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ABSTRACT:

In Italy biogas support schemes are being revisedntlude subsidies for the production of
biomethane. Energy policies should foster enviramadey optimal solutions, especially because
social acceptance issues often arise in the caf@ogés. In this paper we use the external cost
methodology to quantify the environmental impactaoborne emissions associated with biogas-
based energy vectors and their corresponding fesbstitutes These are evaluated at supply chain
level and incorporated in a spatially explicit optzation model. The method is applied to northern
Italy to compare the potential impact of alternatipolicy options. It is found that, while the
external costs of biogas-based pathways are alteaysr than corresponding fossil fuel based
pathways, the differences are generally so smatl plolicies based on internalization of external
costs alone would not lead to further developméntiagas-based technologies. For all utilization
pathways, consideration of local externalities tetmla less favourable evaluation of biogas-based
technologies, which results in external costs evgher than the substituted fossil fuel if biogas i
allocated to local heating.

Keywords: External costs, biomethane, biogas sugpéyn, CHP, BeWhere model , Environmental

impact

1 INTRODUCTION

Growing concerns about climate change made thecteduof CQ and equivalents a major
motive for enhancing the use of biomass for poveregation, since is generally considered to be
carbon neutral [1]. Combustion is the most commardgd technology for solid biomass rich in



lignin, but low lignin and wet substrates can als exploited through anaerobic digestion to
produce biogas, which can easily fuel internal costion engines for power generation. For these
reasons, financial incentives for the production edéctricity via anaerobic digestion were
introduced in many European countries, leading tmassive expansion of anaerobic digestion
(AD) installations. In Italy for example, almost@Biogas power plants were operating at the end
of 2012 with a total capacity of 650 MW [2]. Howevdifferent utilization patways, such as
upgarding the biogas to biomethane for heatingebiale transport, are technically feasible.

In energy policy modelling, greenhouse gases (Gei@issions are often considered a satisfactory
index for environmental assessment, and it is commi@actice in energy systems planning to
evaluate environmental impact only in terms of ,C&guivalent emissions reductions: [3]
developed a two-stage stochastic optimization maédeddress interactions among energy supply,
processing and demand activities, and the assdc@iG emissions; With the aim of planning
energy systems in association with GHG-emissiongatibn a stochastic approach has also been
adopted by [4], who dealt with multiple uncertadstiby considering probability distributions and
fuzzy intervals. Within the same objective, [5] dmped a deterministic input output model in
order to identify opportunities to foster the trdins of the actual Hungarian energy sector towards
higher renewable energy penetration and lower Ghi{S®0ns system.

Numerous studies can be found in the energy pditeyature dealing with alternative energy
production sources such as agricultural biogas][68several cases the main focus is on the
environmental performance of single [9] or multipl®, 11] biogas conversion technologies, in
terms of carbon equivalent reduction. The assessmaeagenerally done by comparing the use of
different raw materials [12], biogas supply chaamiigurations [13] or biogas utilization pathways.
However, the environmental benefit of using agtimall biogas may be reduced due to the energy
consumption required for its production (especi@bnsidering farming activities) and the local
airborne pollution generated in the process [ld4thSactors, which are also often a major concern
to local communities, are not adequately refleateclrrent energy policy measures.

In order to consider the additional environmengaLies in energy system planning (for instance by
incorporating the LCA approach in the optimizatgmocedure, as in [15,16] ) several authors [17—
19] propose the monetization procedure, that rporating the so-called external costs in energy
prices. In particular: [17] estimated the extennedi associated with the coal-based power sector in
Poland, concluding that investments in biogas teldgies for power production would certainly
reduce the environmental impact of the energy semsowell as reduce unemployment in rural
areas; [18] compared the external costs of the elaittricity generation technologies for Lithuania

so to identify the technologies having the lowesimdge costs, while [19] evaluated the



sustainability of a biogas supply chain by considgthe monetary values of four main impact
categories (global warming, acidification, eutragation, and PM formation).

The external costs are the expenses imposed omtgooy the environmental disadvantages
generated from energy conversion that are notateflein the price of energy. The externalities
arising from the environmental impact of energydudion are significant in most EU countries,
especially when it comes to electric energy praduactand reflect the dominance of fossil fuels in
the energy generation mix: in 2005 - 2010 the ayeexternal cost of electricity production in the
EU was about 6 EUR.{kWh [18].

As highlighted by [20] the task of quantifying esttalities arising from energy conversion
technologies is difficult because of a range ofbpgms inherent to the methodology. These
include: dependence on a specific technology andsolocation; uncertainties in the causes and
nature of impacts to health and the environmerd; lank of suitable economic valuation studies.
Nonetheless, the use of monetary values make theat®n of environmental damages of energy
conversion processes more comprehensible in thkemplace and thus easier to incorporate in
energy decisions.

Moreover, as highlighted by [21], in spite of thiéidulty in determining monetary values for all
environmental impacts and the many uncertaintieshé valuation procedure, it is possible to
estimate a significant part of the externalitiesoagated with different energy sources and power
generation technologies and thus to identify thestnamlvantageous among them. So, even if the
absolute values are still debatable, the comparatixamination of externalities calculated for
different energy sources allow for reconsideringgtxg pricing mechanisms.

Analyses in the existing literature are mostly perfed for general assessments to support policy
making [22,23], rather than to evaluate the envirental impact of energy conversion options. In
any case, the evaluation is limited to a comparigbthe environmental performance of a single
renewable energy plant with its fossil energy altive [21, 22].

The present work intends to fill this gap, by faogs on the external costs associated with
airborne emissions along the biogas production Iguppain. To do so, the spatially explicit
optimization model BeWhere [23, 24] was used witlte external cost approach. The model
developed is a spatial renewable energy systemsiaption model, and thus constructs least-cost
biogas supply chains, selecting feedstock supphasrand a mix of energy demand. This allows it
to optimize plant location, capacity, and convardiechnologies.

The total (internal and external) costs of différbimgas utilization pathways were incorporated in
the model and compared with the performance ottleent mix of corresponding energy vectors,

which is mainly based on fossil fuels and will réfere be labelled “fossil” in the following.



Beside internal cost, the external costs considaredhose caused by most significant air pollutant
emissions generated from stationary production em&tgy conversion processes, as well as from
transportation processes related to biomass logisti

The system boundaries are described in detail@id@e2 and encompass most significant steps of
agricultural biogas supply chains: crop farming dradvesting, the collection and transport of
substrates, the anaerobic digestion plant opematemd the utilization of biogas for either
combined heat and power production (CHP), injectiorthe gas grid or as a vehicle fuel. Three
alternative policy options have been included ie thptimization procedure, corresponding to
different levels of internalization of external t®sin order to assess the environmental impact of
each.

The methodology was implemented with data relatedarthern Italy, which is characterized by
intensive farming.

Results and conclusions are discussed in SectiafoBg with a sensitivity analysis for the fossil
energy market prices.

2 MATERIALS AND METHODS

The BeWhere model has been adopted in a similak Wpithe same authors [6] to assess the least
costly and more environmentally beneficial biogagpy chain configuration for northern ltaly. In
that work, as well as in the majority of analogensdels [28-30], the environmental impactwas
only evaluated in terms of GHG emissions derivirayf the biogas production, incorporated in the
optimization process through a carbon tax. Thegmesork, which refers to the same geographical
context and considers the same biogas utilizatiathvpays, aims at extend the environmental
analysis by including other relevant pollutants &siuns through the external cost methodology.
This method, which follows the impact pathway apgio (IPA) [31], allows monetization of the
environmental damage associated with emissions wide range of pollutants, which can be
consequently incorporated in the model objectivecfion. According to the IPA, the chain of
casual relationships starts from the specificatibthe quantities of the relevant pollutants enditte
and the location of the pollution sources considgempeople and ecosystems that are potentially
affected . Welfare losses resulting from generalssion impacts are converted into monetary
coefficients, reported in literature for the Eurapecontext [32] which are used as weights of air
pollutant emissions to assess the external costhdémsystems of concern

It should be pointed out that that, as the ecoldgiopacts of products and processes, (e.g. impacts

on water, eutrophication or acidification) are heen monetized, such approach might lead to very



different results as compared to the LCA methodplognventionally used for environmental
damage assessment [33].

For the purposes of this work, the Global Emissidhsdel for integrated Systems (GEMIS)
emission inventory [34] databases for the statipmaiocesses and the IMPACT database [35] for
transport activities have been coupled with comesing external costs derived from the ExternE
project [31], which is financed by the European @assion to support the assessment of impacts
on human health, crops, building materials and ystems resulting from the exposure to airborne

pollutants.

2.1 The evaluation of external costs

In this work, external costs associated with théssions of each biogas utilization pathway, were
estimated and compared to the corresponding falisiinative in a three-step procedure. First, the
emission inventory databases [34,35] were usedeatify and quantify airborne emissions released
in each step of biogas supply chains, whose sybtmmdaries are defined in Section 2.2. Second,
the pollutant-specific damage cost factors werenegéd using the EcoSenseWeb software [36],
developed within the ExternE project. Such toohswilesigned for the analysis of single point
sources (electricity and heat production) in Europé can also be used to derive the site specific
damage cost factor of a certain pollutant in daterregion. As such, it resulted particularly
suitable for the purpose of this study. With regatal the fossil energy vectors considered in this
work, determining the exact location of pollutioousces is not always possible (e.g. 90% of the
Italian natural gas demand is met by imports froevesal countries, including Russia, the
Netherlands and Algeria), thus average Europeam2{ltldamage cost factors have been used
instead, as Table 1 highlights. Conversely, theatioo of feedstock and of the energy
infrastructures were mapped in a spatially expimaly, which allow us to consider national Italian
data from EcoSenseWeb when calculating the damzgjdactors of the biogas energy vectors.
Finally, the environmental external cost (EEC) atle energy vector was calculated by multiplying
the amount of each pollutant arising from the patidun of 1 GJ of each end product (e.g. chemical,

electric power, heat feeding district heating nekspby its damage cost factor (EUR/Q).

2.2  System boundaries and main assumptions

Within the systems boundaries of this analysigdHhriogas conversion technologies are considered,



namely cogeneration, upgrading for injection intee tmunicipal gas distribution grids, and
upgrading for vehicle use, which entails a furtl@mpression of biomethane obtained from
upgrading. The resulting energy vectors, and tbairesponding fossil substitutes, are summarized
in Table 2, where their energy generation mix $® apecified.

We assumed that cogeneration was performed in K000r larger reciprocating gas engines. We
also assumed that electricity from biogas generatea co-generation process, controlled under
priority dispatch benefits, was completely disttémito the electricity grid by associating it t@th
local electricity demand. The net heat producecceigeneration, excluding internal uses to sustain
anaerobic digestion (AD) processes, was assumedet@onsumed via district heating (DH)
networks. As we accept that new biogas to powantplahould be coupled with existing external
heat exploitation infrastructures we consideredctatdty and heat deriving from generative
processes in combination in this study. For thésoa, location of existing district heating systems
has been incorporated in GIS databases coupledtigtimodel, and biogas-based CHP plants are
only assumed to be installed in grid cells contajnDH systems. Heat demand for each grid cell
was previously estimated in [6] and new biogas Qihts have been dimensioned based on
district heat demand within a 20 km radius and m&sg an average pipeline loss coefficient of
15%.

In general, we always consider distribution statias model boundaries, such as DH networks or
local gas distribution grids for the delivery ofdbeor a CNG refueling station. The existence of
such infrastructures in the area of concern has Ibegpped based on previous work, and their
relevant logistics costs are accounted for [6].

Since the gas grid is highly distributed in studgaa and almost 90% of the municipalities
considered are served with a low pressure (4 bagl gas grid, the delivery of methane for heating
purposes is assumed to be performed via injectiolow pressure pipelines, thus reducing the
amount of compression required to reach the ndtigaa standard. Finally, the delivery of
biomethane for vehicles entails the compressiotheffuel at 60 bar, as it is transported to the
refueling stations by the national gas pipelinguFe 1 also highlights the supply chain of the ifoss
fuel substituted costs and emissions for these haea accounted for by considering their national

energy mix as the reference scenario [37] .

2.3 Emission assessment

In this work, the GEMIS database [34] was usednasigentory for assessing emissions of biogas-



and fossil-based processes. This emissions databaseonly freely available but is also currently
the most extensive inventory of agricultural biogascesses as it adopts typical biogas plant sizes,
compared to the wide ranges (e.g. “up to 50 MW3t thre used by other software packages for
process or product life cycle assessment, sucBRs3R] [27, 28]. The GEMIS software includes
the key energy, material, and transport processembre than 50 countries, and was extended to
cover the EU-25 and EU-28 for the year 2000, 2@020, and 2030. The reference values for all

processes considered in this study were taken fhenGEMIS database.

As with most LCA studies of biomethane as a fukg analysis was limited to the following
airborne emissions: GOCH,, N.O, NH;, NMVOC (non-methane volatile organic compounds),
SO, NOx (nitrous oxides), and Plyl(particles with diameter bigger than 2.5 pm).

These pollutants mainly affect local air qualitg, IMOx and NMVOC react in the atmosphere to
form ozone, which may result in short term respimatproblems and irritation of mucous
membranes; S£Oemissions result in similar impacts. Rvialong with NMVOC, also operates as a
vector of toxic substances on its surface, and caange respiratory problems in the short term and
cancer in the long term. As well as such local iotpaSQ and NOx also have more widespread
impacts as they contribute to the formation of aaid, which threatens ecosystems and vegetation
in particular.

The biogas system studied includes four main qi&gs Figure 1): farming, feedstock logistics, AD
for the production of raw biogas, and conversiomiofjas to end energy vectors. These steps were

analyzed by considering their associated processgemissions.

2.3.1 Step I: Farming

We used maize silage as a reference energy cramahmanure and sewage production derive
from pig-, cattle-, and chicken-breeding farmscsiithey contribute to almost 70% of the overall
amount of substrates commonly used in the nortitatian biogas plants. Their specific volatile

solid contents and biogas yields were derived {{6,40].

Emissions were determined for the cultivation aadvesting of maize, and for the collection of
manure in the farm based biogas plant. The caloaktconsider direct emissions from tractor and
field machinery operations, including the provisiminchemical fertilizers and the management of
digestate, with the assumption that it is spregataximity of the biogas plants.

GEMIS assumes that the fraction of nitrogen as amamo in digestate represents 65% of its

weight, and that 120 kg of digestate are annuaghgad per hectare , complying with the legal



maximum of organic nitrogen fertilization. The dsggte transportation is assumed to be by truck to
within a distance of 10 km from the biogas plantjme with [34, 35].

For simplicity, we assumed that maize was cultidatethe existing agricultural land traditionally
assigned for its production. This means that thereo land use change. In this way we could
exclude any direct land use change (dLuc) emissinsh are mainly caused by modifications in
the carbon soil content, as for [1, 36]. Field maehy operations are assigned to a tractor having a

capacity of 9.8 t and a specific fuel consumptiba@6 MJ/km.

2.3.2. Step II: Feedstock logistics

Biomass transport to the biogas plant was assigmedtruck trailer with an average capacity of
14 t, based on a gasoil price of 1.1 EUR/I. Distangetween the supply sources and the production
plants were calculated by the GIS-based transpvtark model linked with the BeWhere model.
In this way, rather than deriving overall emissifmmsn an average fuel consumption for reference
distances, as in GEMIS, we adopted a specific da@lp35] for the quantification of the external
costs in the transport sector, and accounted ftareal costs associated with actual transportation

in the supply chains structured by the optimizatiwodel.

2.3.3. Step llI: Anaerobic digestion

Reference biogas plants considered in this, ang\dqus study [6], are assumed to operate under
mesophilic conditions at a temperature of approxitya37°C. The electricity consumption for the
anaerobic digestion (for pumping, stirring, etcgswassumed to be 4% of the amount of energy in
the biogas produced, which corresponds to 0.15 Kmf/of raw biogas. For comparison,
electricity consumption in anaerobic digestion mega in the literature varies between 0.12 and
0.27 kWh/Nni [44,45]. The same authors reported specific theenargy consumption between
0.60 and 0.85 kWh/NFof biogas, in line with the value of 0.70 kWh/Rimdicated by [21], which
was used in this study.

In addition to the energy input, methane lossesl tede accounted for when assessing emissions
from the digestion process. A detailed literatueeiew of studies dealing with methane emissions
from biogas production, was carried out by [46],omeported that limited emissions during
digestion are normally used, ranging from 0.02 t67% of the total methane production.
Consequently we used a reference value of 0.43 §/Norresponding to 0.06% of the total

methane production.

2.3.4. Step IV: Biogas conversion technologies



When considering the biogas-to-CHP process, theotise internal combustion engine (ICE) for
electricity production is the most common optiomeTefficiency of CHP units, which generally
increases with plant size, were derived from [4ported efficiencies also account for plant self-
consumption of electricity and for heat to maintaive mesophilic process, equaling 11% of
produced power and 25% of by-produced heat, reispéct

Before biogas is injected into the natural gas gridised as a vehicle fuel, it needs to be upgraded
to biomethane, primarily by removing any present€0, in order to comply with the national
standard requirement (generally represented byMbiebe index). In this study we used pressurized
water scrubbing (PWS) as reference upgrading tdobwyposince it represents one of the most
efficient techniques in terms of resource consuomp(e.g. water and electricity consumption) and
total cost [47]. Data related to cost components$ efficiencies for the upgrading technologies as
well as the operative costs have been taken fr¢m [6

The electricity demand for biogas purification eange from 3% to 6% of the energy content in the
biogas produced [1], depending on the compressequired. Within the system boundaries
considered in this study, the biomethane is ingeatéo the low-pressure gas network (4 bar), thus
the specific electric demand has been estimat@i28skWh/Nni in line with [48]. Methane losses
during purification can range from 1% to 4% of fied biogas and specifically from 0.5% - 2% of
purified biogas when PWS technology is used. Thusen that purification technology is rapidly
evolving and lower losses are expected in the heare, a central value of 1% was used, in line
with the value indicated in [34].

A higher compression is required when the purifieogas is used as a vehicle fuel, since it is
assumed to be transported to the existing refuedtaion by the national gas pipeline, having an
operating pressure of 60 bar. Thus, when consigehie adoption of biomethane for transport , we
assumed a centrifugal compressor would be usedrding to the technical information in [34].

This led to an additional electric demand of 0.WIHKNm?® of purified gas.

2.4 Scenario definition

In order to quantify the contribution of the GHGsthe overall externalities, beside the scenario
accounting for the local as well as the global @Heof the airborne pollutants (full-scale scenjario
an additional scenario, the GHG scenario, wasezhout, for which only C@®equivalent emissions
were considered. Additionally, since the currensian of the EcoSenseWeb tool [34], covers only
the emission of ‘classical’ pollutants §ONOXx, primary particulates, NMVOC and NHthe

associated external cost of greenhouse gases kawechlculated by using a specific carbon tax.



Carbon prices resulting from G@missions trading, represent the development efatroidance
costs in the least cost path towards the 2050 ttange are found to gradually increase from 15
€ltcozin 2010 to 65 €402 in 2030 [49]. Various recent studies move awaynfievoidance cost and
instead use external cost factors based on dantsge @&t the same time, improved insight in the
impacts of global warming leads to higher estimafebese damage costs.

According to [50] the external cost factor for £€s€hould depend on the year of emission. For
emissions in the following decades, increasingresiecost factors are recommended: 264g/for
2010-2019, 32 €£b, for 2020-2029, 40 &b, for 2030-2039. Following the damage cost approach,
a central value of 26 &/, was used.

In our baseline scenario, production costs arenatecosts only, while in the GHG scenario they
include GHG external costs, internalized through earbon taxes, and in the full-scale scenario
they also include the external costs of other @onss whose impact is mainly local.

Thus, we determine the most feasible technology, oth in terms of economic profitability and
environmental impact reduction, when the exterealiaire partially or completely internalized and
when they are neglected.

As in [51], in this study the spatial model is ugedcombine a total cost analysis with a feed-in
tariff analysis. The model implies that energy dethas met either with biogas-based energy
vectors or with traditional fossil fuels and ainesrhinimize total costs. The final cost of biogas-
based energy vectors are reduced by revenues &limgswvholesale at feed-in-tariff levels. Since
no biogas plants would be erected under curremggmearket prices, feed-in tariffs do make up for
greater production costs of biogas-based vectdighnare always higher than fossil equivalents.
For the three scenarios, an analysis of sensitbatghanging feed-in tariffs for each bioenergy

vector was performed.

3 RESULTS AND DISCUSSION

Table 3 analyses the competitiveness of the biegasgy vectors with their corresponding fossil
alternatives by comparing their wholesale prices. #éach of them the corresponding break-even
tariff was calculated, representing the market gprabove which the biogas energy vector
considered becomes economically profitable. Theeefihe internal costs expressed with reference
to the unit of biogas energy vectors (1 GJ) hawnlm®mpared with current energy market values.
If no feed-in tariffs are introduced, average nagiowholesale price for each energy vector, i.e.

power, heat from district heating, natural gasHeating and natural gas for vehicles, have been



assumed as reference market prices [52], as repiorfEable 3.

The results show that at current market pricesadditional plants would be installed in the study
region, either in the baseline or the global of-$ghle scenarios. This means that, while each
biogas energy vector presents lower external dbsts its corresponding fossil alternative, both
when considering the full-scale and the GHG scendhie benefits are too small to make up for
additional production costs of biogas-based alteress As shown in Table 3, in fact, the
externalities contribute with a minimum amounthe total expenditure, representing less than 10%
of the internal cost in each option.

The feed-in tariffs required to start productiore agenerally much higher than current energy
market prices: in the baseline scenario, break-erxsdnes in the case of biomethane production
equal 25.9 €/GJ for transport application and 2€/G@J for injection, as costs for network
connection and propane addition required for hgapinrposes overtake savings in compression
costs. Such values are more than double the cumamket value of fossil alternatives (11.8
EUR/GJ).

In other words, to achieve a minimum productionld® TJ of biomethane, corresponding to the
installation of one biogas plant, a feed-in tadff16.1 EUR/GJ for biomethane injection and of
14.1 EUR/GJ for biomethane as a vehicle fuel wooddneeded. Larger premiums would be
required to make more installations affordablethese break-even values reflect production costs
for plants located in the most favourable situatiam terms of biomass logistics and connection
costs.

In spite of larger production costs, the cogeneramption, although unfeasible under current
market conditions, requires smaller incentives bseahe joint production of heat and electricity
provides a double source of income. Thus, a feewhiiff of 38.1 EUR/GJ for power or 27.3
EUR/GJ of heat would be enough for the model tovath minimum production of 25 TJ from one
CHP plant. Premiums to add to market prices woblgs tequal 10.4 EUR/GJ for power or 5.1
EUR/GJ for heat.

In the global scenario, when the external cost&HdG are internalized, reductions in the break-
even tariffs are recognizable for each alternaiiviernalizing the carbon emissions would require a
minimum feed in tariff of 26.8 EUR/GJ (premium d&.1 EUR/GJ) for biomethane injection and of
23.1 (premium of 11.2 EUR/GJ) for biomethane fansport. Minimum feed-in tariffs decrease for
each technology in the global scenario, implyingtthll options entail net benefits from GHG
emissions reductions at assumed levels of exteows. This is confirmed by the carbon emission
saving reported in Table 3 in terms of tonnes obca equivalent emissions savings per energy unit

of renewable energy. This is favourable for eachioop although with lowest efficiency for



biomethane generation.

When considering the production of pollutants adl,wie environmental efficiency of the
biomethane energy vectors decreases, especidliginase of biomethane injection. In fact, with a
value of 28.5 EUR/GJ, the break-even tariff is ekigher than in the baseline scenario, suggesting
that when internalizing pollutants emissions, tise of biogas for heating purposes would entail
higher external costs than its fossil alternativeshould be noted that, since we compared final
energy products, the analysis was conducted widrerce to the unit of energy (1 GJ) of different
types of energy vectors (e.g. electric power, ratgas for domestic heating), having diverse
exegetic performances and final uses. Therefoig arguable that such approach might alter the
results with regard to the internal cost valuesaxfth biogas option.

However, when referring the internal costs to thet wf energy of biogas, for instance by
considering the conversion efficiencies or by asialy the marginal internal cost of each biogas
vector, it emerges that cogeneration technologyanesnthe most costly option. Figure 2 shows the
marginal internal costs of each biogas conversiotion with reference to the unit of energy of
biogas (1 GJ of raw biogas). This cost can be &atied by imposing fixed increments in production
levels assigned to each utilization pathway, wbdaversion to other energy forms is kept constant
at given production levels. With internal margicabts of 23.88 EUR/GJ, the CHP option requires
high expenses although the joint production of laeat electricity gives a double source of income
and the current market price of electricity alloWss option to partially cover its production
expenses.

3.1 External costs of the baseline scenario

It is interesting to study how external costs abdais generation change, depending on feed-in
tariffs, and how the environmental impact variesewhhe external costs are partially (GHG
scenario) or completely (full-scale scenario) ingized.

Minimizing the cost of the biogas production alomegeneration would be the most favourable
biogas utilization pathway; with a feed-in tariff 13.4 EUR/GJ, three additional CHP plants would
be selected. At the same time, increasing nat@slpgce would firstly encourage the production of
biomethane for vehicles, rather than injection ith® gas grid. In fact, at a natural gas price®9 2
EUR/GJ, the model selects five biogas plants prioduwehicle fuel, while the injection of
biomethane into the gas grid is feasible only giriae level of 28.6 EUR/GJ, due to its higher
production cost.

Figure 3 highlights the effect of subsidizing eitktige production of electricity or of biomethang (b
applying specific feed-in tariffs named FITel andgas respectively) on the external costs and

primary energy reduction, here calculated in teofit®nnes of oil equivalent (TOE).



Public investment corresponding to such tariff lsyealculated as total feed-in tariffs for power
and gas, is reported on the horizontal axis of fed) while reduction of external costs and fossil
fuel consumption is reported in percentages omvédngcal axis. When no incentives are applied, the
value of all externalities is approximately 4,00(EWR/year, which is due to meeting energy
demands (data taken from [6]) by adopting foss#rgy sources. Fostering the substitution of fossil
methane with a biogas-based alternative, and appliyicreasing feed-in tariffs to the production of
biomethane (FITgas), would weakly contribute to éowvg the level of these externalities. When
external costs are not internalized (red dotte@sliin Figure 3), very little variations occurs
regardless of the amount of the annual investnretita biogas upgrading technology. Only when a
total expenditure of 24 MEUR/year is introducedesl@ reduction of 0.03% in total externalities
occur (equal to 12 MEUR/year).

The trend in total externalities differs when protilon of biogas-based electricity is subsidized (re
continuous line in Figure 3). With investments dimast 6 MEUR/year in the cogeneration
technology, the same reduction of total externak ¢® obtained, whereas increasing FITel would
lead to a total reduction of 0.13%.

Small reductions in the overall energy consumptian be seen both cases (red lines of the right
figure) since even with high levels of investméahe energy consumed by the system decreases by
1% with the application of FITel (from 90 MTOE t®.8 MTOE) and by 0.1% with the
introduction of FITgas.

However, considering that the national Renewabler@nAction Plan (hnREAP) has set a target for
2020 to reduce the national primary energy consiomgtqual to 3% of the value registered in 2010
(from 165 MTOE to 158 MTOE), it is clear that a weton of 0.1%, which seems negligible in
absolute terms, would strongly contribute to reaghhat target.

Introducing FITel always leads to a major reductadrthe total externalities, which decrease by
0.1% when the investment is set to 24 MEUR/yeais T$in contrast to promoting technology

upgrades using increasing FITgas values.

3.2 Environmental impact of partial and total intdization of external costs

The yellow lines of Figure 3 show that, when théeexal costs are accounted for in the objective
function, achieving the same primary energy ancres costs reduction would require smaller
incentives both for natural gas and for electricgince the externalities generated from biogas

energy vectors are always lower than their foswiaatives.



While in Figure 3 the effect of changing one fachbra time on aggregate indicators is shown,
Figures 4-9 highlight the variation in the key mbgarameters under different combinations of
energy market prices, ranging from 5 to 25 EUR/@Jnftural gas and from 30 to 50 EUR/GJ for
electricity. In addition, since the results of thee-factor-at-time sensitivity analysis reported in
Table 3 highlight that a natural gas price arouBdERIR/GJ is a threshold value, corresponding to
the first adoption of the upgraded technology, veaducted a deeper analysis of the model
behaviour around this value conducted. Thus, wel @seadditional range of natural gas prices,
varying from 25 EUR/GJ to 29 EUR/GJ.

Figures 4 and 5 show the allocation of raw bioghsmthe external costs of all the pollutants are
accounted for in the model objective function @thle scenario). The colour gradient varies from
blue to red according to the share of raw biogkxated to the production of CHP (Figure 4) and
to the production of biomethane (Figure 5). In thignario, we see an overall dominance of the
cogeneration technology (majority of green to retbars in Figure 4), while the use of biogas for
the production of biomethane as vehicle fuel idgured only in the case of higher natural gas
prices and disadvantageous electric power markeditons (i.e. an electricity price lower than 30
EUR/GJ). This effect is even stronger when considethe injection technology: raw biogas starts
to be allocated to biomethane for heating produactialy when the price of natural gas is above
28.8 EUR/GJ.

The way external costs influence this behaviour lmarseen in Figure 6, where the scales express
the total (left) or the partial (right) externad$ reduction. The most remarkable reduction of tota
externalities occurs along the horizontal axis tfwstjuares’ colours shifting from blue to red),
rather than the vertical one, meaning that increptiie electric market price and consequently the
use of cogeneration technology has the best ermieatal benefits. Conversely, installing biogas
plants for the production of biomethane as a vehfigeél induces substantial improvement only in
terms of carbon emissions: production of biomethalnae, which occurs when an electric price of
27.7 EUR/GJ is applied, leads to a 0.1% reductiocadbon externalities (square colours shifting
from dark blue to light blue).

It is therefore clear that, due to the good envirental performance of the biomethane in terms of
CO; reduction, a more promising scenario for biomethavmuld occur when only carbon
externalities are internalized. Comparing Figurevith Figure 4, we see lower shares of the
cogeneration technology at each electricity praseel, meaning that more raw biogas is allocated to
the production of biomethane for each combinatiben@rgy market prices. In fact, at a natural gas
price of 28.6 EUR/GJ, the possibility of injectibipmethane into the gas grid opens up, because 14
additional biogas plants for the production of bethane for injection are installed (in line witleth



break-even tariffs expressed in Table 3). In fiattking at the left part of Figure 8, we see a tgea
use of raw biogas for such technology, comparet thi¢ previous scenario (left part of Figure 5).
This fact, however, leads to considerable changdise total externalities balance: the right pért o
Figure 9 shows that, while the values of the carbxternalities decrease as high natural gas prices
are applied (with colours passing from blue to réla@ introduction of the injection technology has
a negative effect in terms of total emissions.detfthe left figure shows a shift from warm cokur
(third upper line) to cold colours, meaning that tverall reduction in externalities is smaller.

The trends of the total and GHG externalities, aB &s the high break-even fossil tariffs found for
each scenario, can be explained by consideringnidrginal external cost of dispatching the raw
biogas for each utilization pathway. Marginal emtdrcosts of biogas conversion to different
utilization pathways are basically independent frpraduction levels in the ranges considered in
this work, and equal average values are shown gur&i 10 for total (green) and GHG (red)
externalities. We have confirmed that, considemmternal costs of carbon alone, all the biogas
utilization pathways are favourable, and cogenenalias the best performance. Conversely, when
externalities from local emissions are also consdethe environmental advantage over fossil
alternatives decreases in all the cases, and enafdsomethane injection it becomes negative.
Since local emissions have such an adverse impaitteoexternal costs of biogas production and as
they often constitute the major concern of localidents when biogas projects are proposed, we
conclude our analysis by highlighting the differeaintribution to the total externalities of each
production step (Figure 11).

We see that, as confirmed by [1, 34], farming ak#is (Step |) generate high emissions per MJ
biogas, especially regarding non-carbon emissionh as N@, SO, and patrticles. This is mainly
caused by the use of chemical fertilizers (corradpw to 47%, 63% and 46% of the total NO
SO, and particles emissions, respectively, accordmgGEMIS database) and by high diesel
consumption occurring during farm work (correspagdio almost 6% of the energy content of the
raw biogas produced). The second cause of exteost$ is transportation of the biomass, which
mainly causes local emissions of NOx. The grodnd$ocal concerns about this issue, which is a
main cause of opposition to new plants, appeaoredse.

Conversely, the external costs of anaerobic digegstep 1ll) are almost negligible, and external
costs of energy conversion (step IV) are quite kreapecially in the case of upgrading. Upgrading
may thus appear particularly attractive in termssotial acceptance because of its limited
emissions, because no additional combustion fratiostary engines is needed.

However, Figure 11 confirms that not only margibak also average external costs from total

emissions generated for the production of fossdrgy vectors (grey bars) are higher than the



biogas-based alternatives and that the benefligoghs are especially high in the case of eletyrici
Given the high contribution of fossil fuels to thialy’s energy generation mix, biogas-based
cogeneration is environmentally more favourablethbawhen considering the GCequivalent
emissions and all pollutants. Fossil methane foicles has the second worst performance in terms
of total emissions, which is mainly due to differesteps required to deliver the product to the
filling stations (e.g. compression to 220 bar aadsport).

4 CONCLUSIONS

In this work the environmental effect of subsidgidifferent biogas utilization pathways with the
application of several policy instruments was inigeged. The adoption of the external costs
methodology allowed us to monetize the environmentpact of different biogas-based energy
vectors. At the same time, by considering a widege of pollutant emissions, it was also possible
to include additional environmental burdens indpémization procedure. The results showed that,
under the present energy market conditions, thigapar total internalization of the external costs
have limited impact on the model optimal resuliscs the benefit of the biogas energy vectors, in
terms of local and total emissions reductions,asyvsmall compared to their overall production
costs.

Introducing premium prices on electricity or biommete production would firstly favor the
cogeneration technology, both when the pure interost (baseline scenario) and the external costs
of GHG and pollutant emissions are considered @lahd full scenario, respectively). However, it
should be remembered that the CHP technology vehsded in the model under the assumption of
efficient heat exploitation, since each biogas Cpiéht was coupled with an adjacent district
heating network. This is in line with [53], who gested that the CHP technology performs best
out of all the biogas utilization pathways, in terof emissions and primary energy reduction, only
when an efficient external use of heat is consiiere

The results also showed that external costs inedeaharply when airborne emissions were
included in the assessment, because each biogawtegy produced high amounts of non-carbon
emissions, mostly in terms of NOx and particulagasch negative environmental performances are
mainly the results of the first steps of the biogagply chain, because of the use of chemical
fertilizers and transportation during the farming.

In particular, with regard to the farming activiassociated to the biogas production processes, a

special feature of biogas supply chains is thatidaes input flows, an output material flow must be



managed, i.e. digestate. While anaerobic digessidemown to improve the environmental impact
of spreading digestate on land compared to theartional practice of liquid manure spreading, it
does not improve nitrogen concentration. Such dasgeo/e already been investigated in a previous
study on biogas supply chain optimization [40]. wer the regional scale of the abovementioned
study allowed to account for some site-specifictdec (such as the Nitrate Vulnerable
municipalities), that can be difficultly integrateda more aggregated case study such as Northern
Italy.

Finally these results, suggest that the climatexgbanitigation alone is not a satisfactory measure
to evaluate the sustainability of biogas techn@sgn order to define energy policies, and confirm
some concerns of local communities for the loggdacts of renewable energy plants On the other
hand, one should bear in mind that, since someogimal impacts are not incorporated in the
external cost methodology and values, the totalachpf alternative fuels could be even larger,
particularly at local level. Future work could thestail the development and application of new
methodologies, other than monetization, in ordewgédght other environmental impact categories

so that they can be incorporated in spatially expéinergy systems models.
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Table 1. Damage cost factors for fossil and biogas-baseelgy sources (EUR/kQ) [21]



Energy
Infrastructure Technology Energy Source (%)
vector
National electricity RES (35,6) - Coal (12,8) - NG (42,4) —
i i generation mix Nuclear (1,7) - Oil (1,6) - Others (5,9)
Electric National
power electric grid Internal Combustion Agricultural feedstock
Engine (1 MW) (Energy crops and animal manure)
National energy mix NG (76) - Biomass (11) - Oil (11) —
o in DH RSU (6)
Existing
Heat o )
district heating| Internal Combustion Agricultural feedstock
Engine (1 MW) (Energy crops and animal manure)
National gas | National natural gas Domestic (11)
Methane| /ig (60 bar) mix Foreign (90)
for
o ) PWS upgrading )
pipeline | Local gas grid Agricultural feedstock
injection (4 bar) technology (E d animal )
ar nergy crops and animal manure
(500 Nni/h) R
National gas Compression Domestic (11)
Methane grid (60 bar) (200 bar) Foreign (90)
as
transport PWS upgrading
fuel National gas technology Agricultural feedstock bl
grid (60 bar) (500 Nni/h)  + (Energy crops and animal manure) Table2: Energy
infrastructure

considered
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Table 3: Economic analysis for each biogas energy vector
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Figure 2: Marginal internal cost of the biogas energy vectmnsidered
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Figure 8: Raw biogas used (%) for biomethane injection Ylefid for biomethane for transport

application (right) in the GHG scenario for diffate&combination of energy market price
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Figure 9: Total (left) and GHG (right) externalities redwetiin the GHG scenario for different
combination of energy market price
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Figure 10: Marginal external cost of the biogas energy vectoiboth scenarios
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Figure 11. Contribution to the external cost of each biogescess step for the energy vectors
considered in the full-scale scenario



Highlights:

- A MILP model has been developed to optimize the economic and environmental performance of
the biogas supply chain
- The external costs methodology has been included in the optimization process

- The emissions of the most relevant pollutants generated along the supply chain have been included
in the assessment

- Different biogas utilization pathways have been considered



