlorine,
fluorine and sulphur are measured based on PO/GEN/036R.0 while inorganic compounds of chlorine
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and fluorine as well as H2SO4 are computed based on DM 25/08/2000 GU no 223 23/09/2000 All. 2.
Hydrogen sulphur calculation refers to M.U. 634:84 while particulate and silica (SiO2) are measured
using UNI EN 132841:2003 and UNI EN 132841:2003 + Unichem 723/86 + APHA ed 21th 2005, 3111 D.
The composition of oily mists is estimated by UNI EN 132841:2003 + M.U. 759:87 while polysiloxanes
and the composition of the Refinery Gas are based on UNI EN 13649:2002 and UNI EN 15984:2011,
respectively. The EPA TO15 1999 is used to measure volatile organic compounds.

Biogas engine emissions can be grouped as regulated and unregulated emissions. Regulated
emissions, in the biogas case, are CO, NOx, VOC and HCl while, in the case of an ICE fed by natural gas,
they are Particulate, NOx and SOx. Unregulated emissions considered in this work is Formaldehyde
because a comparison between Italian and German Standards is performed.

Exhaust gases temperature and flow rates measurements are performed following the UNI
10169:2001 while PM and Particulate are measured as prescribed by UNI EN ISO 23210:2009 and UNI
EN 132841:2003, respectively. Oxygen is evaluated following the specifications reported in UNI EN
14789:2006 while UNI EN 14789:2006 is used to measure Carbon dioxide. Ammonia and H2S are
measured based on M.U. 632:84 while CO, SO2 and NOx measurements referred to UNI EN 14791:2006.
HCl is measured following the UNI EN 1911:2010 while Fluorine inorganic compounds and VOC as
TOC are based on DM 25/08/2000 GU no 223 23/09/2000 All 2 and UNI EN 12619:2013, respectively.
Formaldehyde is evaluated on the basis of CARB 430 1991.

5. Structure of Biogas Plants

Biogas plants involved in this research project are made up of a reception tank, two primary
fermenter, two secondary fermenters, a gas holder, a residue storage tank, a solid feeder, a biogas
filtration unit and a biogas ICE.

Primary and secondary fermentes have a cylindrical shape, both are characterised by a height
of 6 m but primary fermentes have an an external diameter of 23.7 m while secondary fementers
external diameter is 26.7 m. Both primary and secondary fermentes thickness is 0.7 m. In the crawl
space between internal and external diameter (fermentes walls), heating tubes and multiple layers
of insulation materials are placed. Heating tubes are used to maintain fermenters at a constant
temperature as required by the AD process [63]. The heating pipes are fed by the hot water heated up
recovering the heat of the engine cooling water and of the lubrication oil.

The residue storage tank has the same dimension of the secondary fermentes while solids feeder
are tanks with variable shape and dimensions which are usually placed near fermentes.

As mentioned in Section 2.3, before 31 December 2012, the higher Italian incentive was assigned
to biogas plant with an electric nameplate power lower than 1 MWel . This aspect boosted the spread
of ICEs fed by biogas with a nameplate electric power of 999 kWel . Being this engine size the standard
and the most widespread one, the authors of the present work consider in their investigation only this
type of engine.

Biogas internal combustion engines are GE power units [83] with technical characteristics listed
in Table 2. This engine type was initially designed to run with natural gas. Then, with biogas spread,
engine manufactures optimised the natural gas engine also for running with biogas. For this reason,
the natural gas engine used as reference for emissions comparisons is characterised by the same
technical data of biogas units.

Regarding engine control system and strategy, the authors are not allowed to describe it due to
non disclosure agreement with plants owners and engines manufacturer.
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Table 2. Biogas engine technical data.

Parameter

Configuration V 70°
No. of cylinders 20
Bore (mm) 135
Stroke (mm) 170
Displacement/cylinder (L) 2.433
Speed (rpm) 1500
Mean piston speed (m s−1) 8.5
Electrical output (kW) 999
Energy input (kW) 2459
Electrical efficiency (%) 40.58
Thermal efficiency (%) -
Total efficiency (%) 40.58
Fuel flow rate (Nm3 h−1) 547 ± 5%
Fuel Lower Heat Value (kWh Nm−3) 4.5
Exhaust gases mass flow rate (kg h−1) 5312
Exhaust gases temperature (°C) 457

Please note that this engine is a combined heat and power unit. This means that it generates
electricity and heat. In practice, the engine is considered a CHP unit because the heat extracted by the
engine coolant and lube oil is used to warm up the water employed to maintain fermentes at their
designed temperature. However, only a few engines are equipped with a WHRU able to recover also
the heat contained into the engine exhaust gases. This is linked to two issues:

• If the WHRU generates additional electricity using, for example, an organic Rankine cycle (ORC)
unit, the plant is made up to a 1 MWel ICE and an ORC turbogenerator with a design power of,
e.g., 70 kWel . In this configuration, the engine is de-rated at 929 kWel while the ORC generates
70 kWel . Obviously, the engine works in part-load and its efficiency is lower than at design point
condition as well as its biogas consumption. The plant total production is lower than 1 MWel , so,
the highest incentive can be assigned (if the plant entered in operation before the end of 2012).
The above-mentioned plant arrangement is adopted only if the biogas plant has access to a limited
quantity of feedstock. However, it is important to remark that ORC requires frequent maintenance
and the generation unit (ICE + ORC) is more complex to manage and characterised by higher
investment cost.

• If the WHRU generates additional heat using, for example, an inverse water generator or steam
by means of an inverse steam generator, the issue is related to the water/steam user. Generally,
biogas plant are located in remote areas where it is difficult to find users which need heat.

Despite these issues, among the six considered biogas units, one of them is equipped with an
ORC unit and another one consists of an ICE plus an inverse water generator, while the ICE fed by
natural gas is equipped with an inverse steam generator. The inverse water generator is used to
provide hot water to a swimming pool while the inverse steam generator delivers steam to a small
ceramic industry.

6. Results and Discussion

After analysing EU and Italian biogas sectors, the research focuses on the analysis of biogas plants
diet and “Decision of the Regional Government” that authorized the plant construction as well as
building and operation costs.

As previously stated, biogas plants operators take note of feedstock type and amount in order to
keep a record of plant consumption level. This activity should be on daily basis but, in several cases,
the authors noted typing mistakes or incomplete data. For this reason, being the time requires by the
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feedstock digestion process approximately of 40–50 days, the authors fitted available data to derive a
mean quantity of each feedstock starting from 45 days before biogas and ICE emission measurements.

Table 3 lists plant diet in terms of feedstock type and quantity. By its analysis, it is clear that the
selected plants are fed with different feedstock, but all of them adopted maize silage. This feedstock is
essential to stabilize the anaerobic digestion process.

BG6 adopts pig sewage because it serves a pig farm while BG5 uses pig sewage as feedstock
because it is located near pig farms. In this case, feedstock is purchased while, in the case of BG6,
the biogas plant is used to treat animal manure and sewage produced by the farming activity.

Chicken-dung is adopted only in BG5 and it worries plant owner for the frequent formation of
limescale in fermenters adduction pipes. In fact, BG5 needs frequent maintenance works to remove
limescale formations. Fortunately, during maintenance works there is no need for switching of the ICE
thanks to fuel stocked in biogas holders.

Table 3. Diet of the selected plants.

Plant Feedstock

BG1
Maize silage 39.4 t d−1

Cattle sewage 60 m3 d−1

Cattle manure 25.26 t d−1

BG2
Maize silage 45 t d−1

Water 30 m3 d−1

Wheat Silage 15 t d−1

BG3
Maize silage 25 t d−1

Corn flour 3 t d−1

Sugar beets 20 t d−1

BG4 Maize silage 44 t d−1

Corn flour 3 t d−1

BG5
Maize silage 27.5 t d−1

Pig sewage 60 m3 d−1

Chicken-dung 22.5 t d−1

BG6
Maize silage 33 t d−1

Pig sewage 50 m3 d−1

Triticale silage 16 t d−1

NG Natural gas 281 m3 h −1

Table 4 lists emission limits of selected plants as reported in their Decision of the Regional
Government that authorized plant construction and operation.

Being considered plants entered in operation in 2012, located in the same Italian region and
subjected to Italian legislation and emissions standards, it is expected that emission limits are the
same. Unfortunately, it is not the case because it is the Regional Government that authorizes the plant
construction and operation. Then, it can decide to set different limits. A case in point is BG2 which is
far from BG1 of about 3 km, but its NOx limit is 50 mg Nm−3 lower than in the case of BG1 while CO
is half of the one set for BG1. Similarly, the VOC as TOC limit set for BG1 and BG2 is 50% higher than
in the case of BG3-BG6. Actually, this is not an issue because, starting from 1 January 2017, the limit is
changed and set equal to 100 mg Nm−3. However, differences between NOx or CO limits influenced
engines set up in terms of air-to-fuel ratio and, also, the environmental impact of the biogas unit.

The authors tried to understand the criteria adopted to set plants limits but provided explanations
were flimsy arguments.
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Table 4. Emission limits of the selected plants.

Plant Emission Limit

BG1

NOx 500 mg Nm−3

CO 800 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 150 mg Nm−3

BG2

NOx 450 mg Nm−3

CO 400 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 150 mg Nm−3

BG3

NOx 500 mg Nm−3

CO 800 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 100 mg Nm−3

BG4

NOx 500 mg Nm−3

CO 800 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 100 mg Nm−3

BG5

NOx 500 mg Nm−3

CO 800 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 100 mg Nm−3

BG6

NOx 500 mg Nm−3

CO 800 mg Nm−3

HCl 10 mg Nm−3

VOC as TOC 100 mg Nm−3

NG
NOx 350 mg Nm−3

SOx 35 mg Nm−3

Particulate 5 mg Nm−3

Regarding plants costs, analyses show that plant turnkey cost ranges between 4.2 to 4.8 mln e.
Approximately, 65% of total construction cost needs to build fermenters, gas holder, residue storage
tank, solid feeder, biogas filtration unit, etc. while the remaining 35% is for biogas engine. Usually, the
engine cost is around 1 mln e while the ORC unit or the water boiler which recovers heat from the
engine cost exhaust gases costs approximately 5000 e kW−1

el and 35–40,000 e, respectively. Please note
that ICE cost is the same for both biogas and natural gas engine because the large spread of this type
of engine enabled to reduce the cost.

Maintenance costs ranges between 115,000 to 180,000e per year while, after 7–8 years of operation
it is necessary to carry out a major refurbishment that costs approximately 275,000 e. The highest
maintenance costs are registered for plant in which chicken-dung is used because this feedstock cause
limescale formations in fermenters which need to be frequently cleaned.

The annual cost for feedstocks production ranges from 700,000 to 1,200,000 e per year while
digestate disposal costs amounted to 80,000 e per year.

As already mentioned, biogas engines run for approximately 8000 h per year. However, considered
plants run for 8100–8570 h per year. So, their electricity production ranges between 8,191,800 and
8,561,430 kWh; this means 2.3–2.4 mln e per year of income because all of them received the
“All inclusive” feed-in tariff of 280 eMWh−1.

Considering a plant lifespan of 15 years, the simple pay back is in the range 3.2–4.8 years while
net present value ranges between 4 and 6 mln e.

Equipping the ICE with an ORC helps to reduce feedstock consumption of about 10%.
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After this phase devoted to diet, emission limits and costs identification, the authors measured
biogas and exhaust gasses compositions by means of a certified company.

Tables 5–7 listed biogas composition elements for selected plants while Table 8 lines up the
composition of the engine exhaust gasses for both biogas plants and the natural gas unit.

Table 5. Biogas composition—part 1.

Substance BG1 BG2 BG3 BG4 BG5 BG6

Moisture %v/v <2.0 <2.0 2.0 ± 0.6 <2.0 <2.0 <1.0
Temperature °C 27 ± 2 24 ± 2 28 ± 2 30 ± 2 24 ± 2 19 ± 2

LHV MJ Nm−3 19.88 19.67 19.92 20.64 19.67 17.99
CH4 % 53 ± 8 53 ± 7.95 51 ± 7.7 53 ± 8 55 ± 8.2 47 ± 7.1
CO2 % 44 ± 6.6 44 ± 6.6 48 ± 7.2 45 ± 6.8 44 ± 6.6 41 ± 6.1
N2 % 1.9 ± 0.3 1.9 ± 0.3 0.7 ± 0.1 1.7 ± 0.3 1.1 ± 0.17 9 ± 1.4
O2 % 0.4 ± 0.06 0.4 ± 0.06 0.1 ± 0.015 0.4 ± 0.06 0.1 ± 0.02 2.4 ± 0.4
H % <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

NH3 mg Nm−3 11 ± 3.3 <0.5 2.9 ± 0.9 19 ± 5.7 17 ± 5.1 <0.5
Total chlorine mg Nm−3 <2.5 <2.5 <2.1 <2.0 <2.1 <2.1
Total fluorine mg Nm−3 <0.5 <1.0 <0.4 <0.5 <0.4 <0.5
Total sulphur mg Nm−3 856 165 110 531 132 118

Chlorine inorganic compounds mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fluorine inorganic compounds mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

H2SO4 mg Nm−3 24 ± 8 24 ± 8 6.5 ± 2 4.7 ± 1.4 11 ± 3.3 0.9 ± 0.3
H2S mg Nm−3 900 ± 270 165 ± 49.5 115 ± 34.5 561 ± 168 135 ± 41 123 ± 37

Particulate mg Nm−3 0.5 ± 0.15 <0.4 <0.3 <0.4 <0.3 <0.4
Silica mg Nm−3 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4

Oily mists mg Nm−3 <0.5 <0.5 <1.4 <1.5 <0.5 <0.5

Table 6. Biogas composition—part 2.

Substance BG1 BG2 BG3 BG4 BG5 BG6

Polysiloxane

Hexamethyldisiloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexamethylcyclotrisiloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Octametiltrisiloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Decamethyl Tetra Siloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Octamethylcycletetrasiloxane mg Nm−3 <0.5 <0.5 <0.5 0.8 ± 0.2 <0.5 <0.5
Decamethylcyclopentasiloxane mg Nm−3 <0.5 <0.5 <0.5 1.1 ± 0.3 0.7 ± 0.2 <0.5
Dodecamethylpentasiloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dodecamethylcicloesasiloxane mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Hydrocarbons

1,3 Butadiene mol (100 mol)−1 <0.02 0.18 ± 0.013 <0.02 <0.02 <0.02 <0.02
1 Butene mol (100 mol)−1 <0.02 0.11 ± 0.008 <0.02 <0.02 <0.02 <0.02

2 Methyl Propene mol (100 mol)−1 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Etino (Acetylene) mol (100 mol)−1 <0.02 0.03 ± 0.002 <0.02 <0.02 <0.02 <0.02
Carbon monoxide mol (100 mol)−1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Cis2Butene mol (100 mol)−1 <0.02 0.13 ± 0.009 <0.02 <0.02 <0.02 <0.02
Ethane mol (100 mol)−1 <0.02 0.12 ± 0.008 <0.02 <0.02 <0.02 <0.02
Ethene mol (100 mol)−1 <0.02 0.06 ± 0.004 <0.02 <0.02 <0.02 <0.02

Hydrogen mol (100 mol)−1 <0.05 0.13 ± 0.009 <0.05 <0.05 <0.05 <0.05
IsoButane mol (100 mol)−1 <0.02 0.24 ± 0.017 <0.02 <0.02 <0.02 <0.02
IsoPentane mol (100 mol)−1 <0.02 0.08 ± 0.006 <0.02 <0.02 <0.02 <0.02

nButane mol (100 mol)−1 <0.02 0.23 ± 0.016 <0.02 <0.02 <0.02 <0.02
nPentane mol (100 mol)−1 <0.02 0.1 ± 0.007 <0.02 <0.02 <0.02 <0.02

Oxygen + Argon mol (100 mol)−1 0.44 ± 0.03 0.85 ± 0.06 <0.02 <0.02 <0.02 <0.02
Propadiene mol (100 mol)−1 <0.02 0.05 ± 0.0035 <0.02 <0.02 <0.02 <0.02

Propane mol (100 mol)−1 <0.02 0.24 ± 0.028 <0.02 <0.02 <0.02 <0.02
Propene mol (100 mol)−1 <0.02 0.12 ± 0.0084 <0.02 <0.02 <0.02 <0.02

Trans2Butene mol (100 mol)−1 <0.02 0.02 ± 0.0014 <0.02 <0.02 <0.02 <0.02
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Table 7. Biogas composition—part 3.

Substance BG1 BG2 BG3 BG4 BG5 BG6

Volatile Organic Compounds

Dichlorine Difluorine Methane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Chlorine Methane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,2Dichlorine1,1,2,2Tetrafluorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Vinyl chloride mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Methyl bromide mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Ethyl chloride mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Trichlorine fluorine Methane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,1Dichlorine Ethylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Dichlorine Methane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,1,2Trichlorine2,2,1Trifluorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,1Dichlorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,2cisDichlorine Ethylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Chloroform mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,2Dichlorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,1,1Trichlorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Tetrachloride carbon mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,2Dichlorine Propane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Trichlorine Ethylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,3cisDichlorine Propene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,3transDichlorine Propene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,1,2Trichlorine Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Toluene mg Nm−3 1.5 ± 0.5 1.4 ± 0.4 0.4 ± 0.1 0.5 ± 0.1 0.9 ± 0.2 0.2 ± 0.05

1,2Dibromo ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Tetrachloro Ethylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Chlorine Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Ethyl Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

meta Xylene + para Xylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Styrene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,1,2,2Tetrachloro Ethane mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
orto Xylene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,3,5Trimetil Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,2,4Trimetil Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,3DiChlorine Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,4DiChlorine Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
1,2DiChlorine Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

1,2,4TriChlorine Benzene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
EsaChlorine Butadiene mg Nm−3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Dimetil Sulfide mg Nm−3 <0.5 <0.5 1.5 <0.5 <0.5 <0.5
Carbon Disulfide mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Thiophene mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dietil Sulfide mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Tetraidro Thiophene mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diallil Sulfide mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Dimetil DiSulfide mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Metil Mercaptan mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Etil Mercaptan mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

nPropil Mercaptan mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
nButil Mercaptan mg Nm−3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Performed analyses on biogas composition involved characteristic compounds like CH4, CO2,
nitrogen, oxygen or hydrogen but also elements like VOC, particulate and oily mists.

The volumetric percentage of methane is practically constant in plants BG1-BG5 because it
varies between 51% and 55% despite different feedstock kinds and quantities. Only in BG6, methane
percentage is 47%. A similar trend can be observed for carbon dioxide, hydrogen, nitrogen and oxygen.
As for CH4, the BG6 CO2 percentage is lower than in the other plants while N2 percentage is 4.5 times
higher than in other biogas units.

Biogas lower heating value ranges between 17.99 and 20.64 MJ Nm−3. Approximately 55% lower
than the natural gas LHV (33.5 MJ Nm−3) and of the one of pure methane (35.8 MJ Nm−3).

Ammonia is detected in biogas flow rate but its content is really variable and tough to connect
with plant diet. A similar behaviour is observed for total sulphur. Sulphur compounds detected
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in the present experimental campaign are hydrogen sulphide (H2S) and sulphuric acid (H2SO4).
These compounds are the result of sulphur amino acids anaerobic digestion. Sulphur substances in
combination with water can cause engine metal parts corrosion. Therefore, detecting these substances
can be useful to predict engine parts corrosion phenomena.

Halogenated compounds are very rare in biogas produced from energy crops and animal manure.
In fact, as shown in Table 7, these compounds are below threshold values of the measurement apparatus.

Polysiloxanes are the most frequent silica compounds which can be detected in biogas. They are
harmful to health and, during the combustion process, they can give rise to silicon oxide which can be
deposit to engine parts. This can compromise engine operation. Despite this aspect, in the present
study, the only traces of Polysiloxanes are detected as shown in Table 6.

As previously said, emissions can be classified in regulated (CO, NOx, VOC, HCl) and unregulated.
In this work, only regulated emissions are analysed as listed in Table 8 while Figure 6 depicts regulated
emissions of biogas and natural gas and their prescribed limits.

Based on Table 8 listed values, it is clear that biogas plants named BG4, BG5, BG6 and the natural
gas engine are equipped with WHRUs which recover heat from exhaust gases (see, Temperature
row) while units BG1, BG2 and BG3 recover the heat only from engines cooling water and oil
lubrication system. Being in these cases the exhaust gases temperature higher than 350 °C, there
is no way of measuring PM 10, PM 2.5 and Particulate because the measuring probe cannot abide such
temperature levels.

Analysing Figure 6, it is clear that investigated biogas units respect limits of HCl and CO, while,
in two cases (BG3 and BG4), the NOx limit is exceeded. To overcome this issue, the engine air-to-fuel
ratio is properly tuned and NOx content immediately became lower than the prescribed limit.

Comparisons among biogas engines and the natural gas unit, clearly show that NOx and CO
emissions are higher in the case of biogas while the HCl content is comparable.

A different approach has been used to analyse the Volatile Organic Compounds because, during
the experimental campaign, the existing legislation was [81] instead of [82]. This means that also
methane was included in VOC. So, the limit was unfeasible to respect. The authors have therefore
measured the total VOC and the comparison is performed between biogas and natural gas and not
with the limit prescribed by the standard.

Based on the above-mentioned remarks, it is possible to claim that natural gas and biogas engines
emit the same quantity of VOC because, in two cases, biogas engines emissions are lower than the
natural gas one, in 3 cases are comparable and in one case is much more than the natural gas one.

Table 8. Exhaust gases composition.

Substance BG1 BG2 BG3 BG4 BG5 BG6 NG

Temperature °C 503 ± 5 505 ± 5 470 ± 5 171 ± 2 267 ± 5 227 ± 5 149 ± 2
Flow rate (wet) Nm3 h−1 5100 ± 510 4850 ± 485 4000 ± 400 4130 ± 413 4300 ± 430 4900 ± 490 4900 ± 490
Flow rate (dry) Nm3 h−1 4200 ± 420 4030 ± 403 3500 ± 350 3350 ± 335 3700 ± 370 4300 ± 430 4250 ± 425

Water vapor %v/v 18 ± 5.4 17 ± 5.1 13 ± 4.3 19 ± 5.7 14 ± 4.2 14 ± 4.2 10 ± 3
PM 10 mg Nm−3 0.8 ± 0.2 <0.1 <0.1 0.3 ± 0.06
PM 2.5 mg Nm−3 0.8 ± 0.2 <0.1 <0.1 0.2 ± 0.06

Particulate mg Nm−3 1.1 ± 0.3 <0.1 0.1 ± 0.03 0.8 ± 0.2
O2 %v/v 7.2 ± 0.4 7.4 ± 0.4 7.3 ± 0.4 7.2 ± 0.4 7.2 ± 0.4 7.6 ± 0.4 11.6 ± 0.6

CO2 %v/v 12.4 ± 0.93 12.5 ± 0.9 13.6 ± 1 13.2 ± 1 12.6 ± 0.9 16.2 ± 1.2 5.4 ± 0.4
Ammonia mg Nm−3 0.7 ± 0.2 3.7 ± 1.1 <0.5 <0.5 <0.5 <0.5 <0.5

H2S mg Nm−3 <4.0 <4.0 <4.0 <4.0 <4.0 <4.0 <4
HCl mg Nm−3 <0.1 <0.1 <0.2 1.4 0.4 <0.2 <0.1 0.2 0.06
SO2 mg Nm−3 74 ± 22 24 ± 8 18 ± 6 132 ± 39.6 48 ± 14.4 26 ± 7.8 0.2 ± 0.06

Fluorine inorganic
compounds mg Nm−3 2.5 ± 0.8 <0.5 <0.5 <0.5 <0.5 0.9 ± 0.3 3.9 ± 1.2

CO mg Nm−3 474 ± 47 238 ± 23.8 356 ± 36 406 ± 41 465 ± 46.5 163 ± 16 122 ± 12
NOx mg Nm−3 420 ± 36 455 ± 39 599 ± 60 547 ± 46 486 ± 41 363 ± 31 143 ± 12

VOC as TOC mg Nm−3 809 ± 81 1060 ± 106 658 ± 66 862 ± 86 546 ± 55 789 ± 79 724 ± 72
Formaldehyde mg Nm−3 0.88 ± 0.15 0.5 ± 0.15 <0.03 <0.04 <0.03 0.11 ± 0.03 0.11 ± 0.03



Energies 2019, 12, 979 24 of 31

(a) (b)

(c) (d)
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Figure 6. Trend of (a) NOx, (b) CO, (c) HCl, (d) COV, (e) SOx and (f) Particulate.

The standard prescribes limits for SO2 and particulate in the case of natural gas engine.
Comparisons between biogas and natural gas SO2 and particulate emissions show that biogas engines
emits a lot of SO2. In 3 cases, SO2 emissions are lower than the limit prescribed for natural gas but,
in the other 3 biogas plants, values exceed limits of 2–4 times.

In contrast to SO2, the particulate emissions are, in each case, under the standard prescription.
Only in one biogas plant the particulate emissions are higher than the natural gas one, while in the
another cases are much smaller or totally lacked.
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German standards prescribe to measure also SO2 and Formaldehyde with the following limits:
350 mg Nm−3 and 60 mg Nm−3. Based on the performed measurements it is clear that the monitored
biogas plants respected also these limits. In particular, it is known that formaldehyde is carcinogenic
but, the present analysis shows that its value is at least 70 times lower that the German limit. Also in
terms of Formaldehyde and SO2 emissions, biogas and natural gas engines are comparable.

It is now interesting to compare the authors’ measurements with the ones reported in [84].
The analysis performed by Kristensen et al. [84] included biogas produced from agricultural waste
(manure) but also biogas from old waste deposit sites and waste-water treatment plants. The biogas
considered in Ref. [84] contains approximately 65% of methane and 35% CO2. Therefore, the methane
content is 21% lower than the author’s one while CO2 is 20% higher in the present set of measurements
than in [84]. These aspects affect the lower heating value and, also, the combustion process. Additional
comparisons are not allowed due to the absence of additional data on biogas composition elements
reported in [84].

By the way, the most import aspect is the analysis of the present emissions set of data and the
ones reported in literature. Table 9 lists the average values computed with the present set of data and
the one specified in [84].

Table 9. Comparisons among measured data and the ones listed in [84].

Substance Bigas Natural Gas Bigas [84] Natural Gas [84]

PM 2.5 g (GJ(output))
−1 0.023 0.272 0.57 0.42

CO g (GJ(output))
−1 494 166 758 457

NOx g (GJ(output))
−1 626 195 1500 439

VOC as TOC g (GJ(output))
−1 1087 985 706 1266

The comparison between data sets show that emissions for both biogas and natural gas are lower
in the present case compared to the ones reported in [84]. However, VOC as TOC emissions are higher
in the authors’ samples than the ones reported in [84] set of data. To this end, it is important to remark
that feedstock, fermenters and engines considered in the present work are really different from the
ones used in [84] because several technological advancements have been introduced in both biogas
and natural gas sector.

7. Conclusions and Future Works

The present work focuses on the biogas sector. Biogas trend of growth at the European level is
firstly presented and discussed. Then, the Italian biogas sector is examined with the aim of underlining
the trend of growth and factors which have enabled biogas development.

Analysis shows that biogas highest development took place before the end of 2012 due to generous
support schemes established by the Italian Government. These subsidies also guided the plant
nameplate power selection because, until end-2012, the “All inclusive” feed-in tariff guaranteed
280 eMWh−1 to plant with a nameplate power until 1 MWel . It was the most generous support across
EU28 and boosted the spread of 1 MWel plants. In this power range, the most efficient and easy way
to convert biogas in useful energy consists in the Internal Combustion Engine technology. In fact,
in almost entirely biogas plants, electricity is generated by means of internal combustion engines.

After sector overview, the authors’ focus on real in-operation biogas plants with the aim of
understanding their construction and operation costs, adopted feedstock, biogas composition and
engine emissions.

For this purpose, six biogas units, each one fed by different feedstock, and a plant fed with natural
gas have been selected and monitored by on-site measurements. This approach allows to estimate real
plants costs and to analyse diet, biogas composition and engine emissions as well as comparing biogas
with natural gas.
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Each plant is equipped with a 1 MWel internal combustion engine which converts biogas into
electricity and heat. Italian standards set limits to engine emissions in terms of nitrogen oxides, carbon
monoxide, hydrogen chlorine and volatile organic compounds expressed as total organic carbon, while
no specifications are given for biogas composition. Natural gas engine limits are set for particulate,
nitrogen oxides and sulphur oxide.

A biogas plant with an electric nameplate power of 1 MWel costs approximately 4.2–4.8 mln €:
65% is for biological equipments while the rest is for the power generation unit.

Different kinds of energy crops (e.g., maize or wheat silage), manure and sewage (e.g., cattle,
pig or chicken dung) mix are used as feedstock. Based on the performed monitoring activity, it is
possible to observe that maize silage is the basis for the entire set of plants, while chicken-dung causes
plant running problems. Maize silage is fundamental to stabilize the anaerobic digestion process
while chicken-dung causes limescale formations in fermenters which need to be frequently removed.
Therefore, frequent plant start-up and shut-down and higher maintenance costs characterised plants
fed by chicken-dung.

Biogas composition and engine emissions measurements show that both of them are not affected
by plant diet. Biogas methane content ranges between 47 and 55% while carbon dioxide is in the range
41–48%. Nitrogen ranges between 0.7 and 1.9% excepting in one case where it reaches 9%. In terms of
lower heating value, the biogas one is 50% lower than the natural gas one.

Biogas and natural gas plants emissions are comparable even if in two cases biogas engines exceed
nitrogen oxides limit. Given that German standard prescribed limits in terms of sulphur dioxide and
Formaldehyde, comparisons among these limits and measurements are also performed. In monitored
plants, sulphur dioxide and Formaldehyde are under German limits and, in the case of Formaldehyde,
it is two orders of magnitude lower.

Based on these evidence, in future works, the authors plans to investigate and compare biogas
and natural gas regulated and unregulated emissions to perform a risk assessment analysis as well as
how biogas sector can be boosted again.
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To All-inclusive feed-in tariff
AD Anaerobic Digestion
Tb Base feed-in tariff
BG Biogas Plant
CO2 Carbon Dioxide
CO Carbon Monoxide
CHP Combined Heat and Power
CIB Consorzio Italiano Biogas
m3 cubic meter
d day
el electric
EBA European Biogas Association
EU European Union
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GSE Gestore dei Servizi Energetici
GJ GigaJoule
g gram
GHG GreenHouse Gases
h hour
H2 Hydrogen
HCl Hydrogen Chloride
H2S hydrogen sulphide
I Incentive
ICE Internal Combustion Engine
LCA LifeCycle Assessment
LHV Lower Heating Value
MW Megawatt
CH4 Methane
mg microgram
mln million
mol moles
NREAP National Renewable Energy Action Plan
NG Natural gas Plant
NOx Nitrogen Oxide
Nm3 normal cubic meter
ORC Organic Rankine Cycle
PM Particulate Matter
PV Photovoltaic
PCDF polychlorinated dibenzofuran
PCDD polychlorinated dibenzo-p-dioxin
PAHs Polycyclic Aromatic Hydrocarbons
P power
Pz Premium
RES Renewable Energy Source
SiO2 Silica
SO2 Sulphur Dioxide
SOx Sulphur Oxide
H2SO4 Sulphuric acid
th thermal
t ton
TOC Total Organic Carbon
UK United Kingdom
US United States
vs. versus
VOC Volatile Organic Compounds
WHRU Waste Heat Recovery Unit
e Euro
$ Dollar
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