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Abstract
One of the main initiatives in the context of global warming brought by the COP26 is global transition to
green energy. Bioenergetic utilization of unharnessed renewable resources, such as native rangeland
frequently subjected to fires, is a promising alternative to displace fossil fuels. Spartina argentinensis is a
native perennial grass that develops in a depressed area of 33,000 km? in Santa Fe province (Argentine)
named “Los Bajos Submeridionales”. A life cycle assessment (LCA) was performed analyzing the
bioenergetic utilization of S. argentinensis. Two alternative scenarios (AS) were assessed and compared to
their business as usual (BAU) counterparts: pellets for i) gasification to deliver electricity to the grid (ASp),
contrasted to the Argentinean energy mix (BAUp) and ii) residential heating (ASh) contrasted to natural
gas heating (BAUh). Carbon Balance of both AS were negative noticeably lower than BAU and the energy
balance was promising considering that the produced energy was higher than that required along the
complete system assessed. This is the first LCA of bioenergy from S. argentinensis and according to the
results, this biomass resource could collaborate remarkably in climate change mitigation, which is
auspicious considering the vast region occupied by this grass and others with similar characteristics.
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Highlights

e Spartina argentinensis can be pelletized without need of an additive

e Pellets can produce syngas for CHP or can be burnt for residential heat

e Renewable energies assessed produce significant lower GHG than fossil
counterparts

o Renewable scenarios present high Energy Return on Investment

Statement of Novelty

Against the backdrop of growing global demand for clean energies, this paper assesses potential
bioenergetic uses for Spartina argentinensis, an unharnessed renewable resource frequently burned in the
fields. A Life Cycle Assessment (LCA) study is performed to compare the environmental performance of
S. argentinensis with that of the fossil energy to be replaced. Results are remarkably auspicious in terms of
reduction of greenhouse gas emissions and energy balance. This is the first LCA of S. argentinensis, a
species similar to many other constituent grasses of subtropical and tropical rangelands. This research will
enable policy makers to make informed decisions to stimulate the investments necessary to exploit such a
valuable resource.

1 Introduction



Fossil fuels consumption has grown steadily since the industrial revolution and, consequently, its
combustion has led to an unprecedented increase in the atmospheric concentration of carbon dioxide,
methane, and nitrous oxides among other greenhouse gases (GHG). Such an increase in GHG is considered
to be the driving force of global warming [1].

The energy sector accounts for two-thirds of global GHG emissions [2]. Thus, renewable energy
will probably play a key role as an alternative to fossil fuels, contributing to global warming mitigation in
the near future [3]. Renewable energy production has grown over the last decades stimulated by legislation
intended to increase its production, to face high volatility of the fossil fuel prices, and to mitigate the climate
change consequences [4-7].

The main contributors to renewable energies are traditional biofuels such as bioethanol and
biodiesel mostly used for the transportation sector [8]. Most of these biofuels are derived from edible
feedstock such as corn, sugarcane, rapeseed, and soybean among others [9]. Such food-derived biofuels are
named first generation biofuels (1G) and the sustainability of their production has aroused large discussions
among the population in general and scientists in particular [10-12]. Moreover, the use of such a feedstock
is far from becoming a solution to the energy sector: if all cereal crops were totally derived to 1G bioethanol
production (obviously an extreme and not a viable scenario), less than 60% of global gasoline energy
demand would be satisfied [13].

Unlike 1G, second generation biofuels (2G) are obtained mainly from cellulose present in non-
edible renewable sources (so-called energy crops, stubble, grasses, short rotation coppice, and pruning
waste among others). Cellulose is the most abundant organic compound on Earth [14], hence many
investigations sustain that these biofuels will cover a significant share of energy offered by 2030 [15].

Biomass conversion processes can be divided into Physio-chemical, biochemical and
thermochemical conversion technologies [16]. Among the thermochemical processes transforming biomass
into biofuels, gasification involves a complex set of reactions operating from moderate to high temperatures
(600-1200 °C) that transforms biomass into a low energy "poor" gas (syngas) suitable for being combusted
for electricity generation. Both the reactions extent and the syngas composition strongly depend on the raw
material features and the technology used. Syngas can also be used to produce heat through cogeneration
in a combined heat and power (CHP) plant with 15-35% and 55% power and heat efficiency, respectively
[16,17].

Another possible use, after catalytic methanation, is to produce synthetic natural gas [18]. In
contrast to wood biomass, most grasses possess a high content of low melting point ashes which makes
them unsuitable for traditional gasification technologies. However, some gasifiers can operate at lower
temperatures to avoid slagging. Such reduction of operational temperature can bring problems with the
concentration of tars (a complex and varied mixture of condensable hydrocarbons) in the syngas which
requires additional cleaning steps [19]. An Argentine company (Industrias Savini SRL®) has recently
developed a gasifier, in association with the Department of Chemical, Material, Environmental Engineering
of the University of Rome “La Sapienza”, which can operate at lower temperatures and thus gasify biomass
presenting low melting point ashes.

Another way of employing lignocellulosic biomass for energy purposes is as pellets for domiciliary
combustion in pellet stoves designed for residential heating, being a sustainable alternative to traditional
firewood [20]. Even though most research on biomass-based pellets has been done assessing wood pellets,
a lot of work has been performed recently evaluating herbaceous pellets production [21-23]. Herbaceous
biomass presents very low bulk density, hence, its densification is mandatory to avoid technical and
economical logistic issues.

Rangelands, including arid and semiarid areas [24], occupy two-thirds of Argentina. Spartina
argentinensis Parodi (=Sporobolus spartinus (Trin.) P.M. Peterson & Saarela) is a C4 perennial grass
dominant in a large depressed zone named “Bajos Submeridionales”, an area of circa 30,000 km? extending
over three provinces of Argentina: (i) the central and northern region of Santa Fe, (ii) the south of Chaco,
and (iii) the east of Santiago del Estero. This area is sparsely populated and presents a very low economic
activity where most farmers are cattle raisers with low productivity since S. argentinensis presents low
digestibility. Fire is commonly used to burn senescent biomass to stimulate the growth of new and tenderer
leaves of S. argentinensis. This management releases carbon dioxide into the atmosphere without neither
an energetic nor an economic utilization of the biomass. Moreover, this fire generates multiple health issues
to the population near the burnt rangelands, among which, particulate matter emissions stand out.
Camponotus punctulatus anthills are frequent in these communities and can reach up to 1 m in height. They
do not disturb livestock breeding, but must be dismantled before biomass harvesting.

Local researchers studied thoroughly S. argentinensis communities [25-27]. The effect of fire has
also been deeply-analyzed observing that after such disturbance, the emergence of other species present in
the seed bank increases the diversity of the community for a short period after which S. argentinensis



becomes dominant again [27-29]. The effect of clipping biomass did not differ from the effect of fire, under
greenhouse and field experimental conditions [27,28].

This proposal does not pursue altering the landscape and diversity of these rangelands, but to
integrate its actual cattle raising main activity with bioenergy production, replacing fire with harvest, while
leaving enough time for recovery assuring resource sustainability. This activity would allow for clean
energy production with minimal anthropic intervention in the ecosystem. This is the first LCA of S.
argentinensis derived bioenergy, hence it will help policy makers to stimulate sustainable processes of clean
energy production while reducing particulate matter caused by rangeland burning within this vast region.
The proposal would also generate economic profits to service providers within this underdeveloped region.

The aim of this research is to highlight the environmental benefits of replacing fossil fuel derived
energy by energy obtained from this biomass for both residential heating and for electricity production.
This is expected to be accomplished by assessing the environmental impacts associated to two uses of S.
argentinensis: bioelectricity generation in a CHP plant, and residential heating through pellets combustion.
Life Cycle thinking criteria is used to compare the proposed bioenergy systems with their fossil actual
counterparts mostly employed in Argentina. Human health would also be improved by this proposal
considering the decrease of particulate matter derived from rangeland fires. Hence, these results can be
helpful for policy makers on decisions concerning the sustainability of rangelands management.

2 Materials and Methods

The product system was modeled using primary information when possible and bibliography data
for those items for which local information was not available. Data for the inventory was collected and
processed in a Microsoft Excel spreadsheet and SimaPro 9.0.0.35 Faculty [30]. Life cycle assessment
(LCA) was accomplished following the guidance of the International Organization for Standardization
14040 series for LCA [31,32]. The LCA was accomplished with a cradle-to-grave perspective, that is, from
the raw material extraction to the final disposal of the product. The four phases of the LCA are described
in next subsections.

2.1 Goal and scope of the study

The goal of this study was to assess the environmental impacts of two alternative scenarios (AS)
using biomass of S. argentinensis: (i) production of power (ASp) with three sub-scenarios according to the
fraction of heat from syngas combustion exploited (ASpo, ASpso and ASpgo, for 0%, 50%, and 90%,
respectively) and; (ii) pellets for domiciliary heating (ASh), to compare them with the business as usual
scenarios (b). BAUp and BAUh stand for electricity of the Argentinean energy mix and the residential
heating with natural gas stoves, respectively. Since the driving force of biofuels is climate change mitigation
and energy security, the following impact categories were assessed: (i) climate change using GWP (with a
time horizon of 100 years) as an indicator, and (ii) energy use with cumulative energy demand (CED) and
energy return on investment (EROI) as indicators.

The energy flow of ASpg and ASh are shown in Fig. 1 and 2 respectively. Both figures were
performed using a Sankey Diagram generator [33]. Lower heating value (LHV) was calculated using the
equation proposed by Golato et al. (2017) [34]:

LHV = HHV.(1 —w) — 2512[9.H(1 — c2).(1 — w) + w]

Where w is the biomass moisture content, cz is the ash content, and H is the ash free hydrogen
content.

HHV was obtained with a bomb calorimeter (IKA C5000). The moisture content was measured
drying the biomass at 105 °C until constant weight. The elemental Hydrogen content was obtained from
Rada Arias et al. (2020) [14]. ASpo and ASpso are similar to Fig. 1 with the only difference at “harnessed
heat” which is null and 1.13 MWh respectively.

Fig. 3 and 4 depict the system boundaries of both product systems modeled in this study. The first
one represents the electricity generation system whose functional unit (FU) is to deliver 1.0 MWh of
electricity to the power grid. This electricity comes from the combustion of syngas obtained via gasification
of S. argentinensis. Gasification was accomplished in a 250 kW gasifier that belong to “Industrias Savini
SRL®”. For reasons of confidentiality, no further information is provided regarding the gasifier design.

Fig. 4 corresponds to domiciliary heating systems in which the FU is to deliver 1 MJ of useful
thermal energy for residential heating. Co-products environmental burdens were accounted using the
system expansion approach by subtracting the emissions of the avoided products to the system product
assessed. The AS replaces fossil fuels of BAU scenarios with field labors and industrial processes needed
for achieving the FU. ASh scenario avoids the emissions of non-biogenic GHG while ASp avoid these
emissions in addition to those avoided by heating with biochar and syngas cogeneration instead of using
natural gas at the industrial sector.



2.2 Inventory analysis

Field stage data was obtained from a rangeland where 14,000 m? were harvested. Biomass
availability was circa 700 g of dry matter per m?. Harvest efficiency was 48% thus 337 g of dry matter were
obtained per m2. Tables 1 and 2 show the processes involved in ASp and ASh respectively, while Table 3
shows the avoided processes for each AS. Land occupation was calculated according the biomass yield
mentioned above. The power required for the pelletizing facility was obtained by the National Institute of
Industrial Technology (INTI) were S. argentinensis pellets have been obtained.

For field labors, the diesel consumption was measured and an equivalent quantity was used from
the dataset named “machine operation, diesel, >= 74.57 kW, high load factor” [35]. Both alternative
scenario systems included biomass transportation to processing facilities located 30 km away, using the
process “Transport, truck >20t, EURO1, 100%LF, default/GLO Mass” [36,37].

The electricity demand of the gasification facility was considered to be self-supplied. Therefore,
to fullfill the FU, a surplus of power equivalent to 0.22 MWh needs to be produced. This was accomplished
by a 1.22 factor multiplied to every process involved in this system product. Thus, processes that demand
electricity did not need to be further considered.

In the alternative scenarios, the field stage was considered integrated with livestock production
systems where fire was replaced by harvest and thus, GHG emissions of non-biogenic carbon (i.e: methane
and nitrous oxide) from rangeland burning were avoided. Such emissions were accounted using the IPCC
emission factors [40].

2.3 Characterization model and impact categories

For the impact category “Climate Change”, the indicator used was global warming potential
according to the ReCiPe method (Hierarchist) at midpoint level [42]. For the impact category “Energy
Use”, the indicator Cumulative Energy Demand (LHV) V1.00” [43] method was applied and the EROI [44]
was calculated.
2.4 Interpretation

The results of the impact categories assessed were contrasted for each scenario against their BAU
counterparts to elucidate whether the AS resulted less aggressive with the environment or not. Furthermore,
the impact indicators were broken down in different processes to identify the main hotspots contributing to
each impact category.

3 Results
3.1 Global warming potential
The GWP of the electricity production system is depicted in Fig. 5 where differences can be appreciated
among scenarios. All alternative scenarios have negative COgq emissions when avoided processes are
considered even under the most pessimistic one, ASpo. The main reason for this is the avoided emissions
from rangeland burning which accounts for 281 kg of COzeq and heat from syngas combustion with figures
of 311 and 560 kg of CO2q for ASpse and ASpao, respectively. As expected, biochar has a minor contribution
in the alternative scenario considering its mass represents less than 10% of the biomass. Syngas combustion
is the main contributor to emissions from the alternative scenarios followed by the field labors. However,
ASp emissions are less than a third part of those produced by the BAUp scenario, which refers to the
Argentine energy mix.

Fig. 6 shows the GWP results from the residential heating scenarios. In line with previous figures,
AS presents lower emissions of COzq. For this system, the BAUh scenario emitted six-fold the emissions
than the ASh counterpart (without considering the avoided emissions). For ASh, the industrial stage was
the main contributor to GWP. When considering system boundaries expansion, ASh’CO2eq emissions are
approximately neutral. The breakdown of the industrial stage can be appreciated in Fig. 7. The main
contributor of CO; in the industrial stage is pelletizing.
3.2 Energy use
3.2.1 Cumulative energy demand

Energy output and inputs for the scenarios modeled for power production are depicted in Fig. 8.
For all of them, the FU of 1 MWh can be appreciated by the blue color in each bar. Additional energy
outputs are obtained by biochar and syngas heat in ASp. As expected, the energy input of the Argentine
energy mix is higher than its renewable energy counterpart.

Fig. 9 highlights the energy balance of the residential heating systems. As no co-products are
produced in ASh, no additional energy output is produced here. The energy demand for BAUh is over 5
fold than that of ASh.

3.2.2 Energy return on investment



Both BAU scenarios presented net energy losses which means that for a given quantity of energy
output, there are higher energy inputs along the life cycle of the production process. The energy returns on
investment (EROI) of both systems evaluated can be appreciated in Fig. 10 and 11. The renewable energy
scenarios resulted promising with an EROI ranging from 6 to more than 15 for the ASp and close to 4 for
ASh. This implies that for ASh, for every MJ of energy invested, almost 4 MJ can be produced employing
S. argentinensis as feedstock. These figures are promising when compared with the fossil-based BAU
scenarios where, for each MJ of energy produced, over 1 and 3 MJ are invested for the BAUh and BAUp
respectively.

4 Discussion

Although gasification is a long-standing method, it has recently gained much interest due to its
energy efficiency with a wide range of materials [45-47]. Samsom et al. [45] claimed that even though
there are some technological barriers regarding gasification of C4 grasses, such as low energy density and
high amounts of chorine that can hinder their use for bioenergy, there are many possible solutions to
overcome them. Furthermore, this type of biomass presents many advantages, as they thrive in agricultural
marginal soils and have very low growing costs.

However, there is not much information on the use of natural grassland species as raw material for
gasification and even less with Spartina species. Moutsoglou [49] simulated the gasification of Panicum
virgatum and S. pectinata concluding that the latter would yield a syngas with a higher calorific value than
the former one. Emery et al. [50] modeled biogasoline obtained from prairie cordgrass (Spartina pectinata
L.) with up to 80% reduction of GHG. Jozami et al. [51] stated that 96% of the energy demand of gasoline
of the province of Santa Fe could be met if using biomass available in one-third of the area of S.
argentinensis communities for bioethanol. A techno-economic assessment of S. argentinensis biomass
gasification was accomplished as well [17]. Other C4 rangelands often burned [52,53], could also be
considered for bioenergy and cattle raising in future research. Tri-generation technologies have also been
evaluated in the genus Spartina to produce electricity, heat and gas [54] although this studies do not
considered the enviromental assessment.

Many authors sustain that bioenergy use is even compatible with rangelands conservation. Jungers
et al. [55] found that annual harvests at the end of the summer did not affect biodiversity and are suitable
for bioenergy, pointing out the relevance of complementing conservation with energy use. Sosa et al. [56]
evaluated different frequencies of biomass clipping for bioenergy and found that neither the arthropods nor
the plant communities were affected by biomass clipping and removal when comparing it with no clipped
plots.

A quarter of the global soil organic carbon (SOC) pool is located in grasslands and savannas [57].
Thus, much research has been focused on studying the effects of grassland management in SOC [58-61].
Rangeland burning effects on SOC and carbon balances have also been largely studied with different
results. Knicker [62] reviewed researches about this topic showing that under some grassland burning
scenarios, SOC increased whereas in other cases it decreased. These contrasting results can be expected
considering that SOC can be modified by different causes, and rangelands fires can vary in intensity and
duration as well as the condition of soil conductivity. Soil erosion simulated after fire, increased according
to Johansen et al. [63]. Figures of post-fire soil erosion simulations, resulted higher in forests than in
grasslands.

When considering the whole carbon balance, the carbon emissions by combustion, and the higher
carbon mineralization rates after burning, Zhao et al. [64] found that "fires increased CO emissions to the
atmosphere not only during the combustion process, but also for an extended post-burning period" when
compared to unburned northeastern China wetlands.

Previous research found that total carbon stocks were over 60% higher in dry season enclosed
rangelands than in those managed with prescribed fires [65]. This proposal is in the middle term between a
full biomass harvest and an enclosure, as half of the total biomass would remain at the ground due to the
low harvest efficiency of S. argentinensis rangelands (circa 50%). Hence, it could be hypothesized that
SOC could increase in a harvest vs. burning experiment. More research should be done to test this
hypothesis.

In this research, biochar energetic utilization was considered following LCA similar to the one
realized by Jens et al [66]. Other potential uses for biochar should be assessed in future research like
activated carbon for adsorption applications, soil amendment and carbon sequestration among other
potential uses [67].

In both types of energy assessed in this research, the environmental impact (measured through
GWP and CE) resulted lower than its fossil counterpart. These results are consistent with a review that
addressed 58 papers assessing LCA bioenergy production [68]. However, the fact of considering biomass
fire as an avoided process in this research reduced the amount of CO.eq emissions to approximately neutral



and negative figures for ASh and ASp respectively. This proposal does not require a modification of land
use, making it more attractive than other bioenergy alternatives.

Processing satellite images, Pinilla Vargas [69] found that the areas where the S. argentinensis
communities grow, presented a high frequency of burning. More than 100 foci per year were observed
during the period 2000-2014 by assessing pixels of 0.5° x 0.5° (approximately 3000 km?). Verdn et al. [70]
analyzed annually burnt biomass from agricultural and non-agricultural areas and calculated how much
electricity could be potentially obtained with nowadays technologies. It is interesting to note that, if burnt
biomass from Argentine non-agricultural land would be derived to produce electricity, the total country
power demand could be met.

5 Conclusions

Spartina argentinensis rangelands used for cattle raising could improve its productivity if frequent
fires were replaced by harvest for bioenergy purposes. Such proposal would not only elevate the agronomic
profitability due to the new demand generated to an underused product but also would make these
ecosystems more sustainable by increasing soil organic carbon (produced by an increase of remaining
biomass after harvest, when comparing it with fires), and avoiding biomass burning which generates a
sudden CO; (yet biogenic) and particulate matter emissions to air, among other compounds emissions.
Avoiding particulate matter emissions by fires would prevent many health issues to nearby residents.

This is the first research performed in Argentine assessing bioenergy from S. argentinensis, an
untapped biomass resource, with an LCA thinking criteria. Several advantages, when comparing this
proposal with the business as usual scenario, are highlighted regarding the outstanding environmental
performance of S. argentinensis bioenergy for both, residential heat and bioelectricity alternative scenarios.
The main advantages are (i) lower GHG emissions and energy use, (ii) the decrease of rangeland fires and
its particulate matter emissions, and (iii) the fact that no land use change would be necessary.

Considering that machinery required for the proposal is mostly available (only some design of
machinery is needed to dismantle anthills), there are no difficult barriers to overcome. Furthermore, the
vast region potentially used for this proposal would result beneficed for new requirements of field services
that would facilitate growth and development of an unpopulated region located at the north of Santa Fe
province, Argentina.

The objective of this research was accomplished as it was demonstrated that sustainable energy
can be produced from S. argentinensis allowing a reduction of both atmospheric GHG and abiotic resource
depletion. This research is expected to be useful for policy makers, research institutions and private
enterprises interested in bioenergy which is a steadily growing sector in Argentina and worldwide. More
research should be carried out in order to assess long term effect of S. argentinensis harvest in soil carbon
as this could modify this LCA result regarding the climate change impact category.
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Reference

Stage flow Process Value Unit Reference/emission factor
Bales load 1.4 Bale (Wernet et al., 2016) [35]
Anthill knocking
down; Mower; 0.4 Hours (Wernet et al., 2016)*
Field stage llg;:gg of Hay Rake; Baler
Land Occupation ~ 2669.5 m?2
_— (Blonk Agri Footprint BV,
Shipping 30 km 33.3 tkm 20154, 2015b) [36, 37]
Emission factor of 3.2 grams of
1(')2\,5‘3?/'(\{\/&3{/ non biogenic COzq per MJ
E)n'ected to the Biochar 196 K obtained form Huang et al (2013)
Industrial Jrid 1022 Combustion ' g [38]; higher heating value of
stage g : biohar was obtained from Brewer
MWh for the
. . (2012) [39]
industrial P
stage) Syngas _ 2303.8 m3 NOx and N2O emissions adapted
Combustion ' from IPCC (2013) [40]

*adapted with Primary data of diesel consumption

Table 1: Processes considered ASp to accomplish with the functional unit (to deliver 1.0 MWh of electricity to the power grid)



Reference

boiler/US

Stage flow Process Value Unit Reference/emission factor
Bales load 1.4 Unit (Wernet et al., 2016) [35]
Anthill knocking down; -
_ 8.87E-5 Mg Mower: Hay Rake: Baler 0.4 Hours (Wernet et al., 2016)* [35]
Field stage  of bales .
Land Occupation 2669.5 m?2 Personal data
L (Blonk Agri Footprint BV,
Shipping 30 km 33.3 tkm 20154, 2015b) [36,37]
Auxiliary equipment 7'%)535 MJ Personal data
Pelletizing 1'%525 MJ Personal data
Grinding 6%235 MJ Personal data
Chopping 9'%)535 MJ Personal data
; 4.75E-
Industrial Bagging 04 MJ Personal data
stage Packaging film, low
density polyethylene 4.75E-
{GLO}| market for | 04 Kg (Wernet et al., 2016) [35]
APOS, U
Wood pellet factory 1.43E-
{GLO}| market for | '09 Unit (Wernet et al., 2016) [35]
APOS, U
Furnace, pellets, 9kW 2 78E-
{CH}] production | APOS, .06 Unit (Wernet et al., 2016) [35]
U
Distribution Eﬁg%’?rtiégﬁl(_;zm’ 2.38E- thm (Blonk Agri Footprint BV,
to Market default/GLO Mass 03 2015a, 2015b) [36,37]
Pellet combustion 1.00 MJ
Use Stage Furnace, pellet_s, 9kw 2 78E- _
{CH}| production | APOS, 06 Unit (Wernet et al., 2016) [35]
U
Wood waste, unspecified
Ash o L 7.54E-
disposal combusted in industrial 06 Mg (USLCI, 2012) [41]

Table 2: Processes considered for ASh to accomplish with the functional unit (to deliver 1.0 MJ of useful thermal energy for residential
heating.)



values per functional unit for External

Processtobe  each Alternative scenarios Uit Reference  PTOCESS

replaced

Value Unit
selected for
ASp, ASpsy ASpgp ASh replacement
Grassland biomass dr
A 2923 2923 2923 0.2 m? IPCC matter 337.1  g*m?
Burning h
arvest
Ecoinvent Biochar
742.3 7423 7423 MJ 35 combustion 46.8 kg
' for heat
Heat, central or Ecoinvent S())/E?eanstir(])?lat
small-scale, 4090 MJ 2303.8 m3
35 from
natural gas cogeneration
*
{Row} Syngas heat
Ecoinvent obtention 3
7360 MJ 35 from 2303.8 m

cogeneration

* *Heat, central or small-scale, natural gas {RoW}| market for heat, central or small-scale, natural gas | APOS, U

Table 3: Avoided processes in each alternative scenario.
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Figures 1 and 2 were realized in the following website
http://sankey-diagram-generator.acquireprocure.com/
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Fig. 1 Energy flow for ASpg (numbers expressed in MWh). Blue color bars represent the products obtained from each system.

handling losses (4.4 g)

Fig. 2 Energy flow for Ash (numbers expressed in MJ). Blue color bars represent the products obtained from each system.



Figures 3 and 4 were realized in the following website:

https://lucid.app/users/login#/login?referredProduct=lucidchart
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Fig. 3 System product of ASpg, and BAUp scenarios for electricity production
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Fig. 4 System product of ASh and BAUh scenarios for residential heating
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Fig. 5 GWP results from ASp and BAUp scenarios. Values between parentheses indicate the net result.
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Fig. 6 GWP results from ASh and BAUh scenarios. Values between parentheses indicate the net COeq result.
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Fig. 7 GWP breakdown from ASh and BAUh scenarios. Values between parentheses indicate the net CO,eq result.
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Fig. 8 Energy balance according to CED LHV method for the power assessed systems. Values between parentheses indicate the net energy
balance per MWh of energy delivered to the grid.
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Fig. 9 Energy balance according to CED LHV method for the residential heat assessed systems Values between parentheses indicate the net
energy balance per MJ of useful thermal energy
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