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Abstract: The anaerobic digestion of biodegradable substrates and waste is a well-known process that
can be used worldwide to produce a renewable fuel called biogas. At the time of writing, the most
widespread way of using biogas is its direct usage in combined heat and power internal combustion
engines (CHP-ICEs) to generate electricity and heat. However, the combustion process generates
emissions, which in turn have an impact on human health. Therefore, there is a need to: (i) measure
the ICE emissions (both regulated and unregulated), (ii) compute the impact on human health, (iii)
identify the substances with the highest impact and (iv) calculate the avoided damage to human
health per Euro of investment in technology able to abate the specific type of pollutant. To this
end, the authors conducted an experimental campaign and selected as a test case a 999 kWel biogas
internal combustion engine. Then, the collected data, which included both regulated and unregulated
emissions, were used to calculate the harmfulness to human health and identify the more impactful
compounds. Thus, combining the results of the impact analysis on human health and the outcomes
of a market analysis, the avoided damage to human health per Euro of investment in an abatement
technology was computed. In this manner, a single parameter, expressed in DALY e-1, provided clear
information on the costs to reduce each disability-adjusted life year (DALY). The impact analysis
on human health, which was performed using the Health Impact Assessment, showed that NOx

was the main contributor to damage to human health (approximately 91% of the total), followed
by SOx (6.5%), volatile organic compounds (1.4%) and CO (0.7%). Starting from these outcomes,
the performed investigation showed that the technology that guarantees the maximum damage
reduction per unit of cost is the denitrification system or the oxidizing converter, depending on
whether the considered plant is already in-operation or newly built. This is an unexpected conclusion
considering that the most impacting emission is the NOx.

Keywords: internal combustion engines; regulated biogas emissions; unregulated biogas emissions;
health impact assessment; avoided health damage cost

1. Introduction

Biogas is the result of the natural degradation of organic matter such as animal
manure and slurry, sewage sludge, agricultural, industrial and municipal organic waste,
energy crops, etc. The conversion process, which is called anaerobic digestion (AD), is
performed by micro-organisms under anaerobic conditions in tanks called fermenters
or digesters. Anaerobic digestion being a well-known process and organic matter being
available everywhere, biogas facilities can be built all around the globe with a nameplate
electric power ranging from tens of kilowatts to a couple of megawatts, a fact that makes
biogas the chief competitor of natural gas.

In contrast to natural gas, biogas is renewable and can be produced near the utilization
site without requiring expensive and dangerous transportation infrastructure. However,
contrary to what one might think, biogas is not only composed of methane and carbon
dioxide. In fact, as discussed in, e.g., Benato and Macor [1], the CH4 and CO2 content
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ranges from 47–53% and 41–48%, respectively. The rest are impurities such as nitrogen,
oxygen, hydrogen, hydrogen sulphide, ammonia, siloxanes, water, silica, oily mists and
particulates. Therefore, before using biogas, it needs to be purified, a process not required
for natural gas.

Focusing on biogas utilization, in the developing counties, it is combusted on-site
in boilers for heating purposes, while in Europe and the USA, biogas is purified and
directly burned in combined heat and power internal combustion engines (CHP-ICEs) to
generate electrical energy and heat [2–7]. Therefore, considering the feedstocks’ widespread
availability, the versatility of its use and the stability and programmability of both heat
and electricity production, biogas fuel constitutes a great opportunity for countries that
want to (i) reduce fossil fuel dependency, (ii) cut down greenhouse gas emissions, (iii) fight
climate change, (iv) enhance the energy content of agricultural, industrial and municipal
organic waste and residues, (v) shrink the quantity of household and similar waste sent
to landfill, (vi) develop local markets, (vii) spread the distributed generation concept and
(viii) encourage sustainable energy communities.

However, despite biogas constituting an attractive renewable energy pathway, its
vast spread is a source of concern for both researchers and citizens. The former highlights
the potential reduction or even disruption of food supplies, as well as the environmental
impact and biodiversity loss linked to land use change [8–14]. In fact, to support the
spread of biogas, governments can establish financial support for farmers that devote
their agricultural areas to bioenergy cultivation instead of crops for food. The conversion
of arable lands can increase the competition between food and bioenergy, especially in
developing countries where food (and even water) shortage is already a serious problem
and the cause of malnutrition and premature death. On the other hand, speeding up
the growth of energy crops or non-native plants, which implies boosting the yield per
hectare and, therefore, the revenue, farmers can be forced into the massive use of pesticides,
fertilisers or other chemical substances characterised by a high environmental impact, as
well as unknown effects on human health.

The latter is the key concern of citizens, particularly those living near biogas facilities,
who are focused on the harmfulness of the emissions released via the internal combustion
engine’s stack. In fact, they stress the fact that:

• There is no common emissions standard, nor a clear distinction among regulated and
unregulated emissions;

• The literature lacks studies in which experimental measurements acquired from
in-operation plants are used to compute the impact of the measured pollutants on
human health.

The first point raised by citizens is the object of discussion in the scientific community
because neither the standards, nor the literature precisely report a definition for both
regulated and unregulated emissions. Therefore, it is viable to include a compound among
the “regulated emissions” if it is featured in the standard and a maximum value is set as the
mandatory limit. On the contrary, “unregulated emissions” are substances not monitored
by the standard and without fixed regulatory limits. In the standards of the members
of the European Union (EU), nitrogen and sulphur oxides (NOx and SOx), hydrogen
chloride (HCl), volatile organic compounds (VOCs), carbon monoxide (CO) and particulate
matter (PM) are almost everywhere considered “regulated emissions”, while aldehydes,
polycyclic aromatic hydrocarbons (PAHs) and dioxins and furans are always regarded as
“unregulated emissions”. However, even inside this common framework, there are many
differences among the European standards, because each Member State defines which of
the above-mentioned substances must be included among the “regulated emissions” and
with which maximum admissible value.

As an example, Figure 1 shows the regulations of Italy [15] and Germany [16,17] for
emissions from biogas engines.
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Figure 1. Italian and German regulatory limits for biogas plants as defined by the countries’ standards [15–17].

The comparison between the two regulations highlights their diversity: the substances
included among the regulated ones are different, as well as their limit values, which depend
on the size and type of engine. In particular, the German regulation does not monitor VOCs
and HCl, as the Italian one does, while it monitors two substances not present in the Italian
regulation: SOx and formaldehyde. The latter is a compound known to be a carcinogen
in humans. Despite that, usually, it is included among the unregulated emissions. Its
inclusion among the regulated substances highlights the will of the country of monitoring
the pollutants which are known to be dangerous to human. An aspect that reinforce the
need of monitoring both regulated and unregulated emissions and determine their impact
on human health. To do that, in this work, the attention is devoted to the Italian framework.

In addition to the forgoing discussion, citizens also point out that the literature
lacks studies that experimentally measure the regulated and unregulated emissions of
in-operation plants and evaluate the impact on human health. This is a very important
issue because, first of all, the vast majority of experimental research on internal combustion
engines emissions has been conducted on single-cylinder laboratory-scale ICEs fed by
simulated biogas. This fuel is prepared using natural gas or methane and carbon dioxide
before being injected into the ICE. Secondly, the measured substances are NOx, CO2, PM
and unburned hydrocarbons (UHCs) (see, e.g., [18–21]) instead of the entire set of regulated
and unregulated emissions. To the authors best knowledge, only Kristensen et al. [22],
Nielsen et al. [23] and Macor and Benato [24,25] examined both regulated and unregulated
emissions. However, contrary to Kristensen et al. [22] and Nielsen et al. [23], Macor and
Benato [24,25] focused only on agricultural biogas fed by different feedstocks instead of
wastewater treatment biogas units and other renewable-based plants. In addition, Ma-
cor and Benato [24,25] examined only plants characterised by the same nameplate ICE
power, and after the computation of the damage to human health, they compared the
obtained findings on biogas with the ones calculated from measurements acquired in a
natural-gas-fired ICE characterised by the same nameplate power. They pointed out that
the most harmful substances are NOx. These substances produce approximately 90% of
the damage to human health from biogas, as well as natural gas. However, in the case
of biogas, the damage generated by NOx is approximately three-times that produced by
natural gas. Second place is taken by SOx; these contribute more or less 6% to the total
damage from biogas, while in the case of natural gas, the contribution is null. Hence, the
research highlights the crucial role of nitrogen and sulphur oxides. However, the latter
are not regulated emissions for biogas. Therefore, the suggestion is to include SOx among
the regulated emissions with a proper limit, as its contribution to the total damage is
non-negligible.

Based on these analyses, it is clear that nitrogen and sulphur oxides are the major
sources of harmfulness to human health. However, the knowledge of the damage itself
is worthless if it is not used to guide both legislators and technology. In fact, in defining
new limits, legislators should take into account the cost of the related abatement device,



Energies 2021, 14, 6360 4 of 17

so as not to impose excessive costs on such an important sector for energy transition, the
incentives of which will be reduced or cancelled in the upcoming years. Legislators should
impose limits on those emissions, the removal of which brings the greatest benefit at the
same cost. The benefit must not be so much the amount of emissions captured as the
avoided damage to human health. Therefore, with the aim of taking a step forward, the
authors propose a method to link the damage to human health (defined as the disability-
adjusted life year (DALY)), to the costs. Using the most modern technologies for pollutant
abatement, the avoided damage to human health per Euro of investment is estimated for
the most impacting substances. The new parameter, expressed in DALY e−1, provides
clear information about the costs that must be borne to reduce each DALY. To foster the
novelty of the work, we computed this parameter in two scenarios after (i) measuring the
emissions of an in-operation biogas plant and (ii) computing the damage to human health.

To the authors’ best knowledge, no one has proposed a similar approach that is able
to directly link the investment cost of an abatement technology to the impact on human
health, a point of novelty that can help biogas ICEs be more friendly to human health and,
subsequently, more accepted by the citizens.

Note that, at the time of writing, approximately 71% of biogas facilities (12 GW) are
located in Europe, while the Americas and Asia rank second and third with 17.7% and
6.6%, respectively [26]. In addition, given that 7.5 GW out of 12 GW of the biogas installed
electricity capacity is accommodated in the two densely-populated countries of study
(Germany and Italy) [1,24,27]), the proposed investigation is of key importance to reinforce
the acceptability of biogas. In addition, this study can be considered a good starting point
for both the improvement of the biogas standards and the development of new technologies
to abate the most harmful pollutants.

The rest of the manuscript is given as follows. In Section 2, the design characteristics
of the biogas facilities are presented, while in Section 3, the methods adopted to perform
the experimental measurements, to compute the human health damage and to evaluate the
avoided damage to human health per Euro of investment are described. Section 4 presents
and discusses the obtained findings, while in Section 5, concluding remarks are given.

2. The Biogas Facility

Since 2016, the authors have been involved in a research project devoted to measuring
both regulated and unregulated emissions released by ICEs fed by the biogas produced in
agricultural facilities. The monitored plants (over 25) are installed in the northern regions
of Italy and are fed with different substrates, but are characterised by the same nameplate
power: 0.999 MWel.

The authors, when parsing the Italian biogas sector’s historical evolution, turned
their attention to units (i) characterised by a nameplate thermal power of the ICE equal
to the most widespread one and (ii) fed by a mix of feedstocks that are different from one
another. In this manner, the analysed plants were comparable because the generation units
are characterised by the same nameplate electrical power, but the feedstock in the input
being different, the comparison of both the biogas’ and the exhaust gases’ compositions can
highlight the similarities and discrepancies, an analysis approach not previously adopted
in the biogas sector.

As discussed in Benato and Macor [1], in Italy, the most widespread ICE nameplate
thermal power and electrical power are 2.459 MW and 0.999 MW, respectively, while the
plants’ date of entry into service was before 31 December 2012. All this stems from the
fact that respecting both the power and the date deadline, the plant is granted with (i)
the highest incentive rate ever established in the EU, 280 e MWh−1, for 15 years, and (ii)
dispatching priority for the generated electricity.

The vast majority of biogas ICEs release the exhaust gases into the environment at a
temperature higher than 440–450 °C, a fact that determines two types of issues:

• The higher the exhaust gases’ temperature is, the higher the thermal pollution is.
Thus, these engines are the source of waste heat. On the market, there are waste heat
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recovery technologies that can be used to recover the waste heat and to produce (i)
thermal energy (e.g., hot water or steam) or (ii) electrical energy. However, the latter
is not an applied solution because the additional electricity coming from, e.g., an
organic Rankine cycle turbogenerator is added to the ICE one and, then, this leads to
exceeding the 999 kWel and losing the generous incentivised tariff.

• An exhaust gases’ temperature higher than 300 °C does not allow measuring some
types of emissions due to equipment technical limits.

Among the analysed biogas plants, in the present work, the authors selected a low-
thermal-polluting unit. In particular, the ICE being equipped with a waste heat recovery
unit, which generates hot water (90 °C), the plant results in being a low-thermal-polluting
unit, but thanks to the waste heat recovery device, the exhaust gases’ temperature is
released at a value lower than 300 °C, a temperature that allows measuring the entire set of
substances constituting both regulated and unregulated emissions without encountering
equipment limitations.

The selected plant is structured as follows:

• Three earth-banked silos: These structures are made of precast concrete panels, and
the plant owner uses them to stock maize silage as a silage pit. The stored quantity of
maize silage needs to be enough to cover the daily need (27–28 ton day−1) for a year
of operation.

• One concrete-walled covered structure for solid manure storage: In this storage area,
the plant owner stocks chicken manure in a quantity able to feed the biogas plant for
at least 10 days. The daily introduced quantity varies from 22–23 ton.

• One fully sealed underground tank: This storage device is used to store a quantity of
pig manure able to cover 15 d of operation considering a plant daily need of 59–61 m3.

• One preliminary tank (sometimes called a pit): In this storage, the different types of
biomass and manure are collected and mixed. Then, the mixture is pumped into the
primary fermenter.

• Two primary and two secondary digesters: In these devices, the anaerobic digestion
process takes place, and the biogas fuel is produced and stored at the top (hood) of the
fermenter. The biogas is directly collected and stored above the fermenting biomass
(digesters’ domes). In the digesters’ ground surface and walls, a heating system is
integrated to maintain the anaerobic digestion process at a temperature ranging from
42–44 °C. In the heating system, hot water is circulated, which is heated up by the
internal combustion engine’s waste heat.

• One digestion residue storage: From this tank, there is a system that separates the
liquid part from the solid one. The former is sent back to the digesters, while the solid
part is collected in an earth-banked silo. Following the regional directives, the solid
part is used as fertiliser to cultivate the maize.

• A biogas filtration unit.
• A CHP unit adopting the ICE technology. As said, the ICE nameplate thermal power

is 2.459 MW, while the electrical one is 0.999 MW. The engine rotates at 1500 rpm; it
is characterised by an electrical efficiency of 40.58%, and annually, it runs for 8000–
8200 h. Additional technical data of the engine can be found in the manufacturer’s
data sheet [28]. In terms of fuel consumption, the biogas ICE requires 547 Nm3 h−1

of raw biogas. At the stack, the exhaust gases’ flow rate and temperature are equal
to 5312 kg h−1 and 457 °C, respectively. The heat recovered from the engine-cooling
water and from the lube oil is used to heat up the water that circulates in the digesters’
heating system, while the exhaust gases’ heat content is used to generate hot water at
90 °C for an external user. After the waste heat recovery unit, there is an oxidizing
catalytic converter, and then, the flue gases are released into the environment.

• A pumping station to circulate the digestate in the digesters, preliminary tank, diges-
tion residue tank, etc.

• A control room that accommodates the electric and electronic apparatuses.
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Considering the above-mentioned plant arrangement (which is also graphically sum-
marised in Figure 2), the cost of the entire facility, in Italy, is approximately 4.8–5.0 Me,
while the annual costs for plant servicing and to produce the biomass, spread the solid and
the liquid parts of the digestate, etc., range between 0.9 Me and 1.2 Me. The plant entered
in operation on 31 December 2012, and as of today, on an average bases, it operates for
8000 h a year. Having entered into operation before 1 January 2013, it sells, with dispatching
priority, the generated electricity at a fixed and incentivised price of 0.18 e kWh−1 for
15 years.

Figure 2. Sketch of the biogas facility structure.

In regards to the emissions’ legal limits, the operating permit establishes that the
regulated emissions and their limits are the ones set in the in-force Italian standard [15].

3. Materials and Methods

The experimental campaign devoted to detecting both regulated and unregulated
compounds was conducted following the standards listed in Figure 3. The experimental
campaign, as discussed in [24,25], was conducted in collaboration with a specialised labo-
ratory. This collaboration guaranteed that the performed measurements had an uncertainty
at the 95% confidence level.

To compute the weight of each emission released by the biogas ICE, the damage as-
sessment analysis needed to be performed adopting the Health Impact Assessment (HIA).
The HIA is a well-established procedure derived from the Life Cycle Impact Assessment
(LCIA) [29,30]. As summarised by Macor and Benato [24], the LCIA is a method proposed
by Jolliet et al. [29] that enables computing the impact on human health or on the environ-
ment of the emissions generated by human activities. In a nutshell, the procedure consists
of four steps, respectively named as:

1. Emissions’ inventory;
2. Characterization;
3. Damage assessment;
4. Normalization.
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Figure 3. Standards adopted to measure the ICE exhaust gases’ substances.



Energies 2021, 14, 6360 8 of 17

Following the specifications provided by Macor and Benato [24,25], the assessment
of damage to human health was performed excluding the damage to the ecosystem and
climate change because these two damage categories do not affect the impact on human
health from the ICE’s regulated and unregulated emissions. In addition to that, it is impor-
tant to clarify that, during the computations, the measured values below the instrument
detection limit were conventionally set equal to half of the instrument detection threshold
itself, as suggested by Menichini and Monfredini [31].

Practically speaking, the measured quantities of each emission can be used to compute
the damage D caused by the mass m of the general polluting emissions as:

D = m × c f × sd (1)

where m is the emitted mass expressed in (kg) and “cf” (kgsubstance,eq. kgemission
−1) is the

characterization factor. “sd”, expressed as DALY kgsubstance eq
−1, is the specific damage, i.e.,

the damage caused by a unit quantity of the reference substance.
The damage is expressed in DALY and represents the number of years of life lost

by a population due to premature death and/or disability caused by a single harmful
emission [29,30].

The emissions considered in this analysis were:

• The ones monitored in the Italian standard in the case of biogas: NOx, CO, VOCs
and HCl.

• The ones monitored in the German standards and not in the Italian ones in the case of
biogas: SOx and formaldehyde.

• The ones monitored by the Italian standard in the case of the direct competitor of
biogas: natural gas, thus particulate matter and, in particular, PM 2.5.

• Benzo(a)pyrene (B(a)P), one of the most dangerous PAHs because it is well known to
be carcinogenic to humans.

Note that the above-mentioned substances were included only in the categories
named respiratory inorganics (RI), respiratory organics (RO), carcinogens (CAR) and
noncarcinogens (NCAR); therefore, to assess the damage to human health, it was enough
to end the LCIA at the human health step. For more details about the HIA method and
how to compute the damage to human health, please refer again to [24,25,29,30].

As said, the evaluation of the damage to human health of a single or multiple emissions
is absolutely interesting, but there is a need to link this parameter also to the costs and
technologies able to abate one or more pollutants. Therefore, to evaluate or compare
multiple technologies for the reduction of an emission, the specific reduction cost, cs, i.e.,
the expenditure C incurred to remove the emission mass m, can be defined as:

cs =
C
m

[
e

kg

]
. (2)

When an abatement device must be chosen among devices of different technologies,
the one with the lowest value of this index is the best choice.

A new point of view regarding emission abatement arises from the awareness that not
all emissions are equally important or, rather, harmful.

However, if there is a need to identify which emission is more convenient to remove,
it is possible to immediately observe that the specific cost cs is no longer enough, because
it does not allow a comparison between different emissions. It is therefore necessary to
define a criterion based on a characteristic common to all emissions. This characteristic is
the previously defined damage to human health, D.

The new index can be expressed by the ratio between the cost incurred to remove
a certain mass and the avoided damage produced by the removal of that mass; in other
words, it is the cost necessary to obtain a unitary reduction of the damage. This index can
be called the “cost of avoided damage” and is indicated by CAD:
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CAD =
C
D

[
e

DALY

]
. (3)

Its reciprocal represents the avoided damage per unit of incurred expenditure. There-
fore, it can be called the specific avoided damage, SAD, and expressed as:

SAD =
D
C

[
DALY
e

]
. (4)

The comparison among devices for the capture of different substances is possible by
means of these indices (CAD and SAD), and it is easy to identify which device leads to the
greatest reduction in damage to human health at the same expenditure.

Obviously, the correct evaluation of the above-mentioned parameters depends on the
cost estimation. In fact, the cost of the device is the sum of the installation cost and the
operating cost. For the abatement devices examined in the present work, the hourly cost
can be approximately expressed as:

Ċ =
I + Cps

N · nop
+ Ce =

I + Cps

N · nop
+ ce · ṁ =

[
e

h

]
(5)

where Ċ is the cost flow, I is the device investment cost expressed in e, N is the number of
years of service life of the abatement device, nop (which is equal to 8000 h) is the number
of annual operating hours of the biogas unit, Ce is the hourly operating cost, ce is the
operating cost expressed per unit of the removed substance and ṁ is the hourly flow rate
of the removed substance. Cps is the loss of earnings caused by the plant shutdown for the
abatement device installation, and it is expressed in e. It can be given as:

Cps = n · 24 · P · pe (6)

where P is the power of the ICE (kW), n is the number of days for which the plant is shut
down and pe is the electricity selling price expressed as e kWh−1.

4. Results and Discussion

The experimental campaign outcomes are summarized in Section 4.1, while Section 4.2
presents the damage computations. Finally, in Section 4.3, the results in terms of the cost of
avoided damage and of specific avoided damage are given.

4.1. Results of the Experimental Campaign

The results of the experimental campaign conducted on the selected plant revealed
that the exhaust gases’ temperature and mass flow at the engine stack were 267 °C and
4300 Nm3 h−1, respectively. However, the measured temperature of the exhaust before the
waste heat recovery unit exceeded the nameplate value (457 °C) because it was equal to
501 °C, a measure that underlines the effectiveness of installing the waste heat recovery
device to reduce the thermal pollution, but also that shows that measuring compounds
such as PAHs, dioxins and furans is not an easy task if the temperature overcomes the
available instrument’s maximum operating temperature (300 °C).

The analysis of the biogas regulated emissions revealed that NOx were 527 mg Nm−3,
a value that exceeded the limit set by the law (500 mg Nm−3). Considering that NOx are
usually controlled by means of the engine’s combustion calibration, in this case, it was
clear that the ICE needed to be calibrated. Note that the engine’s calibration is performed
twice a year, and the NOx are not measured continuously. Therefore, the ICE could operate
for long periods out of calibration and, then, with, e.g., NOx emissions higher than the
prescribed ones, an unacceptable operation mode that can be avoided if the biogas plant is
equipped with a denitrification system.
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The HCl content in the exhaust gases was lower than 0.2 mg Nm−3 (below the
instrument measurement threshold) and did not constitute a source of concern because it
was significantly below the legal limit of 10 mg Nm−3.

As said, the CO legal limit is set equal to 800 mg Nm−3, a value 20% lower than the one
set by the German standard. Despite that and thanks to the oxidizing catalytic converter,
its value was reduced from 5210 mg Nm−3 (before the oxidizing catalytic converter) to
512 mg Nm−3 at the engine stack. Therefore, as previously, the content of this compound
was far lower than the legal limit of both the Italian and German standards.

The total VOCs’ quantity measured on the engine stack was equal to 560 mg Nm−3,
a value that apparently largely exceeded the limit set by the standard (100 mg Nm−3).
However, the Italian standard prescribes to measure only nonmethane VOCs, which were
equal to 60 mg Nm−3 in the analysed case, thus, again, under the legal limit.

As previously discussed, contrary to the German and Italian standards for natural
gas, SOx (expressed as SO2) are not considered a regulated emission in the case of biogas.
Despite that, the measure of this compound revealed that its content was equal to 62 mg
Nm−3, a value 77% higher than the legal limit set in the case of Italian natural-gas-fuelled
ICEs, but 4.84-times lower than the value set for biogas by the German standard.

The PM (in particular, PM 2.5) is a regulated substance only for Italian ICEs fed by
natural gas, while formaldehyde is restricted only by the German law for biogas ICEs.
For both pollutants, the measured values were below the instruments’ detection limits
(<0.1 mg Nm−3 and <0.03 mg Nm−3, respectively), which means at least one order of
magnitude below the standards’ prescriptions.

In the analysed case, also the measurement of the other 10 aldehydes (e.g., acetalde-
hyde, acrolein, crotonaldehyde, propionaldehyde, etc.) registered values below the de-
tection limits, a trend confirmed also in the case of dioxins and furans, as well as PAHs.
Note that, among the 26 PAHs, benzo(a)pyrene is the most dangerous substance, but its
measured value was below the instrument detection limit (<3.0 × 10−3 µg Nm−3).

4.2. The Health Impact Assessment Outcomes

Starting from the measured values acquired during the experimental campaign and
by means of the HIA procedure, the impact on human health of each emission released by
the ICE was assessed. The results are summarized in Table 1.

Note that the values of the emissions under the instrumental detection threshold, as
given in [31], were not neglected, but considered equal to half of the instrumental limit in
the performed calculation.

The computations listed in Table 1 showed that the damage caused by NOx was over
91% of the total, while SO2, VOCs and CO followed in the ranking.

Table 1. Evaluation of the impact on human health of the most significant emissions.

Emission Unit Impact Measured Damage
Category Value (DALY Nm−3) (DALY h−1) (%)

NOx mg Nm−3 RI 527 4.70 × 10−8 2.04 × 10−4 91.22
CO mg Nm−3 RI 512 3.74 × 10−10 1.61 × 10−6 0.73

VOCs mg Nm−3 RO 560 7.24 × 10−10 3.11 × 10−6 1.41
SO2 mg Nm-3 RI 62 3.39 × 10−9 1.46 × 10−5 6.58

PM 2.5 mg Nm−3 RI <0.1 3.50 × 10−11 1.51 × 10−7 0.07
Formaldehyde mg Nm−3 RO <0.03 1.64 × 10−14 7.16 × 10−11 0.00
Formaldehyde mg Nm−3 CAR <0.03 3.80 × 10−14 1.64 × 10−10 0.00
Formaldehyde mg Nm−3 NCAR <0.03 1.37 × 10−13 5.90 × 10−10 0.00

Benzo(a)pyrene µg
Nm−3

CAR <0.003 1.49 × 10−10 6.39 × 10−7 0.29

2.21 × 10−4
100.00

Impact category abbreviations: RI = respiratory inorganic, RO = respiratory organic, CAR = carcinogen, NCAR = noncarcinogen.
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Therefore, this analysis confirmed the general outcomes of the work presented by
Macor and Benato [25] and, in particular, that NOx is the main source of damage, but,
despite it being the second source of damage to human health, SO2 is not envisaged as
a regulated emission for biogas engines. This analysis also points out that the damage
caused by NOx is 125-times higher than the damage caused by CO and 65-times the one
caused by VOCs. CO and VOCs together produce 43-times less damage than NOx. Despite
the very low value (half of the instrument threshold), benzo(a)pyrene contributes 0.29%.

4.3. The Cost of Avoided Damage

The analysis of damage to human health for both regulated and unregulated emissions
on the selected biogas plant showed that the most impacting emissions are NOx, CO, VOCs
and SOx (expressed as SO2). Despite that, the performed analysis dealt only with NOx,
CO and VOCs because SOx are not substances regulated by the Italian standards, and in
addition, there is no reliable industrial data for devices devoted to the removal of such
substances in biogas units.

NOx are usually removed by means of a selective catalytic reduction denitrification
system, which uses urea as a reducing agent.

The CO and VOCs emissions are both treated by an oxidizing catalytic converter,
which is already installed in the biogas power plant.

The analysis considered two scenarios. The first one involved the installation in an
existing plant of a denitrification system or of an oxidizing catalytic converter in addition
to the one already existing in the plant. The installation and commissioning of the system
were designed for the year 2021, a solution that guarantees to the plant owner to be able
to take advantage of the incentives for another 7 years. In the economic evaluations, in
addition to the costs of the devices, there was a need to consider the loss of production due
to the plant shutdown for the devices’ assembly. These costs were computed on the basis
of the unit cost of electricity granted by law, 0.18 e kWh−1. Thus, for a 0.999 MWel biogas
plant, the shutdown costs amounted to 180 e h−1.

The second scenario involved the installation of the two devices in the year in which
the plant entered into operation (31 December 2012). Thus, the plant manager can take
advantage of the feed-in tariff for 15 years, as granted by the law. In this second scenario,
the costs of the devices were discounted according to the 2012 cumulative inflation, which
amounted to 7%.

In the case of installing a denitrification system, for an ICE characterised by a design
power of 999 kWel, a manufacturer provided the following data:

• System type: selective catalytic reduction;
• Installation cost: 72,000 e including VAT;
• Reducing agent: urea;
• Maximum urea flow rate: 2 L h−1;
• Operating cost for the urea mass flow rate: 1.68 e h−1.

The calculation of the installation and operating costs for the denitrification system is a
crucial point. In particular, in regards to the installation cost, it was necessary to distinguish
between the two scenarios.

In the first scenario, in addition to the device costs, the loss of profits related to the
denitrification system installation needed to be considered. Obviously, in the second
scenario, the latter was equal to zero. Moreover, it was necessary to consider the service
life of the device, i.e., in which year of the plant’s life the additional device would enter
into service. In this regard, in the first scenario, the device was installed during the plant
construction phase, while, in the second case, the denitrification system was installed
during the seventh year. Thus, the plant owner would receive the feed-in tariff for an
additional 7 years.

For the previous scenarios, it was also assumed:

• Biogas plant lifespan: 15 years;
• Installation cost of the denitrification system: 72,000 e;
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• Year of operation of the denitrification system if the plant is already in operation:
7 years;

• Installation time if the plant is already in operation: 15 days;
• Installation cost of the denitrification system in the case of a new plant: 67,000 e;
• Year of operation of the denitrification system if the plant is a new installation:

15 years;
• Installation time if the plant is a new installation: 0 days.

To evaluate the operating cost of the denitrification system, it was necessary to make a
hypothesis about its working conditions because the manufacturer did not precisely specify
the operating range.

Normally, in an Italian biogas plant, the legal limit, 500 mg Nm−3, is reached by
regulating the engine’s combustion process. Therefore, it can be assumed that the urea con-
sumption, 2 L h−1, allows the maximum reduction of NOx, for example, from 500 mg Nm−3

to a value of around 100 mg Nm−3.
The cost, ce, is therefore calculated as:

ċe =

1.68
(500−100)·10−6

4300
= 0.98

[
e

kg

]
≈ 1

[
e

kg

]
(7)

Furthermore, for the oxidizing catalytic converter, a distinction must be made between
the two scenarios. The converter regularly used in biogas plants has an efficiency exceeding
90%. Therefore, in the following calculations, the efficiency was assumed equal to 90% and
constant over time. Furthermore, unlike the denitrification system, the oxidizing catalytic
converter has no degrees of freedom and works at a fixed point.

For an existing plant (first scenario), the installation of the second oxidizing catalytic
converter would require a plant shutdown, which must be counted among the costs, as
well as the cost of the housing itself. The cost of the housing can be estimated as 3000 e,
while the cost of the downtime was still 180 e h−1 for three working days.

For the second scenario, there is no plant shutdown cost; however, the housing
was not built "ad-hoc". In fact, the device was directly installed during the building
phase. Therefore, this drastically reduced the costs. Based on the manufacturer’s data, the
installation cost was equal to 1000 e.

In regards to the operating costs, in the case of an existing plant, it is important to note
that the oxidizing catalytic converter device is usually changed every year, although its
duration may be longer, a condition that has an average yearly cost equal to 2000 e.

Based on the performed measurements, before the already-installed oxidizing catalytic
converter, the CO concentration produced by the biogas engine varied between 5000 mg
Nm−3 and 8000 mg Nm−3.

Considering, for simplicity, the worst condition, 8000 mg Nm−1, and an average
capturing efficiency of 90%, the oxidizing catalytic converter would be able to reduce the
emission until 800 mg Nm−3, a value that corresponds to the maximum allowed by the
in-force Italian law.

The second converter, which was installed in series with the first one and presented
the same efficiency, reduced the CO concentration up to 80 mg Nm−3. Therefore, the
second converter processes one-tenth of the CO processed by the first one, so its duration
can be considered 10-times longer than that of the first one. For the first scenario, only
one converter needed to be purchased, the second one, because the first one was already
installed. The same conclusion can be reached by considering the alternative management
of the two oxidizing elements, i.e., at the end of the year, the second device replaces the first
one, now exhausted, and completes its life in the following year. For the second scenario,
two converters need to be purchased because the plant life is, now, 15 years, with no plant
shutdown costs.

The results of the computations are presented in Figure 4 for the first scenario and in
Figure 5 for the second one.
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Figure 4. Trend of the SAD index (expressed in DALY e−1) of the two devices as a function of the released NOx for the
first scenario.

Figure 5. Trend of the SAD index (expressed in DALY e−1) of the two devices as a function of the released NOx for the
second scenario.
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The analysis of the trends depicted in Figures 4 and 5 allows drawing three funda-
mental results:

• The SAD of the denitrification system and the SAD of the oxidizing catalytic converter
had the same order of magnitude, while the hourly damage of the NOx emissions
was 43-times that of the CO+VOCs emissions. In a nutshell, the cost of the device had
a great weight in determining the value of the SAD: the low cost of the system for
CO+VOCs raised its SAD almost to the level of the NOx one;

• In the case of Scenario 1 (see Figure 4), if the reduction of NOx required or imposed
by law is modest (between 350 mg Nm−3 and 500 mg Nm−3), there is no health
advantage in investing in a denitrification system rather than in an oxidizing converter,
especially taking into account that the latter requires less investment. In other words,
if legislators want to make biogas technology more acceptable by lowering the NOx
limit to that of natural gas, i.e., from 500 to 350 mg Nm−3, the installation of the
denitrification system could have specific costs practically equivalent to those of a
simple oxidant converter. On the other hand, if the required reduction is conspicuous,
it is always beneficial to invest in the installation of the denitrification system, because
its SAD is three-times the one achievable with the oxidizing converter;

• In the case of Scenario 2 (see Figure 5), the situation is paradoxically reversed: it is
always convenient to act on the least harmful emissions, CO+VOCs, rather than on
NOx. This is linked to the converter costs, which are even lower than in Scenario 1, as
there are now no plant shutdown costs. The denitrification system, on the other hand,
maintains very high costs despite the absence of plant shutdown costs.

Therefore, this analysis provides some indications for legislators to lower the emission
limits. In fact, the future limits for existing plants should be related to NOx, but only if the
new limit is really low compared to the current one. Only in this case can some benefits
be achieved. Otherwise, the installation of the denitrification system would certainly
produce a strong reduction in damage to human health, but at a very high cost. This would
discourage the plant manager from investing in this direction. In fact, it would be less
expensive for the owner to invest in a further reduction of CO+VOCs, which can, in any
case, produce a reduction in damage, but at lower costs.

For the same reasons, the future limits for new plants should be related to the
CO+VOCs group.

It is important to emphasize the fact that these results were derived from data related to
in-operation ICEs, so directly linked to the current technological stage of development. With
more technological advancements in ICE technology, the conclusions could be different.

5. Conclusions

In this work, a method for the evaluation of the emissions’ abatement systems based
on the avoided damage to human health was presented. The method defines a relationship
between the damage avoided by an abatement system and the costs of the system itself. On
the other hand, its reciprocal represents the incurred expense per unit of avoided damage.
It is evident that between two or more devices, the most convenient is the one that costs
less for the same amount of damage avoided.

This method was applied to the case of the engine of a biogas plant, to determine the
convenience of further abatement systems. On the basis of the measurements carried out
of the plant, the most harmful emissions were determined, which resulted in: NOx, SO2,
CO and VOCs. As abatement systems, only the denitrification system and the oxidizing
catalytic converter were considered due to the lack of reliable industrial data for devices
devoted to the removal of SO2 in biogas units.

Two different scenarios were considered: The first one assumed that the plant was
currently in operation. Therefore, it can take advantage of incentives for a few more years.
On the contrary, the second scenario assumed that the abatement system was installed
when the plant was new, i.e., reported at the beginning of the period of validity of the
incentives, therefore being able to fully exploit the period of validity of the feed-in tariff.
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The results of this analysis were rather surprising, because it is not always more
convenient to cut down the most harmful emission (NOx). For an in-operation plant, it is
convenient to use the denitrification system, provided that this is fully exploited; otherwise,
it is practically indifferent to the use of a denitrification system or an oxidizing catalyst.
However, if the abatement unit is installed at the beginning of the plant’s operation, it
is more convenient to use an oxidizing catalytic converter, which removes both CO and
VOCs.

These conclusions constitute a suggestion for legislators who must impose new limits
for the emissions to make biogas plants more acceptable to the public, without excessively
increasing abatement costs and, subsequently, the plant’s total investment.
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Abbreviations
The following abbreviations are used in this manuscript:

AD anaerobic digestion
B(a)P benzo(a)pyrene
CAR carcinogens
CHP combined heat and power
CO carbon monoxide
CO2 carbon dioxide
DALY disability-adjusted life year
EU European Union
HCl hydrogen chloride
HIA Health Impact Assessment
ICE internal combustion engine
LCIA Life Cycle Impact Assessment
NCAR noncarcinogen
NOx nitrogen oxides
PAHs polycyclic aromatic hydrocarbons
PM particulate matter
RI respiratory inorganics
RO respiratory organics
SOx sulphur oxides
UHC unburned hydrocarbons
VOCs volatile organic compounds
C expenditure, e
Ce hourly operating cost
Cps loss of earnings, e
CAD cost of avoided damage, e DALY−1
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Ċ cost flow, e h−1

ce operating cost expressed per unit of removed substance
cf characterization factor, kgsubstance,eq. kgemission

−1

cs specific reduction cost, e kg−1

D damage, DALY
I device investment cost, e
m mass, kg
ṁ hourly flow rate of removed substance
N number of years of service life of the abatement device, y
n number of days, d
nop number of operating hours
P power, kW
pe electricity selling price, e kWh−1

SAD specific avoided damage, DALY e−1

sd specific damage, DALY kgsubstance,eq.
−1
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