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Abstract: An efficient use of biomass resources is a key element of the bioeconomy. Ideally, options
leading to the highest environmental and economic gains can be singled out for any given region.
In this study, to achieve this goal of singling out an ideal technology for a given region, biotechnologies
are assessed by a combination of techno-economic assessment (TEA) and territorial metabolism
life cycle assessment (TM-LCA). Three technology variations for anaerobic digestion (AD) were
assessed at two different scales (200 kW and 1 MW) and for two different regions. First, sustainable
feedstock availability for two European regions was quantified. Then, the environmental impact and
economic potential of each technology when scaled up to the regional level, considering all of the
region’s unique sustainably available feedstock, was investigated. Multiple criteria decision analysis
and internalized damage monetization were used to generate single scores for the assessments.
Preference for the technology scenario producing the most energy was shown for all regions and
scales, while producing bioplastic was less preferable since the value of the produced bioplastic plastic
was not great enough to offset the resultant reduction in energy production. Assessing alternatives in
a regional context provided valuable information about the influence of different types of feedstock
on environmental performance.

Keywords: anaerobic digestion; polyhydroxyalkanoates; life cycle assessment; techno-economic
assessment; territorial metabolism; regional assessment; wet oxidation; biogas; biomass valorization

1. Introduction

One of the goals of the European Union (EU) is to stimulate the creation of a competitive low
carbon economy that is able to provide a reduction of 80%—-95% greenhouse gas (GHG) in Europe
by 2050 [1]. Energy production is an important sector where changes can be made in order to reach
this ambitious target. Shifting from fossil-based energy to renewable sources of energy can lead
to GHG reductions, provided the value chains for the renewable energy sources can lead to better
overall environmental performance. A careful evaluation of new renewable energy pathways has
previously been recommended [2] and various studies have shown wide ranges for GHG emissions
of renewable energy systems [3,4]. Moreover, and particularly relevant to biomass based renewable
energy, in some cases lower GHGs are not accompanied by lower emissions of other environmentally
concerning emissions, such as those contributing to eutrophication, acidification, and human/ecosystem

Sustainability 2020, 12, 3676; doi:10.3390/su12093676 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-0701-7994
https://orcid.org/0000-0001-8550-4491
https://orcid.org/0000-0002-2988-4335
https://orcid.org/0000-0001-6989-1647
http://dx.doi.org/10.3390/su12093676
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/9/3676?type=check_update&version=3

Sustainability 2020, 12, 3676 2 of 35

toxicity [5,6]. Within the various renewable energy sources, biomass is important as in 2015 it already
supplied 10% of the global demand for primary energy consumption [7]. In Europe, demand for
electricity biomass, heating, and transport was around 5010 PJ in 2012 and it is estimated to rise to
7437 PJ in 2020 in order to meet renewable energy targets in the EU. Thereby, it is important to consider
additional renewable energy with holistic perspectives that can quantify the environmental performance
of renewable energy from biomass resources. Life cycle assessment (LCA) is an internationally
recognized, standardized tool with a mature methodology capable of assessing large systems and
giving a complete assessment of environmental impacts [8]. As such, LCA has been used widely
and is aligned with the sustainable development goals (SDGs) developed by the United Nations [9],
which incorporate life cycle thinking into, for example, goal number 12 (sustainable production and
consumption patterns) [10]. Under the umbrella of SDGs, decoupling economic growth from the
unsustainable use of resources is of prime importance so that future generations may enjoy precious
natural resources. Thus, measuring progress towards these goals is necessary from both an economic
and environmental perspective, which makes the use of mixed assessments necessary.

Out of the estimated 7437 PJ demand for biomass energy in 2020, 887 P] are expected to come
from biogas [11]. Biogas production has increased significantly in the EU, from 92 PJ in 2000 to 654 PJ
of primary energy in 2015, with a total of 17,400 installed biogas plants [7]. Anaerobic digestion (AD)
is a versatile technology for many reasons, one being that it is possible to install decentralized plants
near agricultural sources of feedstock. In terms of biomass resources, AD can utilize various types of
organic waste aside from agricultural residues, including industrial wastes such as slaughterhouse
wastes and residues from food production, sewage sludge and the organic fraction of municipal
solid waste. The produced biogas can be valorized in several ways, such as for heat and electricity
production in combined heat and power engines (CHP); injection into the natural gas grid after an
upgrade to biomethane; or use in the transport sector. It is at least in part due to this versatility that
AD can serve as a successful platform for the bioeconomy. In addition, the latest developments in
biogas technology expand the platform beyond energy into materials production [12]. While some
of the advances focus on optimizing energy extraction, such as wet explosion pretreatment aimed
at unlocking the lignocellulosic fraction of waste [13], or adding a separate dark fermentation step
before methanization so as to increase hydrogen content of the biogas [14], other innovation allows for
the production of biopolymers via the modification of the AD process [15]. By isolating the volatile
fatty acids (VFAs) produced during the AD process and feeding them to microbes in a multi-stage
process, intracellular polymer, such as polyhydroxybutyrate (PHB) of the polyhydroxyalkanoates
(PHAs) family of biodegradable polymers can be produced and later extracted from the bacteria. In this
way, it is possible to turn biogas plants into chemical platforms, which can expand the acting field of
AD to new utilization and valorization opportunities.

Needless to say, biogas relies on available biomass and by definition is constrained to these finite
resources. Various studies have focused on mapping out the availability of biomass in Europe for
the production of energy and biogas [16-21]. Though the quantified potentials vary widely due to
methodological selections and database choice, it is generally acknowledged that the extraction of
biomass must be done with care to avoid competition with food resources and unwanted market effects,
such as increases on land and maize prices [22,23]. Still, Scarlat et al. [11] warns that even though
domestic biomass supply in the EU is enough to satisfy the demand required to accomplish national
renewable targets, as much as a quarter of the biomass demand may be sourced from third countries
(outside of the EU) in 2020. Since this is due to market effects, it is imperative to take economics
as well as environmental aspects into account so that the appropriate support systems are in place
for the development of a sustainable renewable energies market and thereby a sustainable biogas
sector. In this regard, it is important to determine if the emerging biogas innovations mentioned are
environmentally sound and lead to environmental performance improvements in comparison to the
status quo. As has been pointed out before, the prefix bio does not guarantee sustainability [24]. Biogas
capacity already built in Europe is an important aspect when analyzing any additional capacity that
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may be built in an area, e.g., considering that 50% of the EU’s biogas capacity is in Germany [7]. As has
been pointed out by Bojesen [25] and colleagues, who estimated service areas for existing and future
biogas plants in Denmark, the availability of feedstock in relation to plant location is an important
aspect. An inadequate assessment of a plant’s sourcing ability may lead to high operation costs from
increased transport demand or inadequate sourcing of feedstock [25]. In turn, high transport distances
may negate the environmental benefits brought about by biorefineries, as shown in Croxatto Vega et
al. [26] which applied the territorial metabolism-LCA approach (TM-LCA) [27] and found distances of
50 km to be the upper limit.

This study performs a step-wise assessment starting from individual plant level and investigates
the implementation potential of the PHB and AD-Booster technologies in two different plant scales.
A techno-economic assessment (TEA) and LCA are carried out for this aim. The results from the
TEA-LCA are used to structure implementation of the technologies at the regional level. The TEA relates
the plant scale and processing capacity to capital expenditure (CapEx) and operational expenditure
(OpEXx) of the plant, and to the break-even prices of products. In the LCA, the environmental aspects
of different technologies are quantified. The implementation of the two technologies is analyzed for
two regions defined by the nomenclature of territorial units for statistics (NUTS) from Eurostat’s
definition of regions (NUTS2 regions): Bavaria, Germany and Veneto, Italy. We analyze the potential
impacts of the two innovative technologies (PHB and AD-Booster) against the current level of biogas
implementation for the regions. First, we use TEA to analyze the effect of scale on the economic
potential considering relevant plant sizes. Concurrently, we provide a mass flow analysis for the
regions to better understand the energetic potential of agricultural residues produced within the
regions (i.e., both the residues already in use for biogas and not yet exploited) as well as the level of
development of the biogas sector (i.e., installed capacity). Finally, we use the results from the TEA
of each technology to perform a TM-LCA, which will be able to tell us the possible environmental
improvements (or deterioration) potentials for the whole region, if all of the residues are processed
with the new technologies. We place special attention on the repercussions for the farmer, especially
from installation of large biogas plants, which can potentially monopolize biomass resources over
a large area. Vice versa, we explore the possible needs and constraints for biogas developers in the
two regions. In this way, we seek to explore new biotechnological implementation potentials from a
stakeholder’s perspective.

2. Method

2.1. Plant Level Assessment

The potential of implementing new AD technology was analyzed at two different scales. Data
was collected from two biogas plants: a 1 MW installed electric capacity plant in Veneto, Italy and a
smaller 200 kW plant in Bavaria, Germany, hereafter referred to as “the farms”. Both plants operate on
a mixture of cow manure, crop residues, and maize silage (Table 1). Both plants valorize biogas in
CHP units, which produce heat as a waste product. Both plants utilize the co-produced heat in the
plant’s operation and additionally, in the Bavarian case, the surplus heat produced is utilized in the
district heating network for a nearby village [28].

Table 1. Feedstock mix employed in the farms.

200 kW 1MW
% ww 1 ton/day % ww 1 ton/day
Cow manure 57% 11.3 82% 131.4
Maize Silage 27% 5.5 14% 23.0
Grass silage 14% 2.7 3% 5.4
Grain 2% 0.4 0% 0.0

1 Percent on a wet weight basis.
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2.2. Technology Description

Three technology scenarios were assessed. Conventional AD was chosen as the baseline and two
emerging treatment processes that can be added to existing AD were assessed for the comparison.
All technology scenarios are modelled with a biogas leak of 3% of the produced biogas [22].
The technology set ups are: AD, AD + Booster, and AD + PHB.

2.2.1. Anaerobic Digestion

Conventional AD was modelled using SuperPro Designer, following the details received from the
farms (Figure 1). The feedstock is grinded before it enters the anaerobic digester. The anaerobic digester
produces biogas and digestate. The AD model was populated with the most common stoichiometric
equations governing anaerobic digestion in [29]. Internal electricity consumption for the whole process
was 7.5% of produced electricity based on data obtained from the farms operating biogas plants.
A methane content of 50% for the biogas and an electrical efficiency of 38% for the CHP unit was
used, based on the received data, yielding a 1.9 kWh/m? of biogas. Internal thermal energy usage
was assumed to be 40%. The methane content, electrical efficiency, energy content of the biogas, and
internal heat use was equal in all technology scenarios.

S01 Feedstock S03 Biogas

S02
+ > |
Q S04 Digestate

Grinding  An.Digestion

Figure 1. Simplified flow chart of anaerobic digestion.
2.2.2. AD + Booster

The AD + Booster technology consists of an extra tank where the wet explosion technology is
applied under high heat and pressure conditions [13]. The AD + Booster scenario (Figure 2) was
designed with information obtained from the technology developers [30]. In comparison to AD, the
AD + Booster technology increases the conversion yield of cellulose to biogas from 52% to 88% and the
conversion yield of hemicellulose to biomass from 75% to 98%. This scenario has an internal electricity
consumption of 9.5% of produced electricity. On the other hand, the biogas yield is 12% to 16% higher
than the AD scenario.

S01 Feedstock S02 X S03

|

Grinding An.Digestion 1

$11 Biogas
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Separation AD Booster An. Digestion 2

$10 Digestate

Figure 2. Simplified flow chart of the anaerobic digestion (AD) + Booster technology.
2.2.3. AD + PHB

In order to include a PHB producing section into an existing AD plant, a few extra pieces of
equipment are necessary (Figure 3). AD is split into two tanks, the first is of short retention time
and is where the VFA are produced and rerouted for PHB production. After this step, a screw press
and a filtration unit separate solid from liquid. The solid fraction is fed to the AD tank where it
continues the regular AD process, while the liquid fraction goes into a series of bio-oxidation units
where selection and accumulation occurs via the feast and famine method [15]. The bio-oxidation
equipment, in SuperPro Designer, was populated with stoichiometric equations obtained from the
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technology developers. Finally, PHB can be extracted using sodium hypochlorite and a final filtration
step recovers a crude PHB. In comparison to AD, this scenario has an internal electricity consumption
of 15% of produced electricity and a biogas yield from 24% to 30% lower than AD.
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Figure 3. Simplified flow chart of the AD + polyhydroxybutyrate (PHB) technology.

2.3. Regional Feedstock Availability

2.3.1. Crops

Primary production amounts and land cover of individual crops was obtained from the Eurostat
database (apro_cpnhr, [31]) for the two NUTS2 regions. As much as possible, the most recent data on
production statistics was used, for the period of 2008-2018. For Veneto, data coverage on crops by
Eurostat was very incomplete. Thus, it was preferable to use data from the National Italian Institute of
Statistics (ISTAT) [32], where data is available for the whole period at the NUTS2 level. The production
yield (production amounts divided by area of production) was then averaged over the period to
derive an average production per year for the regions. Residue:crop ratios where then applied to the
production yield to derive a total annual amount of residues for each crop. A list of the residue:crop
ratios (Table 2), as well as grouping of Eurostat categories used are provided (Table A1, in Appendix A).
For the most part, it was assumed that only residues are used for AD (or AD + innovation), with the
exception of energy crops where the whole plant is assumed to enter digestion. Energy crops included
are maize silage, green maize, and sorghum. Only crops which are most commonly considered for
biogas operation were included in the study; we excluded horticultural crops that do not typically
serve a purpose in AD.

Because wine grapes are an important crop in the Veneto region, they are also present, though to a
smaller extent in the crop mix of Bavaria. Amounts of winery pomace were also taken into account
as potential AD feedstock. Data on wine production was obtained from Eurostat (vit_t1, vit_an5,
vit_an?7, [33,34]) for both regions and the data for Veneto was checked against ISTAT data. The period
for Eurostat wine data differed slightly and included the years 2001-2009, and 2015. The amount of
pomace produced was estimated based on [35], which reports a 25% conversion rate from grapes
to pomace.

After obtaining total crop residue amounts for the region, it is necessary to estimate a technical
and sustainable potential for collection of the residues. The technical potential may potentially exclude
the share of residues which is too difficult to collect, as well as the share that has known competing
applications (Table 3). For example, this is the case for straw from cereal production, which is typically
used for bedding and feed for cattle and other animals [36]. Sustainable potential collection, on the
other hand, takes into consideration soil fertility. Residues may, for example, be left on agricultural
fields to uphold the organic matter content of the soil and protect it from excessive erosion. Sustainable
potential collection factors typically used in the literature vary from around 10% to 50% of the most
common types of residues, i.e., excluding pomace and energy crop [37], and it has been shown
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that residue removals above 50% may negatively affect soil organic carbon storage [38]. Nearly all
studies [11,16,19-21,36,39] that evaluate biomass potential for bioenergy purposes apply some sort of
technical/sustainable collection factor, yet many of these studies do not report the actual values used
or leave values out. We report all the values used in Table 2, since this is one of the most important
determinants of potential for biomass utilization.

Table 2. Sustainable removal factor of various crops.

Fraction of Total Residues References
Cereal straw 0.3 [40]
Rice straw 0.5 [19,21]
Maize 0.5 [19,21]
Leguminous 0.1 [36,41]
Sugar neet 0.5 [36,41]
Rape 0.5 [19,21]
Sunflower 0.5 [19,21]
Soya 0.4 [17]
Oily 0.1 [36,41]
Industrial 0.4 [17]
Forage 0.1 [36,41]
Energy crop 0.9 [19,21]
Pomace 0.99 [42]

Table 3. Competing application factors for cereal straw.

Feed ! Bedding !
Straw for bovine 2 0.1 0.8
Straw for swine 2 0.6
Straw for sheep 3 0.025 0.2
Straw for goat 3 0.025 0.2
Straw for poultry 4 0.0125 0.1

1 unit is ton per livestock unit*yr. 2 [40]. 3 Estimated value. Sheep and goat use a fourth of bovine. 4 Estimated

value. Poultry uses a half of sheep and goat.

2.3.2. Manure

Animal production data was obtained from the Eurostat database (agr_r_animal) for bovine,
swine, sheep, and goats for the period of 2008-2018. At the NUTS2 level, it is possible to obtain data
for the number of animals in thousand heads. It is then necessary to estimate the amounts of manure
excreted by the different types of animal, which varies also with their age (dairy cows, calves, sows,
piglets, etc.). Values of manure production are calculated using the methodology detailed in [43]
following the definitions for the various animals in [44]. The values are reported in Appendix A, in
Table A2. Poultry production is not reported in the above-mentioned database, thus it was necessary
to use the ef_Isk_main Eurostat database, which reports livestock units (LSU) for poultry for the years
2005, 2007, 2010, 2013, and 2016 at the appropriate regional level. This was the best available data for
poultry at the NUTS2 level. LSU values were converted to poultry heads, following the methodology
outlined in [43].

Similarly to crop residues, a technical potential was considered for animal manures. Here, for
cattle, the potential collectable manure was estimated based on the type of housing and rearing. Since
European regulation on organic production of agricultural products specifies that organic “livestock
should have permanent access to open air areas” in most cases [45] and that there shall be a connection
between land management by the use of manure, i.e., meaning that organic production must maintain
the fertility of soil by applying cover crops, green manures or organic livestock manure, it was assumed
that manure could only be collected in the harsh winter months (at most) from organic cattle farms [46].
The estimate for housing types was derived from the Farm Structure Survey (FSS) [47] carried out
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in 2010, since more recent FSS could not be located. The types of housing were assumed to stay
proportionally equal to the values in 2010, though after taking into consideration the growth in the
organic farming sector for cattle rearing. Data on the share of organic livestock was obtained from
statistical data summarized by Eurostat at the national level [48]. For animals other than cattle, the
share of organic production was disregarded since the share is very low (<1% of animals) [48]. Manure
collection factors are given in Table A3 of Appendix A, for all animals and various types of housing.

2.3.3. Installed AD Capacity

Already installed AD capacity has to be considered when assessing additional potential
implementation in the regions. Regional data on biogas installation was collected from various
sources. In Veneto, a total of 220 biogas plants were in operation by 2018, of which 89% were considered
agricultural plants, i.e., treating crop residues, energy crops and animal manures [49]. By contrast,
2566 plants were installed in Bavaria by 2019 [50], of which 93% were considered agricultural AD [7],
while the rest were landfill gas and sewage gas. A breakdown of types of installed capacity (scale)
was obtained from a census of installed plants [51] in 2011 in the Veneto region. It was assumed that
installation continued in the same fashion through to 2018, with a preference for plants of capacity
slightly lower than 1MW, due to an all-encompassing subsidy [52]. For Bavaria, data obtained was
detailed down to city/rural district level, which made it possible to use average capacity to determine
the scale breakdown of installed capacity. The types of capacity installed estimated for Veneto and
Bavaria are shown in Table 4.

Table 4. Scale of installed biogas plants in Veneto and Bavaria.

Type of Capacity Veneto Bavaria
2018 2019
(kWe) n Yo n. Yo
<100 23 12% 9 0%
101-500 43 22% 1352 56%
501-1000 118 60% 1010 42%
>1000 3 1% 11 0%
Biogas in broiler 0 0% 0 0%
No data 10 5% 15 1%

2.3.4. Regional Energetic Potential

The methane potential of various feedstocks (Table A4, Appendix A) was used to derive the
quantities of feedstock currently being processed by the already installed AD capacity in each region.
Since it was not possible to obtain specific data on precisely what types of feedstock are used at the
NUTS?2 level, statistics on the manure to crop share processed in AD were scaled down from national
to regional level. For Germany, feedstock inputs for agricultural biogas plants are on average 45%
manures and 55% crop material [28], while in Veneto the mix is on average 55% manures and 45% crop
material [53]. A CHP electrical efficiency of 38% and a value of 9.97 kWh per liter of methane (CHy,)
were assumed. The capacity installed in each region corresponds to 137 MW in Veneto and 1237 MW
in Bavaria. Taking account for the installed capacity, the average mix of manure and crop material
present in each region is then used to estimate more precisely the feedstock already used in AD. The
final available potential can then be calculated by taking the total agricultural feedstock produced and
subtracting competing applications for animals, soil organic matter and already installed capacity.

2.4. TEA Method

TEA of the different technologies, utilizing different feedstock mixes was carried out. Financing
costs, maintenance and plant overhead costs, labor related costs, and feedstock costs were aspects
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considered for the TEA. For all scenarios, it was assumed that the AD plant has a productivity of
8760 hours per year.

The CapEx of the AD plants were estimated using a CapEx of M€ 4 for a 1 MW plant complete
with AD, H,S washer, and generator as a reference, which scales with a power of 2/3 to the electricity
output [28,54]. The AD + Booster technology requires extra equipment for the separation and heat
treatment, but it also reduces the required hydraulic retention time and therefore the required equipment
size of the digester. Based on expert knowledge, it was assumed that regarding the CapEx these aspects
equalize and therefore the CapEx of the AD + Booster scenarios is equal to that of the AD plants.
The PHB production requires extra equipment for separation, filtration, selection, accumulation, and
concentration. Based on expert knowledge, the CapEx for the AD + PHB scenarios was estimated to be
25% higher compared to that of the AD plant.

The financing costs were based on an amortization of the CapEx over 10 years with no interest.
Maintenance, tax, insurance, rent, plant overhead, environmental charges, and royalties were assumed
to be 10% of the CapEx per year [55,56].

The AD plants were assumed to have a high level of automation, thus, the labor related costs for a
1 MW plant are based on a 1 shift position. Assuming that an operator earns a salary of €18/h and
including costs for supervision (+25%), direct salary overhead (+63%), and general plant overhead
(+122%) [55], resulted in total labor related costs of k€ 500/y. For the 200 kW plant the labor related
costs were divided by five, assuming farm personnel are available part-time. As the PHB production
requires a number of extra unit operations and produces an extra product, the labor related costs were
assumed to be 50% higher.

The feedstock costs including raw material, and handling and transportation costs are shown in
Table 5. The costs for the different types of manure were estimated based on short distance transport
costs of manure of €1/ton wet weight (WW) and thereby depend on the dry weight (DW) content of
each feedstock. Grass and corn silage were assumed to be produced close to the AD plant and costs
were estimated based on [57] and [58]. The costs for wheat straw, corn stover, and soybean straw were
based on baling and transportation costs. The costs for vine shoots were based on harvesting and
transportation costs. The costs for grape pomace, sugar beet pulp, and grain were based on [58].

Table 5. Feedstock costs in euro per dry weight.

Feedstock Costs

Chicken manure €5/ton DW

Cow manure €9/ton DW
Pig manure €18/ton DW
Grass silage €100/ton DW
Corn silage €120/ton DW
Wheat straw €40/ton DW
Corn stover €40/ton DW
Soybean straw €40/ton DW
Vine shoots €60/ton DW
Grape pomace €150/ton DW
Sugar beet pulp €150/ton DW
Grain €200/ton DW

Based on the total costs, the break-even prices for electricity and crude PHB were calculated. In the
scenarios in which crude PHB is produced, the break-even price of electricity is equal to the regular AD
scenario. The break-even prices were compared to selling prices of electricity and PHB (Table 6). As in
the AD + PHB scenarios a concentrated crude PHB is produced, extra required purification costs were
included. For comparison between the economic performance of each scenario, the required subsidy,
i.e., the difference between the selling prices and the break-even prices was calculated.
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Table 6. Product selling prices.

Product Specification Price Reference
Electricity Germany €0.042/kWh [59-61]
Italy €0.058/kWh [59-61]
Thermal energy Germany €0.025/kWh [28]
PHB Purified PHB €3.6/kg [15,62]
Purification costs €1.8/kg [62]

2.5. LCA Method

LCA is a standardized methodology governed by international standards and guidelines [8].
Among these, the ILCD handbook offers detailed guidance on how to carry out LCAs in accordance
with the definitions set out by the European guidelines [63]. Using this guidance, the study at hand is
considered a situation A “micro-level decision support”, since structural changes are not foreseen to
occur in the background system, due to the small share of biogas in the overall context of renewable
energy. Thus, average mixes were used for the background system and replacement of substituted
products. Where co-products are produced, such as in the case of AD + PHB, system expansion is used.
The same was done for heat, which is produced as a by-product when biogas is burned in a CHP unit.
Though in the latter no credits were awarded in the Veneto region for the produced heat, since this is
not yet valorized in Italy [51], apart from what is used for own consumption from operation of the plant.
In Germany, the situation is slightly different, and thus, a credit was given to the co-produced heat at a
rate of 0.52 kwh heat/kwh electricity, based on the amount of heat utilized at national level [28].

Residue feedstocks that are presently not typically valorized, apart from biogas production, come
into the system burden free, since the burden of production was allocated solely to the main product.
This is the case for animal manures, pomace and vine shoots. However, for energy crops, the full
burden of production was taken into account, i.e., maize silage, grain and grass silages. For agricultural
residues currently valorized in the market, such as sugar beet pulp, corn stover, and soybean straw,
the burden of production was distributed by economic allocation, while for wheat straw an existing
Ecoinvent process was used. The allocation key is shown in Table 7.

Table 7. Economic allocation key for crop by-products.

% % of Reference
Corn stover 47 maize production [64,65]
Sugar beet pulp 6 sugar production [66]
Soybean straw 12 soybean production [67]

In order to visualize the benefit of digesting manure, emissions from storing manure have been
included in the assessment. A period of 50 days of manure storage, minus two weeks of unavoidable
storing to account for losses and manure in housing units, is avoided by instead treating the manure
with the technology scenarios. The quantity of avoided methane is directly proportional to the quantity
of manure available in the region or the amount of manure is the feedstock mix. Values used for the
calculation are included in Table A5 of Appendix A.

The product system modelling software OpenLCA [68] was used for the modelling and subsequent
analysis, utilizing the Ecoinvent v3 database [69]. ReCiPE Hierarchist (H) [70] was chosen as the
impact assessment method, and results were generated at midpoint and endpoint. The time horizon
for calculation of impacts is 100 years from point of emission.

2.5.1. Plant Level

The functional unit (FU) at plant level is the treatment of 1 ton of feedstock of local characteristics,
defined in Table 1 for each plant. Biogas is burned in a CHP, producing heat and electricity. Electricity



Sustainability 2020, 12, 3676 10 of 35

substitutes the production mix corresponding to the geographical location of each biogas plant. Heat
utilization was modeled as substituted district heat for the 200 kW Bavarian plant based on their data,
while there is no heat utilization for the industrial size plant in Veneto. PHB production offsets average
global thermoplastic production (Table A6, Appendix A).

2.5.2. Regional Level

The FU at NUTS2 level is the treatment of all the AD compatible feedstock defined through the
mass flow analysis of available potential for each region (see Section 3.1). An energetic cut off of 1%
was applied, so that feedstocks contributing less than 1% of total energetic potential of all feedstock in
the region were left out. To simplify matters further, partly due to results from the TEA, the regional
assessment was done for plants of industrial size, i.e., 1000 kW for both locations, processing a feedstock
mix corresponding to the regional availability, which is defined in the regional feedstock availability
assessment. Transport for the regional and plant level assessments was included as 1 km of feedstock
transport, and other distances were tested in a sensitivity analysis.

A second sensitivity analysis was also included. The energy grid of each location was replaced
with a theoretical future green energy mix, in order to observe the effect of changing energy grids
through time. This follows best practices for including partially dynamic LCA in systems with a long
service life [71].

2.6. Interpretation of Environmental Impacts

In order to interpret the results, several methods were used. Because of political importance as
well as ease of understanding, GHG emissions were used as a proxy for environmental impacts in some
discussion, though due to the potential issues with only using GHG emissions, e.g., burden shifting [72],
other interpretation methods are were also used. In particular, two methods were used: the first is a
monetization of environmental impacts based on endpoint damages [73] and the second uses a form of
multiple criteria decision assessment called technique for order of preference by similarity to ideal
solution (TOPSIS) [74], utilizing the implementation method ArgCW-LCA [75].

In the first of these two methods, monetization and ReCiPe endpoint damages [76,77] are used
to calculate the external costs of the implementation of a given technology at a given scale or region.
This was done through two methods. The first, for ecosystem damages, is based on budget constrained
ability to pay, which is used to derive a valuation for species years (Species.Yr) gained or lost [78], as this
is suggested as the least uncertain method for this valuation [79]. For that valuation, 65,000 USD»gg3
per Species.Yr was utilized. In order to evaluate the disability adjusted life year (DALY) loss or gain,
a value from Dong et al., who assessed a number of different methods, was utilized [80]. The valuation
derived in these different methods varies significantly, on the range of 1 to 2 orders of magnitude.
Therefore, here we used the average of these values, 110,000 USD53 per DALY, which is also in line
with the value derived from budget constraint monetization [78], which again should have the least
uncertainty. Since resource scarcity endpoint damages are already expressed in monetary terms, no
further interpretation is necessary.

In the second method used for deriving a single score, based on the ArgCW-LCA method [75],
ReCiPe midpoint environmental impacts [76] along with a valuation of required subsidy for profitability
to represent the economic impacts were used as the input criteria for TOPSIS utilizing weighting based
on what Sohn et al., describe as a context weighting factor (CWF) [75]. Per a suggestion from the
ArgCW-LCA method, as there was no specific stakeholder group present, the stakeholder perspective
element was omitted from the method application. For this application, normalization for an average
European person year emission was used [81]. Thus, weighting of the environmental impacts is
derived, as described in the ArgCW-LCA method, by taking an average of two values: the average
of the normalized midpoint impacts for impact category ‘i’ amongst all assessed scenarios, and the
difference of the minimum and maximum normalized impacts for impact category ‘i’ amongst all
assessed scenarios. This accomplishes two things: (1) taking the average of the normalized impacts
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scales the importance of emissions of the system to status quo emissions and (2) taking the difference
between the maximum and minimum normalized impacts is to scale relative to the ability for choosing
amongst the available alternatives to cause significant change in status quo emissions. This was
completed for all impact categories resulting in the CWF for the environmental impacts. Economic
impacts were ascribed a range of weights relative to the sum of weighting given to environmental
impacts ranging from 10%-90%. The system was also run using equal weights for all criteria as a point
of comparison to the context weighted and the other single score results.

3. Results and Discussion

3.1. Regional Feedstock Availability and Potential Bioenergy Production

A complete table of the sustainable/technical feedstock potential is presented in Appendix B,
Table A7, for Bavaria and Veneto. These amounts were used for the TEA-LCA as the regional feedstock
mix, though with a 1% cut-off based on the energetic potential of the feedstock.

When graphed on a % wt basis (Figure 4), a relatively large proportion of production of energy
crops is evident in Bavaria. Both regions are rich in cattle manure and have a noteworthy amount of
swine manure. After energy crops, the most abundant residues are cereal straw for Bavaria and sugar
beet straw and soybean residues for Veneto. The regions notably differ from each other, in particular
with regard to the production of certain crops, for example sugar beet, soya and grapes. The grapes,
represented by pomace, are much more prominent in the Veneto region.

Swine ‘ Swine Poult aize straw
7% 2% 4%

/
Bavaria Veneto S

27%

Vine Sh
Bovine €

53%

Bovine
58%

Figure 4. Share of total mix of agricultural residues on a % wt basis for Veneto and Bavaria.

In comparison to Veneto, Bavaria has a much larger share of energy crops, mainly maize silage. This
greater share of energy crops is explained by feed incentives given to biogas plants using energy crops
in Germany during 2004-2008 [82]. Although maize production has been capped by several German
rulings, from 60% by mass input in 2014 lowered to 50% in 2018 and 44% by 2021, the combination of a
high animal density and fodder production means that growing of maize has increased exponentially
with unintended consequences, such as increasing land prices [22,82]. In Veneto, the feedstock mix
exhibits more variability and the expansion of energy crops has not been as dramatic. This may likely
be due to the Biogasdoneright™ concept promoted by the Italian Biogas Association, which originates
in northern Italy, under which sequential crop cultivation is practiced, where the primary food crop
goes to its intended purpose, and a secondary cover crop serves as feedstock for biogas plants [83].

Nevertheless, in energy terms, the potential of the feedstock mix is different than the availability
based on mass, mostly due to the poor methane potential of some of the feedstocks. Without subtracting
the feedstock that is already being used in the installed capacity of these regions, the energetic potential
(based on electrical power) is seen in Figure 5. The largest share of potential is dominated by different
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feedstocks in the two regions. In Bavaria, the largest share can be obtained from energy crops,
while in Veneto the largest share can come equally from cattle manure or energy crops. As a rough
estimate, 153 PJ and 38 P] remain as unexploited feedstock. This represents 31% and 54% of the total
available feedstock potential, in Bavaria and Veneto, respectively, which is estimated as described in
Section 2.3.4. However, for the LCA, all of the feedstock in the region was assumed to be utilized by
the technologies, since in theory biogas plants can be retrofitted with the additional equipment needed
for implementation of the AD + Booster technology and PHB production.

ultt
2%
Swin
2%
|
Maize straw
10%

Total
Vine as,lzools 7 O P J Sugar I;;et pulp.

Bovine
14%

Bovine
21%

Total
492 PJ

Energy crop

51% Energy crop
21%

Figure 5. Energetic potential from agricultural residues for Bavaria (left) and Veneto (right) as %
energy basis.

3.2. TEA Results

Based on the technical description of the different technologies and the different feedstock
compositions, the flow sizes, flow compositions, production of electricity, heat, and crude PHB were
estimated. Linking these process parameters to the economic parameters results in the TEA in Table 8.

In all scenarios, the financing, maintenance, labor-related, and feedstock costs are in the same
order of magnitude. The contributions of these cost aspects to the total cost vary between 19% and
34%. The small-scale scenarios have, relative to annual production, a larger CapEx compared to the
industrial scale, therefore financing and maintenance costs increase the break-even prices for the
small-scale scenarios. This results in a break-even price are 34% higher for electricity and 27% higher
for crude PHB for the small-scale scenarios, compared to the industrial scale scenarios. As all cost
aspects are in the same order of magnitude, the extra required labor in the AD + PHB scenarios results
in a significant contribution to the total costs. Logically, the extra labor related costs increase the
break-even price of crude PHB. Compared to the feedstock costs of the studied plants, the regional
level feedstock in both Bavaria and Veneto have a slightly higher contribution to the costs and to the
break-even prices. In the Bavaria scenarios, the revenues of the thermal energy cause a reduction to
the break-even prices of 8% for the small scale and 6% for the industrial scale, relative to scenarios that
do not utilize the thermal energy.

For the 1 MW AD plant scenarios the average estimated break-even price for electricity is
€0.22/kWh. For the AD + Booster scenarios, the average estimated break-even price for electricity is
€0.19/kWHh, a reduction of 12% in comparison to AD alone. Using the break-even for electricity of
regular AD in the AD + PHB scenarios results in an estimated break-even price for crude PHB in the
range €4.3/kg to €4.7/kg. When the purification costs of €1.8/kg are included, the break-even price
range for PHB is in the range €6.1/kg to €6.5/kg. Due to the difference between market price and the
break-even prices, as outlined in Section 2.4 (Table 6), it is clear that both electricity and PHB require
large subsidy contributions to be profitably produced in AD plants. Relative to their respective market
prices, the required amount of subsidy for the production of PHB is smaller compared to the subsidy
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for the production of electricity. Nevertheless, the production of PHB requires the co-production of
electricity (Table 8).

Table 8. Techno-economic assessment (TEA) results of different scenarios.

Plant Level
Small scale (200 kW) Industrial scale (1 MW)
AD + AD + AD + AD +
AD Booster PHB AD Booster PHB
CapEx M€ 14 14 14 4.0 4.0 4.0
Electricity Produced kW 200 224 138 1000 1124 662
Internal use kW 15 19 30 75 95 150
Offset kW 185 205 108 925 1029 512
Thermal energy Produced kW 326 365 224 1632 1834 1080
Internal use kW 131 146 90 653 734 432
Offset kW 196 219 135
Crude PHB Offset ton/y 58 287
Costs Financing k€/y 137 137 171 400 400 500
Maintenance, etc. k€ly 137 137 171 400 400 500
Labor-related k€ly 100 100 150 500 500 750
Feedstock k€ly 142 142 142 440 440 440
Total k€ly 516 516 634 1740 1740 2190
Break-even price Electricity €/kWh 029 0.26 0.29 0.21 0.19 0.21
Crude PHB €/kg 5.7 43
Subsidy Electricity kely 405 393 236 1274 1222 705
Crude PHB k€/y 225 711
Total ke€/y 405 393 460 1274 1222 1416
Regional Level
Bavaria region (1 MW) Veneto region (1 MW)
AD + AD + AD + AD +
AD Booster PHB AD Booster PHB
CapEx M€ 4.0 4.0 5.0 4.0 4.0 5.0
Electricity Produced kW 1000 1144 742 1000 1155 755
Internal use kW 75 95 150 75 95 150
Offset kW 925 1049 592 925 1060 605
Thermal energy Produced kW 1632 1866 1211 1632 1885 1232
Internal use kW 653 746 485 653 754 493
Offset kW 481 545 308
Crude PHB Offset ton/y 255 227
Costs Financing k€/y 400 400 500 400 400 500
Maintenance, etc. k€ly 400 400 500 400 400 500
Labor-related k€ly 500 500 750 500 500 750
Feedstock k€ly 558 558 558 509 509 509
Total k€ly 1858 1858 2308 1809 1809 2259
Break-even price Electricity €/kWh 022 0.19 0.22 0.22 0.19 0.22
Crude PHB €/kg 4.4 4.7
Subsidy Electricity k€ly 1415 1356 906 1343 1275 879
Crude PHB k€/y 660 666
Total ke€ly 1415 1356 1567 1343 1275 1545

3.3. LCA Results

3.3.1. Midpoint Results

Results were obtained both at midpoint and endpoint level, using the ReCiPE 2016 (H) LCIA
methodology. The results were internally normalized and ranked relative to the best-performing
technology scenario. Midpoint level results for both regions and scales showed, for the most part, the
same technology preference, pointing to AD + Booster as the best performer across impact categories
(ICs), followed by AD and lastly AD + PHB. In the Veneto region, slightly more variation is observed
across impact categories (Figure 6) and AD + PHB can at times be the best performer, as seen in the
Ionizing Radiation, Land Use, and the Mineral Resource Scarcity ICs. The importance of this variation
was tested with TOPSIS and is discussed further in Section 3.4.
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Figure 6. ReCiPE (H) Midpoint results for the region of Veneto for the three technology options i.e.,
AD, AD + Booster, and AD + PHB. Results are normalized per impact category to the worst or best
performing scenario. Negative values show impact savings while positive values show burdens.

Midpoint results for the two farms assessed the small scale 200 kW farm in Bavaria and the
1000 kW farm in the Veneto region showed identical preference to the regional assessment when ranked
within geographical location. However, more rank switching is observed when ranking is done across
scales; this is explored further and discussed in Section 3.4., where rank reversal is checked thoroughly
for both regional and scale assessments. Figures of normalized midpoint impacts for the Bavarian
region, small and industrial scale are shown in Appendix B (Figures A1-A3), as well as tables of raw
midpoint/endpoint results (Tables A8-A11).

3.3.2. Global Warming

As mentioned previously, global warming potential (GWP) shows the same technology preference
as other ICs, with AD + Booster performing better than AD, which in turn performs better than AD +
PHB. Looking at the contribution to GWP from the various elements that make up the system, it is
possible to understand this preference. As can be seen in Figure 4, the higher energy production of
the AD + Booster induces a higher electricity offset, which is largely responsible for the technology
preference exhibited by the results. It is also evident that the offset for substituting plastic in the
market for the AD + PHB options is very moderate and occurs on account of lower energy production,
resulting overall in the lowest GWP savings out of all technology options. Figure 4 also shows the
difference between the two regions on a per ton feedstock mix basis. An important difference can
be observed in the crop mixture used for each region, where it is evident that Bavaria uses a more
burdensome mix than Veneto. Other than crop differences, methane leaks from the facilities, here
assumed to be 3% of the biogas produced, is an important source of GHGs. This is worth noting, as it
can diminish the savings intended by these technologies. On the other hand, an important savings is
attained by degassing animal manures, which would otherwise sit in storage facilities for a longer
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period producing methane that would be released to the atmosphere. This benefit can be seen in
Figure 7 as the “methane offset storage” and is higher for Veneto due to the higher availability of
animal manures on a %wt basis in this region.

150.00
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Global Warming (kg CO, eq/ton feedstock mix)

-200.00
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BAV_AD BAV_AD+Booster ~ BAV_AD+PHB VEN_AD VEN_AD+Booster ~ VEN_AD+PHB
Crop ® Methane Leak M Process Electricity
W Transport W District Heat Offset W Methane Offset Storage
W Electricity Offset W Plastic Offset ® Total

Figure 7. Global warming potential (GWP) contribution per ton of feedstock mix for the two regions,
BAV for Bavaria and VEN for Veneto, for the three technology options, i.e., AD, AD + Booster, and AD
+ PHB.

Figure 8A,B, shows total GWP savings for both Veneto and Bavaria, respectively. As a total, the
Bavaria region is capable of obtaining GWP savings 7.4, 7.7, and 5.4 times higher than in the Veneto
region for AD, AD + Booster, and AD + PHB, respectively, on an annual basis. This is explained in
part by the scale of the regions, feedstock density of the regions, as well as the energy density of each
feedstock employed in the mix. While Veneto is also the smaller of the two regions, the lower GWP
savings are partly due to an average 25% lower feedstock mass production per area relative to Bavaria.
Moreover, the regional feedstock mix in Bavaria contains ca. 7% more crops and crop residues, among
which maize silage is a prominent one, whilst Veneto contains ca. 7% more animal manures, which
have a low methane/VFA productivity. The feedstock mix of Bavaria results in a higher electricity
offsets, even though its feedstock mix contains a higher share of primary production (1st Generation)
feedstock, i.e., maize silage, rather than secondary production such as straw. In addition, the utilization
of waste heat in the Bavarian system for district heating gives an extra considerable impact offset to
the region. If the heat were to be utilized in Veneto, then an extra 23%-25% savings in GWP could be
attained there.
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Figure 8. Global warming potential if all of the regional feedstock is treated on an annual basis for
(A) Veneto and (B) Bavaria, as well as GWP contribution by the various system phases. Scenarios are
named by the first three letters of the region (VEN or BAV) followed by each technology scenario (AD,
AD + Booster, AD + PHB).

The pattern of feedstock efficiency is repeated when comparing the technologies on a scale basis.
In fact, using more energy dense feedstock, i.e., feedstock that has a higher methane potential, leads
to higher GWP savings for the small-scale facility (S + technology scenario), on a per ton feedstock



Sustainability 2020, 12, 3676 17 of 35

basis, than for the industrial scale (I + technology scenario) (Figure 9). This is true even though the
feedstock mix used in the small scale is more burdensome in terms of GWP, due to the cultivation
phase of the feedstocks. The industrial scale facility still incurs savings to GWD, albeit lower, due to the
poor characteristics of the feedstock utilized, which in this case is ca. 80% cow manure. Technology
preference largely stays the same for both scales, though it is worth mentioning that a friendlier
feedstock mix, i.e., with less first generation feedstocks, such as the one in the industrial scale is more
important for the AD + PHB option, as can be observed when comparing S_AD + PHB and I_AD +
PHB, which have savings of —15 and —25 kg CO, eg/ton, respectively.
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Figure 9. Global warming potential results for the small scale (200 kW) and industrial scale (1000 kW)
cases, per ton of feedstock, as well as contribution to GW by each stage. Scenarios are named as S
for small scale and I for industrial scale followed by each technology scenario (AD, AD + Booster,
AD + PHB).

3.3.3. Sensitivity

Two parameters were tested to assess the sensitivity of the results: transport distance of the
feedstock and the effect of a theoretical future green energy mix in the system.

The effect of transport varies depending on how well the technologies perform. The initial results,
which include a 1 km transport distance were varied and transport was added up to 100 km. The result
can be observed in Figure 10, where it is evident that a further transport distance can be allowed for
the AD + Booster technology in both regions since this is the best performing technology. The point at
which each technology scenario goes from GWP saving to GWP burden can also be seen in the graph.
This point (the y-intercept) is 86, 99, and 42 kilometers respectively for BAV_AD, BAV_AD + Booster
and BAV_AD + PHB, in Bavaria. In Veneto these distances are lower, because of the lower performance
of the technologies in this region, where a transport distance below 59, 65, and 41 kilometers for
VEN_AD, VEN_AD + Booster, and VEN_AD + PHB respectively, would ensure that the technologies
continue to induce GWP savings. Needless to say, the lower the transport distances for the feedstock,
the better the technologies perform.
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Figure 10. Effect of transport of feedstock on GWP savings. Scenarios are named by the first three letters
of the region (VEN or BAV) followed by each technology scenario (AD, AD + Booster, AD + PHB).

The effect of switching the current production mix for the provisioning of process electricity
and electricity offset with a future energy mix mainly composed of renewable sources is substantial
for GWP results. For the regional assessment in Bavaria, all technology options result in impact
burdens for GWP, while they continue to be impact savings for Veneto (Figure 11). This is due to the
feedstock mix emissions in Bavaria, which are no longer counterbalanced by high emissions savings
from offsetting of electricity. As has been shown before [26,84], offsets from replacing GHG intensive
sources of electricity production such as coal, diminish as ‘green” energy sources are implemented in
the energy grid. The implications of this are very important for technologies producing renewable
fuels, as their potential to produce savings will be bound to this future component.
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Figure 11. Global warming result for a future with a theoretical green energy mix. Scenarios are named
by the first three letters of the region (VEN or BAV) followed by each technology scenario (AD, AD +
Booster, AD + PHB).



Sustainability 2020, 12, 3676 19 of 35

On the other hand, BAV_AD + Booster, which is the worst performing scenario in terms of GWP
continues to be the best performing scenario for most other impact categories in the green energy future
SA (normalized midpoint results in Appendix B, Figures A4 and A5). As this clearly points to burden
shifting the results were subjected to two single indicator interpretation methods to clarify the results.

3.4. Single Score Interpretations

Single score results, via TOPSIS developed by applying the ArgCW-LCA methodology [75],
with environmental weights relating the results to a European’s consumption patterns, and an
economic weight derived from the TEA are discussed in this section. When assessed through TOPSIS
(Figure 12), the initial regional results are very clear. Technology preference does not change within
each region no matter which weighting is given to the results. AD + Booster is always the preferred
choice, whether there are equal weights and high or low weight is given to economics. Furthermore,
when impacts are monetized ($) so that the costs of environmental protection are visualized, these
results also agree with the ArgCW-LCA and equal weights (EW) TOPSIS results. From the figure it
is clear that the AD + Booster is also the best performer in terms of economic preference in Veneto
(going up to 90% econ level), and on the contrary AD + PHB appears to be the worst. However, it is
worth noting that in the Veneto region, if environmental concerns are weighed more heavily (<55%
econ level), it is not easy to single out one of the technologies as unequivocally the best performing
option, since the results perform close to equally well. This is not the case for Bavaria where the more
burdensome feedstocks result in a more indisputable preference for the AD + Booster option, which
produces the most energy. The implication of these results, namely that the more burdensome the
energy production is, the more important the energy offsets become, is even more obvious for the
plant level assessment. Here we see that though the technology preference is always the same (AD +
Booster > AD > AD + PHB), the relative difference between the options becomes smaller the higher
the economic weight (approaching 90%) for the Industrial plant in Veneto. This is a different pattern
than the one observed for the regional level, where the distance between options, with and without
PHB, increases with economic weight, and as supported by the assessment of midpoint results, the
technology scenarios are closer to each other when the feedstock mix contains more animal manures
than crop residues (see Figure 9). The same trend is seen for the small-scale plant in Bavaria, where
the distance between the AD + Booster and AD + PHB option decreases with increasing economic
weight. Though in this case, the plant’s economic performance, which is very low in comparison to the
industrial plant, is an important factor pulling all technology options further from the ideal.

The green energy future sensitivity was also checked with the single indicator methodology. The
results again showed to be robust in terms of technology preference for the assessment (Figures A6
and A7). It is important to point out, however, that if the decision was based solely on GWP, then when
looking at the green energy future one would choose AD + PHB in Bavaria, but continue to choose the
AD + Booster in Veneto (Figure A6, Appendix B).

Overall the results are robust, though some clear patterns emerge. The single indicator results
clearly highlight the dependency on the energy extraction efficiency of the options, which have
increasing importance for regions with a more burdensome production, i.e., in the cultivation of energy
crop for biogas production (the BAV and S scenarios). In this case, the electricity offsets are very
important, not only for GWP, but all impact categories considered in an LCA, as evidenced by the
single indicator preference. There are trade-offs when production utilizes a higher share of energy
crops. On the one hand, electricity production is higher and with today’s electricity mixes offsetting
this type of production is highly valuable. On the other hand, it is worth noting that sustainability
criteria for biofuels and biomass fuels might limit this type of production even more in the future. As it
stands today, the renewable energy directive Il sets out a cap on energy crops for renewable fuels and
national caps are also present in various member states. The EC has also singled out feedstock of high
potential for indirect land use change (iLUC), so that renewable fuels do provide the GHG reductions
they are meant to bring. Though small plants are exempt from this cap (ca. <500 kW electric), one
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needs only to look at the German case, where around 50% of plants are small, as an example of how
many small biogas plants can in fact have large consequences for how agricultural land is used.

The assessment also shows that varied production, i.e., not only energy, can be a viable option
for plants with a high content of manures in the mix. In a future with an optimized PHB production
this might be even more beneficial, also if we are to avoid the impacts of microplastic pollution, which
are yet to be included in LCA studies. For now, strong subsidies are needed to increase technology
penetration in the market with constant revision on sustainability targets. Continuing to green the
energy grid should be a top priority by making as much energy as possible and fomenting technologies
that increase the energy that can be obtained from biomass (like the AD booster). Future research on the
possible synergies between technologies such as the AD-Booster + PHB could be interesting to explore.
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Figure 12. TOPSIS results for the regions (top) and scales (bottom), with varying economic importance
(10% to 90%), equal weights (EW), and internally normalized monetization ($) of endpoint damages.
Scenarios are named by the first three letters of the region (VEN or BAV) or scale size S for small and I
for industrial, followed by each technology scenario (AD, AD + Booster, AD + PHB).

4. Conclusions

The production scale of the industrial set up assessed, with electricity ca. 1 MW and crude PHB
production at ca. 300 ton/y, is small compared to their fossil and non-fossil alternatives. As a result, the
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financing, maintenance, and labor related costs increase the break-even prices significantly. Crude PHB
production in AD plants requires the co-production of electricity in order to be adequately valorized,
though benefits from avoided plastic particle pollution, which could be important, have not been
included in the TEA and LCA. With today’s energy mixes in the regions in question, it is highly
valuable to offset electricity production and thereby options such as the AD + Booster are preferred for
all environmental areas of protection. Material production in scenarios such as the AD + PHB perform
equally well to more energy efficient scenarios for plants with a feedstock mix high in animal manures.
Future caps on certain types of feedstock are worth considering when deciding on technology options
to be implemented and/or subsidized.
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Appendix A

Table A1. Grouping of crops, Eurostat names, and codes for crops and residue crop ratios.

] 8 v ] Reference/Assumption
Grouping Eurostat Code and Name Residue:Crop Ratio ot e
C1110-Common wheat and spelt 1.00 [19,21,85]
C1111-Common winter wheat and spelt 1.00 assumed same as wheat
Assumed as triticale,
C1120-Durum wheat 0.95 [19,21,85]
C1200 - Rye and winter cereal mixtures 110 [19,21,85]
(maslin)
Cereal Straw C1300-Barley 0.93 [19,21,85]
C1410-Oats 1.13 [19,21,85]

C1420-Spring cereal mixtures (mixed grain Average of common

other than maslin) 1.00 wheat, durum wheat,
barley and rye
C1600-Triticale 0.95 [19,21,85]
Rice Straw C2000-Rice 1.70 [19,21,85]
Maize C1500 - Grain maize and corn-cob-mix 1.13 [19,21,85]
P0000 - Dry pulses and protein crops for the
Leeuminous production of grain (including seed and 1.50 Assumed as soy
J mixtures of cereals and pulses)
P1100-Field peas 1.50 Assumed as soy
Oil-bearing 11140-Linseed (oilflax) 1.42 [19,21,85]
Rape I1110-Rape and turnip rape seeds 1.70 [19,21,85]
Sunflower 11120-Sunflower seed 2.70 [19,21,85]
Soya 11130-Soya 1.50 [19,21,85]
Industrial 13000-Tobacco Not relevant for regions
B Crp C1700-Sorghum 1.30 [19,21,85]
G3000-Green maize 1.00 Whole plant [21]
G1000-Temporary grasses and grazing 1.00 Whole plant [21]
Forage G2000-Leguminous plants harvested green 1.00 Whole plant [21]
G9100-Other cereals harvested green 1.00 Whole plant [21]

(excluding green maize)
Sugar Beet R2000-Sugar beet (excluding seed) 0.23 [19,21,85]
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Table A2. Livestock unit conversion factors and manure production per animal type [7].

Livestock Unit Manure Manure

LSU kg/head/day t/head/year
calves 0.40 8.00 2.90
bovine 0.70 20.00 7.30
male bovine 1.00 25.00 9.10
dairy cows 1.00 53.00 19.30
other cows 0.80 25.00 9.10
piglets 0.03 0.50 0.20
other pigs 0.30 4.50 1.60
SOWS 0.50 11.00 4.00
sheep 0.10 1.50 0.50
goat 0.10 1.50 0.50
broilers 0.01 0.10 0.04
laying hens 0.01 0.20 0.07
other poultry 0.03 0.30 0.11
Live poultry average 0.02 0.20 0.07

Table A3. Manure collectability factors based on different types of housing and type of production [47,48].

Collectability
factor

Stanchion 0.98
Loose housing 0.95
Organic 0.25
Poultry 0.98
Swine 0.98
Sheep 0.5
Goat 0.1

Table A4. Methane potentials of various feedstocks [7].

DM VS Methane Yield Methane Yield
% % L CH4/kg VS L CH4/kg fresh
Pig slurry 5.5 75 300 14
Cattle slurry 9 77.5 225 16.5
Poultry manure 20 75 325 52.5
Sheep1 16.5
Goat ! 16.5
Maize silage 2 35 925 350 119
Grass 3 25 92.5 375 91.5
Alfalfa 4 22,5 92.5 400 87.5
Sugar beet 17.5 92.5 305 51.5
Straw ° 87.5 85 225 169
Pomace 35 92.5 600 194.5

! Assumed same as cattle slurry. 2 Used for energy crops. 3 Used for forage crops. * Used for leguminous crops.
5 Used for rice straw, rape straw, sunflower straw, soya straw, oil-bearing straw, industrial crop straw, and vine shoot.

Table A5. Parameters used for methane emission from manure storage [86].

Cattle Pig Poultry
Dry matter content kg DM/kg WW 10.8 5.5 20
Volatile solids kg VS/kg DM 0.714 0.638 0.638
Methane production in storage (50 days) g CH4/kg VS 19 98.5 98.5

Inevitable storage and losses (15 days) g CH4/kg VS 5.7 29.55 29.55
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Table A6. Composition of global average plastic production, including low density polyethylene
(LDPE), high density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride

(PVC), polyethylene terephthalate (PET) and polylactic acid (PLA) [87].

Polymer Type

22.8%
18.6%
24.3%
8.9%
13.6%
11.8%
0.1%
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Figure Al. ReCiPE 2016 (H) midpoint results for the region of Bavaria. Results are normalized per
impact category to the worst or best performing scenario. Negative values show impact savings while
positive values show burdens.
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Industrial Scale (1000 kW)
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Figure A2. ReCiPE 2016 (H) midpoint results for the region of the industrial scale plant. Results are
normalized per impact category to the worst or best performing scenario. Negative values show impact
savings while positive values show burdens.
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Figure A3. ReCiPE 2016 (H) midpoint results for the small-scale plant. Results are normalized per

impact category to the worst or best performing scenario. Negative values show impact savings while

positive values show burdens.
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Terrestrial ecotoxicity ——‘
Terrestrial acidification —‘
Stratospheric ozone depletion —‘_‘
Ozone formation, Terrestrial ecosystems —‘_‘
0Ozone formation, Human health —J—‘
Mineral resource scarcity E
Marine eutrophication —‘
Marine ecotoxicity ﬁ
Land use —__“
lonizing radiation E
Human non-carcinogenic toxicity —_I—‘
Human carcinogenic toxicity #
Global warming B

Freshwater eutrophication

Freshwater ecotoxicity

Fossil resource scarcity \—_

Fine particulate matter formation —_‘

-1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

[JBAV_AD+PHB m BAV_AD+Booster [1BAV_AD

Figure A4. ReCiPE 2016 (H) midpoint results with theoretical green energy grid for the region of
Bavaria. Results are normalized per impact category to the worst or best performing scenario. Negative
values show impact savings while positive values show burdens.
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Water consumption
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Figure A5. ReCiPE 2016 (H) midpoint results with theoretical green energy grid for the region of
Veneto. Results are normalized per impact category to the worst or best performing scenario. Negative
values show impact savings while positive values show burdens.
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Figure A6. TOPSIS results for the regions with the theoretical green energy mix, with varying
economic importance (10% to 90%), equal weights (EW), and internally normalized monetization ($) of
endpoint damages.



Sustainability 2020, 12, 3676

Green Future Scale

Preference indicator

10% 20% 30%

Weight given to economic performance

s §_AD
e |_AD

60%

e S_AD+Booster
e |_AD+Booster

28 of 35

o ®

90% EW S

S_AD+PHB
e |_AD+PHB

Figure A7. TOPSIS results for the two scales S = 200 kW and I 1000 kW, with the theoretical green
energy mix, with varying economic importance (10% to 90%), equal weights (EW), and internally
normalized monetization ($) of endpoint damages. Scenarios are named as S for small scale and I for
industrial scale followed by each technology scenario (AD, AD + Booster, AD + PHB).

Table A7. Total amount of sustainable/technical feedstock potential in Mtonne/year, sorted from highest

to lowest amount.

Bavaria Veneto

Cattle manure 35.08 7.58
Energy crop 17.65 1.04
Straw 7.09 0.42
Swine manure 473 0.92
Corn Stover 0.71 0.49
Sugar Beet 0.56 0.97
Rape 0.38 0.02
Forage 0.17 0.05
Sheep manure 0.14 0.02
Soybean straw 0.02 0.79
Pomace 0.02 0.31
Poultry manure 0.01 0.20
Leguminous residue 0.01 0.00
Vine shoots 0.01 0.12
Sunflower straw 0.01 0.03
Goat manure 0.01 0.01
Rice straw 0.00 0.02

QOil crop residue 0.00 1.12x 107>

Industrial crop residue 0.00 2.26 x 1073
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Table A8. ReCiPE 2016 (H) midpoint results for the regional assessment.

Scenario Name

Indicator BAV_AD BAV_AD + Booster BAV_AD + PHB VEN_AD VEN_AD + Booster VEN_AD + PHB Unit
Fine particulate matter formation 3.27 x 10° 2.69x 10° 4.04 x 10° -3.89 x 10° -5.44 x 10° -7.52 x 10* kg PM2.5 eq
Fossil resource scarcity -2.06 x 10° -2.35 x 10° -1.70 x 10° -3.03 x 108 -3.49 x 108 -2.61x 108 kg oil eq
Freshwater ecotoxicity -2.54 x 10 -3.01 x 108 -1.13x 108 -3.52 x 10° -5.72 x 10° -2.19 x 10° kg 1,4-DCB
Freshwater eutrophication -1.12 x 107 -1.27 x 107 -5.39 x 10° -1.18 x 10° -152x10° -3.86 x 10* kg Peq
Global warming —4.74 x 10° -5.49 x 10° -2.32 x 10° —6.40 x 108 -7.12x 108 —-4.42 x 108 kg CO2 eq
Human carcinogenic toxicity -5.77 x 108 —6.54 x 10° -3.13x 108 -1.48 x 107 -1.75 x 107 -1.07 x 107 kg 1,4-DCB
Human non-carcinogenic toxicity -5.59 x 108 -1.75 x 10° 3.52 x 107 4.02 x 108 3.56 x 108 472 x 108 kg 1,4-DCB
Ionizing radiation -1.35 x 10° -1.53 x 10° -7.14 x 108 5.87 x 10° 4.93 x 10° 3.38 x 10° kBq Co-60 eq
Land use 1.21 x 107 1.14 x 107 1.31 x 107 1.95 x 100 1.93 x 100 1.76 x 106 m2a crop eq
Marine ecotoxicity -3.62x10% —-4.25x 108 -1.67 x 108 —6.66 x 10° -9.65 x 10° -4.56 x 10° kg 1,4-DCB
Marine eutrophication 1.02 x 107 1.01 x 107 1.06 x 107 1.42 x 10° 1.41 x 100 1.43 x 100 kg N eq
Mineral resource scarcity -6.88 x 10° -8.63 x 10° -3.58 x 10° 3.79 x 10* 3.26 x 10* 1.68 x 10° kg Cueq
Ozone formation, Human health —-4.79 x 10° -1.75 x 10° 1.65 x 10° -9.61 x 10° -1.23 x 10° —-4.54 x 10° kg NOx eq
Ozone formation, Terrestrial ecosystems -3.38 x 10° -1.62 x 10° 1.68 x 10° -9.67 x 10° -1.24 x 10° -4.72 x 10° kg NOx eq
Stratospheric ozone depletion 4.86 x 10* 4.79 x 10* 5.07 x 10* 5.93 x 10 5.83 x 10° 6.21 %103 kg CFC11 eq
Terrestrial acidification 3.26 x 107 3.09 x 107 3.57 x 107 7.66 x 10° 3.04 x 10° 1.82 x 100 kg SO2 eq
Terrestrial ecotoxicity 2.73 x 10° 2.25 x 10° 1.91 x 10° -7.79 x 107 -1.81x 108 -127 x 108 kg 1,4-DCB
Water consumption -2.27 x 1010 -2.59 x 1010 -1.26 x 1010 -6.75 x 10° -7.73 x 10° -3.72 x 10° m3
Table A9. ReCiPE 2016 (H) midpoint results for the scale assessment.
Scenario Name
Indicator S_AD S_AD + Booster S_AD + PHB I_AD I_AD + Booster I_AD + PHB Unit
Fine particulate matter formation 0.08 0.07 0.09 0.00 0.00 0.03 kg PM2.5 eq
Fossil resource scarcity —33.44 -37.61 -26.22 -16.66 -18.58 -13.79 kg oil eq
Freshwater ecotoxicity -3.26 -3.83 -0.78 -0.11 -0.20 -0.02 kg 1,4-DCB
Freshwater eutrophication -0.17 -0.19 -0.07 0.00 0.00 0.00 kgPeq
Global warming -59.78 ~70.58 -15.43 -37.69 -40.51 -25.06 kg CO2 eq
Human carcinogenic toxicity -8.73 -9.67 -4.11 -0.80 -0.92 —-0.52 kg 1,4-DCB
Human non-carcinogenic toxicity -3.81 -18.33 67.59 52.53 50.63 57.37 kg 1,4-DCB
Ionizing radiation —-20.37 —22.38 -9.31 -0.10 -0.14 -0.28 kBq Co-60 eq
Land use 0.37 0.37 0.39 0.10 0.10 0.08 m2a crop eq
Marine ecotoxicity -4.74 -5.52 -1.33 -0.24 -0.37 -0.10 kg 1,4-DCB
Marine eutrophication 0.37 0.37 0.38 0.07 0.07 0.07 kg N eq
Mineral resource scarcity -0.01 -0.01 0.00 0.00 0.00 0.00 kg Cueq
Ozone formation, Human health 0.04 0.02 0.08 —-0.04 -0.05 -0.01 kg NOx eq
Ozone formation, Terrestrial ecosystems 0.05 0.03 0.08 —-0.04 -0.05 -0.01 kg NOx eq
Stratospheric ozone depletion 0.00 0.00 0.00 0.00 0.00 0.00 kg CFC11 eq
Terrestrial acidification 0.61 0.59 0.67 0.24 0.22 0.31 kg SO2 eq
Terrestrial ecotoxicity 106.40 99.83 93.32 -5.38 -9.70 -9.08 kg 1,4-DCB
Water consumption —331.10 —368.38 —155.31 —386.92 —428.04 -176.73 m3
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Table A10. ReCiPE 2016 (H) endpoint results for the regional assessment.

Scenario Name

Indicator BAV_AD BAV_AD + Booster BAV_AD + PHB VEN_AD VEN_AD + Booster VEN_AD + PHB Unit
Fine particulate matter formation 2.06 x 10° 1.70 x 103 2.54 x 10 —2.44 x 102 -3.41 x 102 -4.67 x 10 DALY
Fossil resource scarcity -1.69 x 108 —-2.06 x 108 -3.28 x 108 —8.80 x 107 -1.02 x 108 -8.53 x 107 USD2013
Freshwater ecotoxicity -1.76 x 107! -2.09 x 107! ~7.80 x 1072 -243x107° -3.96 x107° -1.52x107% species.yr
Freshwater eutrophication ~7.49 x 1010 -8.53 x 1010 -3.61 x 1010 -7.90 x 1072 -1.02x 107! -2.57 x 1072 species.yr
Global warming, Freshwater ecosystems -3.63x 1074 —-4.20 x 1074 -1.77 x 1074 -4.90 x 107° —5.44 x 107° -3.38x107° species.yr
Global warming, Human health -4.39 x 10° -5.09 x 10° -2.15x 10% -5.94 x 102 —6.60 x 102 —4.10 x 102 DALY
Global warming, Terrestrial ecosystems -1.33 x 10 -1.54 x 10 -6.49 x 1010 -1.79 x 1010 -1.99 x 1010 -1.24 x 1010 species.yr
Human carcinogenic toxicity -1.92 x 103 -2.17 x 10% -1.04 x 103 —-4.90 x 10 -5.82 x 10! —3.54 x 10 DALY
Human non-carcinogenic toxicity -1.28 x 102 —4.00 x 102 8.03 x 107 9.16 x 10 8.13 x 10 1.08 x 102 DALY
Ionizing radiation -1.15 x 10 -1.29 x 10 -6.05 x 1010 498 x 1072 418 x 1072 2.87 x 1072 DALY
Land use 1.08 x 1071 1.01 x 1071 1.16 x 1071 1.73 x 1072 1.71 x 1072 1.56 x 1072 species.yr
Marine ecotoxicity -3.80 x 1072 —4.47 x 1072 -1.76 x 1072 ~7.00 x 1074 -1.01x 1073 —-4.79 x 1074 species.yr
Marine eutrophication 1.73 x 1072 1.71 x 1072 1.80 x 1072 241x107° 240% 1073 242 %1073 species.yr
Mineral resource scarcity -1.59 x 10° -2.00 x 10° -8.29 x 10* 8.78 x 10° 7.54 x 10° 3.88 x 102 USD2013
Ozone formation, Human health -4.36 x 107! -1.59 x 1010 1.51 x 1010 -8.74 % 107! -1.12x 1010 —-4.13x 107! DALY
Ozone formation, Terrestrial ecosystems —4.36 x 1072 -2.09x 107! 216 x 107! -1.25x 107" -1.60x 107" -6.09 x 1072 species.yr
Stratospheric ozone depletion 2.58 x 10! 2.54 x 10! 2.69 x 10! 3.15 x 1010 3.10 x 1010 3.29 x 1010 DALY
Terrestrial acidification 6.92 x 1010 6.55 x 1010 7.57 x 1010 1.63 x 1071 6.53 x 1072 3.86 x 107! species.yr
Terrestrial ecotoxicity 3.12x 1072 2.57 x 1072 218 x 1072 -8.80 x 107* -2.06 x 1073 -145x107° species.yr
Water consumption, Aquatic ecosystems -1.37 x 1072 —1.56 x 1072 -7.61 x 1073 —4.08 x 1073 —4.67 x 1073 —-2.25x 1073 species.yr
Water consumption, Human health -5.05 x 10* -5.75 x 10* -2.80 x 10* -1.50 x 10* -1.72 x 10* -8.26 x 103 DALY
Water consumption, Terrestrial ecosystem -3.07 x 102 -3.50 x 102 -1.70 x 102 -9.11 x 10! -1.04 x 102 -5.02 x 10! species.yr
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Table A11. ReCiPE 2016 (H) Endpoint results for the scale assessment.

Scenario Name

Indicator S_AD S_AD + Booster S_AD + PHB I_AD I_AD + Booster I_AD + PHB Unit
Fine particulate matter formation 473 x 1070 424 x 1070 5.66 x 1073 224 x 1070 -1.85x 107° 1.58 x 107 DALY
Fossil resource scarcity —2.77 x 1010 -3.38 x 1010 —5.28 x 1010 —-4.82 x 1010 —5.39 x 1010 —4.66 x 1010 USD2013
Freshwater ecotoxicity -2.26 x 1077 -2.65% 1077 -5.40x 10710 -7.75x 10711 -141x 10710 -1.68x 10711 species.yr
Freshwater eutrophication -1.12x 1077 -1.25x 1077 -4.47 x 1078 -2.19 x 1077 -3.14 x 1077 1.49 x 1070 species.yr
Global warming, Freshwater ecosystems —-4.57x 10712 —5.40x 10712 -1.18x 10712 -2.88x 10712 -3.10x 10712 -1.92x 10712 species.yr
Global warming, Human health -5.54x107° -6.54x107° -142x107° -3.50x107° -3.76 x 107° -2.33x107° DALY
Global warming, Terrestrial ecosystems -1.67 x 1077 -1.98 x 1077 -433x 1078 -1.06 x 1077 -1.13x 1077 -7.02x 1078 species.yr
Human carcinogenic toxicity —-2.90 x 107° -3.21 x107° -1.36 x 107° —2.66 x 107° —-3.04 x 107° -1.73 x 107° DALY
Human non-carcinogenic toxicity -8.74x 1077 -4.18x107° 1.54 x 1075 1.20 x 107> 1.15x 107> 1.31x107° DALY
Ionizing radiation -1.73 x 1077 -1.90 x 1077 -7.90 x 1078 -8.60x 10710 -1.19 x 107° -2.36 x 107° DALY
Land use 3.31x107° 3.25%x 1077 3.45x 107 8.55x 10710 8.46x 10710 7.35% 10710 species.yr
Marine ecotoxicity -4.98 x 10710 —5.80x 10710 ~1.40x 10710 -2.55x 10711 -3.87x 1011 -1.07x 1011 species.yr
Marine eutrophication 6.31x 10710 6.28x 10710 6.42x 10710 1.18x 10710 1.18x 10710 1.19x 10710 species.yr
Mineral resource scarcity -1.48 x 1073 -1.97 x 1073 -1.67 x 1074 579 x 1074 527 x 107* -1.23 x 107° USD2013
Ozone formation, Human health 3.77 x 1078 217 %1078 7.49 x 1078 -3.71x 1078 —-4.72x1078 -5.28 x 1077 DALY
Ozone formation, Terrestrial ecosystems 5.87 x 1077 3.57 x 1077 1.09 x 1078 -5.31x1077 -6.77 x 1077 -9.10 x 10710 species.yr
Stratospheric ozone depletion 6.61x1077 6.57 x 1077 6.82x 1077 1.84 x 1077 1.81 x 1077 1.94 x 1077 DALY
Terrestrial acidification 1.29 x 1077 1.24 x 1077 142 %1077 5.03 x 1078 4.62x1078 6.57 x 1078 species.yr
Terrestrial ecotoxicity 1.21x 1077 1.14 x 1070 1.07 x 1070 -6.10x 10711 -1.10 x 10710 -1.04 x 10710 species.yr
Water consumption, Aquatic ecosystems —-2.00 x 10710 -2.23x10710 -9.38 x 10711 —-2.34x 10710 -2.59 x 10710 -1.07 x 10710 species.yr
Water consumption, Human health -7.35x 1074 -8.18x107* -345x 1074 -8.59 x 1074 -9.50 x 107* -392x107* DALY
Water consumption, Terrestrial ecosystem -4.47 x 107° -4.97 x 107° -2.10 x 107° -5.22x107° -5.78 x 107° -2.39 x 107° species.yr
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