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Abstract

Biochar is a negative emission technology (NET) that can sequester carbon in soil while
providing benefits for agricultural soils. Liquid manure storage is a significant source of
atmospheric emissions of ammonia (NHz), and biochar has been shown to effectively
reduce NHz emissions from livestock manure. In this study, the use of biochar as an
adsorbent of nitrogen from pig manure, and provider of the adsorbed nitrogen to agri-
cultural soils was investigated. A life cycle assessment (LCA) was conducted to quantify
the environmental impacts of the nitrogen-enriched (N-enriched) biochar system when
applied to agricultural soils. Two methods of N-enrichment were investigated, adsorp-
tion of liquid ammonium (NH4*) and gaseous ammonia (NHsz). To be able to identify
environmental benefits and trade-offs for the system, the N-enriched biochar was com-

pared to using non-enriched biochar, and not using biochar in agricultural soils.

The main benefits of the N-enriched biochar system are reduced terrestrial acidifica-
tion and reduced particulate matter formation, due to mitigation of ammonia (NHx)
emissions from pig manure storage. N-enriched biochar using liquid adsorption and
air adsorption have 120% and 170% lower impact on terrestrial acidification, respec-
tively, compared to not using biochar in agricultural fields. The N-enriched biochar also
provides a benefit for marine eutrophication, as the need for mineral nitrogen fertilizer
for crop cultivation is reduced due to the recycling of nitrogen from pig manure stor-
age. The main trade-offs are increased freshwater eutrophication, human toxicity, and
climate change, depending on the N-enrichment method. For human toxicity, liquid
adsorption and air adsorption have 100% and 146% higher impact compared to not

applying biochar in barley fields.

The results of this study shows that there are both benefits and trade-offs related to en-
riching biochar with nitrogen from pig manure storage and applying it to agricultural
fields compared to not using biochar, so whether to implement the system or not de-
pends on which environmental concern is in focus. Several hotspots were identified in
this study, e.g. that biochar has the ability to significantly reduce NHz emissions from
pig manure storage. Other hotspots identified are that the benefit of carbon seques-
tering from biochar for climate change is almost evened out by the increased methane
emissions when adding biochar to manure, and that using phosphoric acid to increase
biochar’s adsorptive ability is related to significant impacts across all environmental im-
pact categories included in this analysis. These insights can be used to improve the
system to perform better. As nitrogen enrichment of biochar from pig manure is a novel

field of study, more research is needed to increase the knowledge on this topic.



Sammendrag

Biokull regnes som en negativ utslippsteknologi (NET), som kan binde karbon i jorda og
samtidig tilfgre fordeler til landbruksjord. Lagring av dyregjgdsel er en betydelig kilde
til utslipp av amoniakk (NHsz), og biokull har vist seg & vaere effektiv til 8 redusere NH=-
utslipp fra husdyrgjgdsel. Denne studien har sett pa a bruke biokull som en adsorbent
av nitrogen fra grisegjgdsel, og videre tilfgrsel av det adsorberte nitrogenet til landbruk-
sjord. En livssyklusanalyse (LCA) ble gjennomfgrt for & kvantifisere miljgkonsekvensene
av nitrogenberiket (N-beriket) biokull i landbruksjord. To metoder for nitrogenberikelse
av biokull ble undersgkt, adsorbering av flytende ammonium (NH4;*) og NHz i gassform.
For & kunne identifisere miljgmessige fordeler og ulemper for systemet, ble N-beriket
biokull sammmenlignet med bruk av vanlig biokull, og ikke a tilfgre biokull i landbruk-

sjord.

De viktigste fordelene med det N-berikede biokullsystemet er redusert jordforsuring og
redusert svevestgv, grunnet reduserte utslipp av NHz fra grisegjgdsel. Biokull beriket
med NH4* og NHz har henholdsvis 120% og 170% lavere pavirkning pa jordforsuring,
sammenlignet med & ikke bruke biokull i landbruksjord. N-beriket biokull gir ogsa en
fordel for marin eutrofiering, ettersom behovet for mineralgjgdsel blir redusert nar biokul
let tilfgrer nitrogenet som har blitt tatt opp fra grisegjgdsel. De viktigeste miljgmes-
sige ulempene med N-beriket biokull er gkt eutrofiering av ferskvann, menneskelig tok-
sisitet, og global oppvarming, avhengig av hvilken metode for N-berikelse som velges.
Biokull beriket av NH4* og NHz har henholdsvis 100% og 146% hgyere pavirkning pa

menneskelig toksisitet sammenlignet med & ikke bruke biokull i byggdkre.

Resultatene fra denne studien viser at det er bade miljgmessige fordeler og ulemper
ved & bruke biokull beriket med nitrogen fra grisegjgdsel i landbruksjord. Siden begge
metodene for N-berikelse av biokull er knyttet til fordeler og ulemper, ma en beslut-
ning hvorvidt man skal implementere systemet tas pa bakgrunn av hvilket miljgmes-
sig aspekt man er opptatt av. Noen ngkkelfunn fra studien er at biokull har evne til &
redusere NHz utslipp fra grisegjgdsel betydelig. Andre funn er at fordelen med karbon-
fangst i jorda fra biokull pa klimaendringer blir nesten utjevnet av de gkte metanut-
slippene (CH4) som oppstar nar man tilfgrer biokull til grisegjgdsel, og at det & bruke
fosforsyre til & gke adsopsjonsevnen til biokull medfgrer betydelig pavirkning pa alle de
valgte miljgindikatorene. Disse funnene kan brukes til a videre forbedre systemet til & ha
en lavere miljgpavirkning. Siden nitrogenberikelse av biokull fra grisegjgdsel er et nytt

forskningsfelt, er det viktig & fa mer kunnskap pa plass pa dette omradet.
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1 Introduction

Limiting global warming to well below 2°C, in line with the Paris Agreement, requires
more than just emission reductions and sustainable use of resources. The carbon diox-
ide (CO5) concentration in the atmosphere has to be reduced (Field & Mach, 2017), and
negative emission technologies (NET) for carbon dioxide removal (CDR) play a crucial
role in achieving this goal. CDR methods intentionally remove CO, from the atmo-
sphere and store it in geological, terrestrial, or ocean reservoirs (Pathak et al, 2022).
These methods include among other things carbon sequestration in soil, afforestation
and reforestation, direct air capture, biochar, and bioenergy with carbon capture and
storage (BECCS) (Minx et al., 2018).

Biochar is produced through the pyrolysis process of burning biomass in the absence
of oxygen, where carbon is stored in a stable form in the charcoal (Meiirkhanuly et al,,
2020). Among different options for sequestering carbon in soil, biochar application to
soil is being considered as the most promising option to sequester carbon long-term
in biomass (Gupta et al., 2020). Various biomass types can be used to produce biochar,
including forest and crop residues, municipal sludge, and livestock manure (Ahmad et
al.,, 2014). Besides from sequestering carbon, biochar promotes several benefits when
applied to agricultural soils. Biochar application can improve soil conditions by enhanc-
ing soil structure and aeration (Omondi et al,, 2016), increase the soil's nutrient holding
capacity, and mitigate nitrogen losses from soil resulting from fertilizer use (Gao et al,,
2019; Q. Liu et al,, 2018). A meta-analysis conducted by Q. Liu et al. (2018) found that,
on average, biochar application decreases soil nitrous oxide (N, O) emissions by 32% and
nitrogen leaching by 22 to 29%, but that it can increase ammonia (NHz) volatilization
from the soil by 19%. Biochar application can lead to crop yield increase, but the ef-
fectiveness varies by region (Jeffery et al.,, 2017). Overall, biochar provides a solution to
several environmental challenges as it sequesters carbon in the soil, improves soil health,
and reduces emissions from agriculture, all without competing for resources, as existing

biomass residues can be utilized.

Liquid manure storage is a significant source of atmospheric emissions of methane
(CH4), NH3,and N, O (IPCC, 2006). The dominant emission type from manure storage is
NHj3 (Miljgdirektoratet, 2020), an air pollutant that can lead to water eutrophication, soil
acidification, and increased climate change through N,O (Y. Wang et al, 2017). NHz
also contributes significantly to the formation of secondary particulate matter (PMs5)
aerosols (Chen et al,, 202 1). Various practices have been adopted to minimize NH3; and

CH,4 emissions from liquid manure storage, such as using manure covers and acidifying



the manure (Fangueiroetal,, 2014; Sommer et al, 2000). Biochar has been shown to ef-
fectively reduce NH3 emissions from livestock manure (Brennan et al., 2015; Meiirkhan-
uly et al,, 2020). Additionally, biochar has the ability to adsorb nitrogen from aqueous
solutions (Jellali et al.,, 2022; Takaya et al.,, 2019). These findings suggest that biochar
can have the potential to mitigate emissions from livestock manure while simultane-
ously adsorbing nitrogen. If the adsorbed nitrogen is released to plants after biochar is

applied to the soil, this can have the potential to substitute mineral nitrogen fertilizer.

The main production method for nitrogen fertilizers is through the Haber-Bosch pro-
cess, where NHz is synthesized from hydrogen, usually taken fromm CH4, and nitrogen
taken from the air (Walling & Vaneeckhaute, 2020). NHz is subsequentially used to pro-
duce nitrogen fertilizers, mainly in the form of urea and ammonium nitrate (NH;"NOz")
(Walling & Vaneeckhaute, 2020). Ammonia production for fertilizer use is related to sev-
eral environmental concerns, as the Haber-Bosch process uses fossil fuels as feedstock,
and is one of the largest energy consumers and greenhouse gas (GHG) emitters, re-
sponsible for 1.2% of anthropogenic CO, emissions (Ngrskov et al., 2016; Smith et al,,
2020). By recycling gaseous NHz or liguid ammonium (NH4*) from pig manure by us-
ing biochar as an adsorbent and then applying the biochar to agricultural fields, some
of the mineral fertilizer production can be offset, leading to reduced fossil fuel use and

energy use.

The properties of biochar vary depending on the feedstock. Wood-based biochars gen-
erally contain more carbon but fewer nutrients available for plants (Ippolito et al,, 2015).
Manure-based biochars show the opposite trend, with a high nutrient content but low
carbon content. By using wood-based biochar and enriching it with nitrogen from ma-
nure, one can achieve both high carbon sequestration and nutrient provision for plants.
Additionally, wood biochars have in general higher surface areas (lppolito et al.,, 2020),
which has been correlated with greater adsorptive capacity (Qambrani et al,, 2017). In
Norway, where large amounts of forest residues are left unused (Tisserant et al., 2022),
utilizing these residues to produce biochar can contribute to a circular economy per-

spective.

Biochar has been extensively studied for its benefits when applied to agricultural fields
(Q.Liuetal.,, 2018), as well as its adsorption capacity of nitrogen from aqueous solutions
(Jellali et al., 2022). Some studies have looked into biochar’s potential to mitigate am-
monia and GHG emissions from livestock manure management (Baral et al.,, 2023; M.
Liu et al, 2021; Meiirkhanuly et al., 2020), however, these results are varying. Interest-

ingly, few studies have explored the multi-purpose use of biochar, which includes not



only biochar production but also its role in nitrogen enrichment from manure, and its
application to agricultural fields. The hypothesis for this study is that biochar can be
employed in a cascading way where it is first used to sequester carbon, then to reduce
NHz and GHG emissions while adsorbing nitrogen from manure storage, and finally be
applied to agricultural soils and provide benefits such as reducing soil emissions and soil

nitrogen leaching.

The general objective of this study was to explore the potential use of biochar as an ad-
sorbent of nitrogen and a provider of the nitrogen to agricultural fields. First, biochar is
used to sequester carbon, then to reduce NHz and GHG emissions and adsorb nitrogen
from manure storage. Finally, biochar is applied to the soil where it provides the nitro-
gen for plant uptake and soil benefits such as reduced emissions and nutrient leaching.

Based on the main objective, the research question for this study was formulated as:

What are the environmental impacts and benefits associated with the use of nitrogen-

enriched biochar in an agricultural context?

To be able to answer the research question, some specific objectives have been formu-
lated:

1. Define a system for nitrogen-enriched biochar

2. Perform a Life Cycle Assessment (LCA) of the different scenarios using the man-

agement of 1 hectare of barley field as the functional unit

3. ldentify and discuss hotspots and possible improvements



2 Methodology

The methodology section is structured as follows: Section 2.1 defines the goal and scope
for the LCA, and which environmental impact categories that were chosen for the anal-
ysis. Section 2.2 presents the system boundaries and the four scenarios, and Sections
2.3 to 2.8 describe the four scenarios and the relevant processes. Lastly, Section 2.9

describes the sensitivity analysis for the LCA.

2.1 LCA: Goal and Scope Definition

The goal of the analysis was to measure the environmental performance of using nitrogen-
enriched (N-enriched) biochar in agricultural soils. To be able to identify the impact of
the N-enriched biochar, it was compared to using non-enriched biochar, and not using
biochar in the agricultural field. Environmental impacts of the different scenarios were
investigated using LCA, with the scope "cradle-to-gate". The functional unit chosen for
this study is 1 hectare of barley field. Background life cycle inventories were retrieved

from ecoinvent v3.9 and operationalized using Brightway?2.

To analyze the environmental impacts of the N-enriched biochar system, six impact cat-
egories were chosen: terrestrial acidification, particulate matter formation, marine eu-
trophication, freshwater eutrophication, human toxicity, and climate change. The four
firstimpact categories were assessed by using Midpoint Hierarchist characterization fac-
tors from ReCiPe 2016 v1.03 (Huijbregts et al.,, 2017). To assess the toxicity of chem-
icals on human health, USEtox was chosen (Henderson et al,, 2011), where the unit is
human comparative toxic units (CTUy), that is the cumulative cases of either cancer or
non-cancer outcomes (cases/Kgemitteq). FOr this study, the total impact is chosen which

includes both carcinogenic and non-carcinogenic impacts.

For climate change, the metric GWP 100 was chosen, as GHGs have a long lifetime. As
the N-enriched biochar system is expected to have significant impacts on NHz emis-
sions from pig manure storage, it is interesting to look at how the indirect effect NHz
has on climate change appears in this system. Therefore, the analysis will also include
how the system performs for near-term climate forcers (NTCFs), in addition to long-term
GHGs. NTCFs consist of chemically and physically reactive compounds that remain in
the atmosphere typically shorter than 20 years, and they can have both direct and in-
direct effects on climate (Szopa et al,, 2021). The direct NTCFs include CH,, ozone (O3),
short-lived halogenated compounds, and aerosols, while the NTCFs that have indirect

effects on climate include nitrogen oxides (NOy), sulfur dioxide (SO,), carbon monoxide



(CO), non-methane volatile organic compounds (NMVOC), and NHz (Szopa et al,, 2021).
NTCFs can have either a warming or a cooling impact on the climate, and in addition,
they affect precipitation and other climate-related variables (Szopa et al., 2021). The
characterization factors for the GHGs are taken from IPCC 2021, while the characteri-
zation factors for NTCFs (GWP100) are taken from other sources (Table Al in the Ap-
pendix).

Global warming potential (GWP) is the increased global atmospheric temperature due
to specific air emissions (Edwards et al., 2018). Terrestrial acidification results from emit-
ted pollutants decomposing in the atmosphere, and can lead to a reduction in soil pH,
which subsequently can induce loss of plant species in the terrestrial ecosystem (Roy
etal, 2014). Particulate matter formation is a cormmon indicator for air pollution (World
Health Organization (WHO), 2022), where the larger particles (PM10) can lead to aller-
genic responses (Arias-Pérez et al., 2020), while fine particles (PM2.5) are small enough
to penetrate enter the blood system (Schulze et al., 2017) and can lead to cardiovascular
and respiratory diseases, and cancer (World Health Organization (WHO), 2022). Water
eutrophication refers to the increased algae growth due to excess nitrogen and phos-
phorus entering the waterbodies, which can result in oxygen depletion and the death
of fish and other aquatic species (Y. Zhang et al, 2021). Human toxicity is an impact
category that measures the impact of emissions of toxic substances on human health
(Jolliet & Fantke, 2015).

2.2 Scenario Description

To be able to identify the environmental benefits and trade-offs of using N-enriched
biocharin agricultural soils, the study comparesthe environmental impact of N-enriched
biochar applied to agricultural soil with non-enriched biochar and a scenario without
biochar application. Two methods of N-enrichment of biochar were investigated, re-
sulting in four scenarios for the analysis. Figure 1 shows the four scenarios and system
boundaries for the LCA. The N-enriched biochar scenario includes biochar production,
N-enrichment of biochar, and application of N-enriched biochar to one hectare of barley
field in Norway. As the study compares barley cultivation with or without biochar appli-
cation, the functional unit considered in this analysis is the management of one hectare

of barley field per year in Norway.
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Figure adapted from Tisserant et al. (2022) to the system for this studly.



2.3 Scenario 1: Baseline

Scenario 1 includes farm operations used to manage 1 hectare of barley field across a
year, such as harrowing, liming, fertilizing, and use of pesticides. In addition, the scenario

includes emissions from manure storage.

2.3.1 Emissions from manure storage

For this study, pig manure was selected as the type of manure. This choice is based
on that biochar addition to pig manure is well explored in literature, it has high nitrogen
content, and pig manure is largely available in Norway. During storage, organic nitrogen
in the manure is transformed into various nitrogen types. It can be transformed into
liguid ammonium (NH;" and NHz, and subsequentially into gaseous NHz (Philippe et
al.,, 2011). Further, liquid NH;" can be transformed into liquid and gaseous N,O and
dinitrogen (Ns). Liquid pig manure has a high concentration of ammonium (NH."), with

reportsof 1 280 and 2 870 mg L (Garcia-Gonzalez & Vanotti, 2015; Nunes et al., 2023).

Emissions of NHz, CH4, CO5,and N, O from manure storage used for this study are 240, 1
270,8 000, and 2.00 mg per m? per hour, respectively. These are the baseline emissions
for pig slurry stored in tanks based on a review study on emissions from cattle and pig
slurry (Kupper et al,, 2020). For CH4 emissions, the baseline value was reported in m?3,
so emissions per m? were calculated by filtering their dataset for pig manure emissions,
pilot-scale studies, and the ones they had marked that were used for baseline emission
calculations. The average value of the remaining studies after the filtering was used for
this study (1 270 mg m2 h1).

To quantify the yearly emissions from pig manure storage for the system in kg, the first
step was to calculate the total area of manure storage needed to enrich the biochar. As
the amount of biochar applied per hectare in of barley field in kg (appyica) Was known
before (explained in Section 2.4.2), the amount of biochar applied to manure in kg (@pPPmanure)
had to be determined (explained in Section 2.6.2) and from there estimate the total area

of manure storage needed for the system in mM? (A anure), given by Equation 1.

app field
Amanure = L feld (1)
a’ppmanu'r’e

From there, Equation 2 was used to find the emissions fromn manure storage for the spe-
cific gases in kg per year (E,). This was done by taking the total area of manure storage

(Amanure), @and multiplying it by the emissions for the specific gas per hour (e;), and the



number of hours biochar was added to manure (t). The quantified parameters used in

the equations for this study can be found in the appendix (Table A3).

E, = Amanufgﬁ' er -t 2)
As pig manure storage is happening regardless if biochar is added or not, a manure stor-
age facility is not included as an input in the LCA inventory (Table A7). For the same
reasoning, only the changes in manure emissions due to the biochar addition com-
pared to baseline emissions are displayed in the main results, and not the total emis-
sions from manure storage. The CO, emissions from manure storage are considered
biogenic as the carbon comes from biomasses, so these emissions have no impact on

climate change.

2.3.2 Farm Operations

Farm operations include activities and products needed to manage 1 hectare of barley
field across a year. Barley is the main cereal produced in Norway and makes up about
45% of the total grain production (SSB, 2023). The LCA inventory for the farm operations
used to manage 1 hectare of barley field (Table A4) is created based on Tisserant et al.
(2022). Practices included in the inventory are among other things ploughing, sowing,
harrowing, fertilizing, pesticide application, and liming. Yearly fertilizer requirements
per hectare of barley field are 127.5 kg nitrogen (N), 17.3 kg phosphorus (P), and 63
kg potassium (K) (Gundersen & Heldal, 2013; Kolle & Oguz-Alper, 2020), and the liming

requirement per hectare is 447 kg per year (Tisserant et al,, 2022).

Soil emissions due to fertilizer application for Scenario 1 are based on the Norwegian
emissions inventory report (Miljgdirektoratet, 2019; Tisserant et al,, 2022). It isassumed
that 1% of the nitrogen applied, 1% of the volatilized nitrogen, and 0.75% of the leached
nitrogen is emitted as N, O. For every kg of nitrogen applied, 5% emitted as NHz, 0.04
kg is emitted as NO,, and 22% is leached from the soil as nitrate (NOz").

2.4 Scenario 2: Biochar

Scenario 2 includes the production of biochar, application of biochar to agricultural soils,

farm operations, and emissions from manure storage.



2.4.1 Biochar Production

Biochar production can be divided into two processes, biomass collection and treat-
ment, and the pyrolysis process. The data for both processes is based on Tisserant et al.
(2022). In Norway, it iscommon to leave the forest residues in the forest since thereis no
market for utilizing low-quality wood and branches, and overall, forest residues in Nor-
way consist of 82% spruce, 17% pine, and 1% birch (Tisserant et al., 2022). The life cycle
inventory for the biomass collection includes the complete value chain, from harvesting,

transport, chipping, and processing of the forest residues.

Transport of forest residues from the forest to the pyrolysis plant was estimated based on
Tisserantetal. (2022), where the average transport distance of 190km was used. Spruce
wood is the chosen biochar feedstock, and a temperature of 500°C was considered for
the pyrolysis process. By-products from the pyrolysis process, such as bio-oil and syngas,
are not included. A mass yield of 28% biochar per unit wood input (dry basis) was con-
sidered for this analysis, similarly to Tisserant et al. (2022). This ratio was used to assess
the amount of wood chips needed as input per output of biochar. For the LCA inven-
tory of biochar production (Table A5), softwood chips were used as input, as ecoinvent
v3.9 does not have forest residues as an activity. As the CO, that is emitted while burn-
ing the wood has been taken up from the atmosphere through photosynthesis, these

emissions are modeled to be biogenic and do not impact climate change.

2.4.2 Biochar Application

Transport of the biochar from the pyrolysis plant to the field was estimated based on
Tisserant et al. (2022), where the average transport distance of 226 km was chosen.
Their analysis considered an application rate of 2 552 kg biochar per hectare of barley
field per year, so the same amount is used for this study (appy;ca). The LCA inventory for
biochar application for this study (Table A6) was also created based on Tisserant et al.
(2022). Biochar application includes broadcasting of biochar to agricultural soils and
incorporation into the soil through harrowing. Since the spruce wood contains calcium
(as CaCOs3) that remains in the biochar, the yearly need for liming is reduced by 145 kg
per ha (Tisserant et al,, 2022). In addition, a reduction in K fertilizer is obtained, as soft-
wood biochar naturally contains 0.5% of K,O that is available for plant uptake (Ippolito
etal,2015; Tisserant et al, 2022). The new K fertilizer need in kg ha'! year? (Fxnew) was
calculated using Equation 3 where Fj, represents the initial K fertilizer requirementin kg

per year, and bg corresponds to the amount of K;O in softwood biochar in percentage.



Fgnew = Fg — (appfield ~br) (3)

Modeled effects on soil emissions from biochar application include N>O, NOy, NHz and
nitrogen leaching, and the inventory is based on Tisserant et al. (2022), where the aver-
age values from their literature review are used. These values are 38% reduction of N,O
emissions, 5% increase in NHz emissions, 10% reduction in NO, emissions, and an 8%
reduction in nitrogen leaching. After biochar application, no increase in barley yield is
assumed for this study, as previous studies have found that biochar has a limited effect
inincreasing grain yields in Norway (O'toole et al., 2018). The LCA inventory for the man-
agement of 1 hectare of barley field with modeled effects from biochar application can

be found in the appendix (Table A4).

It is assumed that after 100 years, 74% of the carbon still remains in the biochar (Budai
etal,2016; Tisserant et al, 2022). Application of 2 552 kg biochar per ha of agricultural
soil was found to have a carbon sequestering potential of 5 350 kg CO»-eq. ha™! year!

(Tisserant et al., 2022), so this value is also used for this study.

2.5 Scenarios 3a and 3b: Nitrogen-enriched Biochar

The nitrogen-enriched (N-enriched) biochar scenarios include biochar production, us-
ing biochar to adsorb nitrogen from manure storage, application of N-enriched biochar
to agricultural soils, and farm operations. Production of biochar and farm operations are
identical to Scenarios 1 and 2. It is assumed that the biochar is used to adsorb N from
pig manure, then extracted from manure and spread onto the field within the same
farm. Therefore, no extra transportation is considered for these scenarios compared to

Scenario 2.

Biochar has a great capacity to adsorb nutrients due to its porous structure, and biochar
can adsorb different forms of nitrogen. The literature distinguishes between the adsorp-
tion of liquid NO3™ and NH4", and gaseous NHxz. As biochar pyrolyzed at around 500°C
shows no or minimal adsorption capacity of NO3z~ (M. Zhang et al,, 2020), adsorption
of liquid NH4* and gaseous NHz was chosen for this study. This resulted in two sub-
scenarios for the N-enriched biochar, where Scenario 3a includes adding biochar into
the manure to adsorb liquid NH,*, while Scenario 3b includes attaching biochar in the

air above the manure to adsorb gaseous NHz (see Figure Al in the appendix).
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2.6 Scenario 3a: Nitrogen-enriched Biochar Using Liquid Adsorption
2.6.1 Scenario 3a: Biochar Adsorption of Liquid Ammonium

For this study, an adsorption capacity of 20.5 mg NH;"-N per gram biochar from liquid
pig manure was chosen. This value was based on a literature review (Table 1) where a
value of 28.3 mg NH4*-N g! biochar was chosen, and then adjusted to 22.8 mg NH,*-
N g! according to a re-analysis of NH,* adsorption of biochar by Weldon et al. (2022).
Finally, the adsorption value was adjusted down by 10% to obtain a more realistic value.

A detailed explanation of the approach is presented in the following paragraphs.

Table 1: Literature review of liquid adsorption of ammonium

Biochar feedstock Pyrolysis N concentration | Adsorption | Source
temperature (in N/L) (in NH.*-N)

Spruce-pine-fir 500°C 4 000 mg* 26.3 mg/g | Jassal et al. (2015)

Pinewood 550°C 40 mg 3.4 mg/g Yang et al. (2018)

Pinewood 550°C 40 mg 0.38 mg/g | Hinaetal. (2015)

Pinewood 550°C 79 mg 0.52 mg/g

Spruce wood 500°C 100 mg 4.4 mg/g Lietal. (2021)

Wood shavings 600°C 1 400 mg 42.02 mg/g | Kizito et al. (2015)

Hardwood 600°C 500 mg 114.7 mg/g | Kizito et al. (2016)

Mixed sawdust 600°C 500 mg 28.3 mg/g | Kizito et al. (2016)

pellets

Oak wood 450°C 33 mg 7.14 mg/g | Takaya et al. (2019)**

Oak wood 450°C 349 mg 23.2 mg/g

Oak wood 400°C 1 000 mg 129.4 mg/g | Takaya et al. (2016)

Oak wood 600°C 1 000 mg 123.5 mg/g

*N concentration reported as 4 000 mg N (from NH,"NOsz) per L, and the study measured adsorption

of NH4" and NOs~ simultaneously. **The study reported adsorption in NH;*, so the values in the table

are transformed to NH.*-N.

The experimental designs of the studies chosen from the literature review (Table 1) vary
in terms of biochar feedstock, pyrolysis temperature, and the N concentration in the so-
lution to which the biochar was added. Asthe NH," adsorption capacity of biochar varies
significantly depending on the feedstock type and the pyrolysis conditions (Jellali et al.,
2022),the chosen studies from the literature should be as similar as possible to the cho-
sen biochar for this study. Softwood, and more specifically spruce wood, is the optimal

feedstock, but as most studies looking at softwood biochar have used a very low N con-
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centration (40-100 mg N L™1), these are not comparable to adsorption from pig manure,
where the NH,*-N concentration is above 1 000 mg L. Therefore, all wood biochar in
the selected studies from the literature review has been included, with pyrolysis tem-
perature between 400 and 600°C, excluding studies that are using N concentration at
100 mg N L1 and lower. This result in five studies, and the median value of 28.3 mg
NH4*-N per gram biochar is chosen from the literature review to prevent the result from

being skewed by outliers.

In the study done by Weldon et al. (2022), biochar adsorption studies were put into
critical revision, where the NH,* adsorption capacity of the current literature was re-
analysed. Their findings suggest that the adsorption capacity of biochar is lower than
previously reported. The primary reason for this was found to be inconsistency in the
methodology for quantification of sorption capacity. After doing a standardized remod-
eling of published batch sorption studies, Weldon et al. (2022) reported a maximum
sorption capacity of 22.8 mg NH4*-N g for unmodified biochar. To take a conserva-
tive approach, the adsorptive capacity for biochar chosen for this study is decided to not

exceed the reported maximum capacity of 22.8 mg NH,"-N per g biochar.

Published studies on NH," adsorption of biochar are laboratory experiments looking iso-
lated on adsorption of NH, ™, often from a chemical solution. In real-life, adsorption from
pig manure storage will mean that other nutrients and gases are present, which most
likely will lower the NH4* adsorption capacity. In studies that have compared NH,* ad-
sorption of wood biochar from both chemical solution and piggery anaerobic digestate
slurry, the adsorption from piggery slurry was 15-23% lower compared to the chemical
solution, depending on N concentration (Kizito et al., 2015). It would be appropriate to
scale down the adsorption capacity with 20%, but as two of the five chosen studies from
the literature review are doing adsorption experiments on piggery slurry, it is assumed
that it is sufficient to further reduce the adsorption capacity with 10% to obtain a more

realistic adsorption capacity, from 22.8 to 20.5 mg NH4"-N per gram biochar.

2.6.2 Scenario 3a: Biochar Addition to Manure - Emission changes

For this study, an application rate of 4.56 kg biochar per m? pig manure storage was
chosen, based on a study investigating biochar adsorption (Maurer et al,, 2017). It is
further assumed that biochar application to pig manure over 30 days leads to a 17%
reduction in NHz emissions, a 32% increase in CH,4 emissions, and that CO, and N,O
emissions are not affected. The values have been estimated based on a literature review

for studies including wood biochar addition to pig manure storage (Table 2), where the
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weighted average of two studies was used. Explanation of the main steps is presented

in the following paragraphs.

A literature review was conducted to estimate the adsorption capacity of liquid NH;" to
biochar from pig manure. Since Maurer et al. (2017) used softwood biochar pyrolyzed at
500°C and they only found a significant reduction in NHz emissions for an application
rate of 4.56 kg biochar per m?, thisisthe chosen application rate of biochar to manure for
this study (apPPmanure). The same cut-off is used for emission changes as for N adsorption,
which is soft- and hardwood biochar pyrolyzed at 400-600°C, resulting in two studies. It
is not known which temperature Meiirkhanuly et al. (2020) used, and their application
rate of biochar is lower than 4.56 kg m2, so the study of Maurer et al. (2017) is more
relevant for the current study in terms of biochar feedstock and pyrolysis temperature.
The approach used to evaluate changes in NHz and GHGs was to give the two studies
different weighting based on their relevance. The reported values fromm Maurer et al.
(2017) are weighted 70% and values from Meiirkhanuly et al. (2020) are weighted 30%.
This results in a reduction of NHz emissions of 17% and an increase in CH,4 emissions of
32% fromm manure storage after biochar application. Since the two studies did not agree
on a significant effect on CO, and N, O emissions, it is assumed for this study that these

emissions are not affected by biochar addition.
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Table 2: Literature review of how biochar application affects ammonia and GHG emis-

sions from pig manure.

Biochar

feedstock

Pyrolysis

temperature

Application

rate

Emission changes
30 days*

Source

Pinewood

500°

4.56 kg/m?

NHs: - 13%

Maurer et al. (2017)

CHy: +22%
CO5: No sign. effect
N2 O: No sign. effect

Pinewood 500° 2.28 kg/m? | NHs: No sign. effect
CHg4: No sign. effect
CO5: No sign. effect

N> O: No sign. effect

Maurer et al. (2017)

Red oak wood | Not informed | 1.65 kg/m? NHz: - 25%

CHy: + 54%
CO;,:-13.5%

(2020)

N, O: No sign. effect

Meiirkhanuly et al.

Wood 900° 50 g/kg NHs: - 20%

shavings CH4: No sign. effect
CO5: No sign. effect

N,O:-12%

Pereira et al. (2022)

*Negative numbers indicate a reduction in emissions, and positive numbers indicate an emission in-

crease. Bold numbers indicate a significant effect across all trials.

2.7 Scenario 3b: Nitrogen-enriched Biochar by Using Air Adsorption
2.7.1 Scenario 3b: Biochar Adsorption of Gaseous Ammonia

An adsorption capacity of 25.2 mg NH=z-N per gram of biochar was chosen for this study.
This value is based on a literature review, where a value of 31.5 mg NH=z-N per gram of
biochar was used for acid-activated biochar, and then reduced by 20% to obtain a more
realistic estimation. A detailed explanation of the approach is given in the following

paragraphs.

To estimate the adsorptive capacity of NHz of spruce wood biochar, a literature review
was conducted. Few studies in the current literature have investigated biochar adsorp-
tion of gaseous NHz, and out of them, several have investigated NHz adsorption by keep-

ing biochar and NH=z gas in a sealed jar over a period of time. These are not comparable

14



to this study, where biochar isimagined attached over a source of NHz emissions (Figure
Al). One study was found in the literature review, where they passed NHz gas through
a column with biochar and measured how much NHz the biochar adsorbed (Ro et al,,
2015). In their study, they used NHz standard gas with a concentration of 103 ppm,
and as NHz gas from pig manure storage is reported to have a significantly higher con-

centration of NHz Meiirkhanuly et al. (2020), it is considered comparable to this study.

Non-activated biochar is found to have a limited capacity of adsorbing NHz (Rasse et al.,
2022). Ro et al. (2015) investigated both activated and non-activated biochar, where
they found an adsorption capacity of 0.84 mg NHz-N per gram of non-activated biochar,
and 31.5 mg NH=z-N per gram of activated biochar. Acid-activated biochar was therefore
chosen for this study and the adsorption capacity of 31.5 mg NH=z-N per gram of biochar

was used from literature (Ro et al,, 2015).

The adsorption study of Ro et al. (2015) was conducted as a small-scale laboratory study
where they investigated the adsorption of NHz isolated. In real life, NHz adsorption to
biochar from pig manure storage is assumed to be different, as there are not only NHz
emissions from pig manure storage but also GHGs, pollutants like HyS and SO, volatile
organic compounds (VOCs) Gwenzi et al. (2021), and moisture. In a realistic context,
biochar will not only adsorb NH=z, but also other gases and compounds, so it is plausi-
ble that the adsorption capacity of NHz will be lower compared to the study of Ro et al.
(2015). As mentioned earlier, for liquid adsorption the reported values were 15-23%
lower for adsorption of piggery slurry compared to adsorption from a chemical N solu-
tion. Therefore, the adsorption capacity is reduced by 20%, from 31.5 to 25.2 mg NHz-N
gt biochar.

For the acid activation, Ro et al. (2015) used phosphoric acid (H3POy,), which is com-
monly used as an activating agent (Zhao et al.,, 2017), and is proven to be efficient for
increasing the adsorptive capacity of biochar (Takaya et al., 2019). The mechanism be-
hind this is that phosphoric acid activation enhances the surface area of the biochar and
results in a high abundance of porous structure (Chu et al,, 2018). Acid-activation with

phosphoric acid is therefore also chosen for this study.

In the study of Ro et al. (2015), they soaked the biochar in 30% (w/w) phosphoric acid
(HsPO,) overnight with a ratio of 1:1 (m/v) biochar and acid, and then activated the
biochar under breathing air at 450°C for 60 minutes. The same method was used for
this study, and the information above was used to calculate the amount of phosphoric
acid and water needed to activate 1 kg of biochar (Table A2 in the appendix). Potential

fugitive emissions from handling phosphoric acid are neglected.
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Itisassumed that the acid-soaked biochar is dried and activated in a heater run by wood
pellets. Estimation of energy requirements for the drying process was done by using an
equation for calculating heat transfer (Equation 4), similarly applied by de Souza et al.
(2023). Q is the energy need in MJ, M,,.;.. is the material that is going to be heated in
kg, C, is the heat capacity of the material in MJ kg'! K1, and T, and T, are the goal

temperature and room temperature (25°C) given in kelvin, respectively.

Q:Mmiz'cp'(Tr_T‘(]) (4)

Air adsorption of NHz is imagined to be conducted by attaching biochar in the air above
pig manure, using it as an adsorbent when the NHz gas passes by (Figure Al). Attach-
ment of the biochar above the pig manure storage can be done in different ways, for
example by placing biochar on top of a net or making biochar into a filter and having
several layers. To be comparable to Scenario 33, it is imagined that the biochar is at-
tached above the manure in amounts of 4.56 kg m™, and kept there for 30 days at a
time. Material and energy inputs connected to attaching the biochar above the pig ma-
nure are neglected, as it is assumed that the related emissions will be minimal in the
system. The LCA inventory for pig manure emissions for Scenario 3a can be found in the

appendix (Table A5).

2.7.2 Scenario 3b: Biochar Air Adsorption of Ammonia - Emission changes

For this study, it is assumed that acid-activated biochar can reduce NHz emissions by
50%, CO, by 10%, while CH4 and N,O emissions are not affected. The estimation of
emission changes of CO,, CH,4 and N, O was based on a literature review, while the esti-
mation of changes in NHz emissions is based on calculations for NHz removal efficiency

across a 30 day time period. This is further explained in the following paragraphs.

Air filtering of NHz by using biochar is a novel topic, so the literature review did not re-
sult in any measurements for how much NHz emissions from pig manure storage are
affected by using wood biochar as a filter. Calculations based on NHz emissions from
manure storage and biochar adsorption capacity have therefore been used to estimate
the emission changes. Equation 5 was used to calculate the total amount of NHz biochar
can adsorb in kg across one year (adsy gs_tot), Where ads,;, is the adsorption rate of NHz
by biochar in mg g year?, and appyi.a is the amount of biochar applied per hectare
per year in kg (see Section 2.4.2). Equation 6 was used to find the percentage reduc-
tion in NHz emissions per year (redygs), where Eypys is the total emissions of NHz from

Mmanure storage in kg per year (see Section 2.3.1).
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adSqab - APP field

adsNH3—tot = 108

ASNH3 10
redyps = %HH:“ -100% (6)

To be able to compare the two N-enriched biochar methods (Scenario 3a and 3b), the
same application rate of 4.56 kg biochar per m? of manure storage is used, and the
biochar is used as an air filter above the manure for 30 days. Mark that since the treat-
ment period is 30 days, it is possible to use a large area of manure storage and enrich all
biochar across 30 days, or one can divide it and have several treatment periods across
one year with a smaller area of manure storage. The NHz emissions from pig manure
storage across a 30-day period are 96.77 kg (Engs), while the NHz adsorption capacity
across the same time period is 64.31 kg (adsyms—t0t). This results in a removal capac-
ity of 66.5% (redyg3). To take a conservative approach, the emission reduction capacity
of biochar is estimated to be 50% of NHz emissions from pig manure storage. This ap-
proach has been presented to biochar experts at the research institute NIBIO who are
working on the topic of N-enriched biochar (AgriCascade project). In discussion with
them, it was concluded that this approach is sufficient for this study until more research

and experiments are done on this topic.

Findings from literature show that CH,4 is not well adsorbed by biochar, where explana-
tions could be that the pore size of biochar is not small enough to separate CH, from
COs5, or because of the competition between H,S and CO,, as both gases have smaller
molecular sizes than CH, (Sethupathietal.,, 2017). Therefore, it is assumed for this study
that biochar does not adsorb, and subsequentially affects CH4 emissions from pig ma-
nure storage when using air adsorption. Biochar has the ability to adsorb CO, (Francis
et al,, 2023), but with a low capacity when other gases are present (Sethupathi et al,,
2017). Based on these findings, the adsorption capacity of CO> is assumed to be 10%

for air adsorption onto biochar.

Literature is clear that biochar has the ability to reduce N,O emissions from soil, but
few studies have proved that biochar can directly adsorb N,O. However, some studies
have suggested that biochar can adsorb N> O approximately as strongly as CO», but the
adsorption effect of N, O was not investigated with other gases present (Cornelissen et
al.,, 2013). Therefore, to take a conservative approach, it is assumed for this study that
biochar does not adsorb N>, O. Compared to liquid adsorption of biochar, air adsorption is

assumed to not increase NHz and GHG emissions from pig manure storage, as it filters
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the gases after emitted from manure storage and does not interact with the manure

directly. The LCA inventory for manure emissions for is in the appendix (Table A7).

2.8 Scenarios 3a and 3b: N-enriched Biochar Application

Investigating the nitrogen dynamics in biochar involves more than just looking at biochar
adsorption capacity. It is important to also consider how nitrogen is retained in the
biochar and subsequently released for plant uptake in agricultural fields. For this studly,
a N desorption rate from biochar was chosen to be 70% of adsorbed NH,* for non-
activated biochar, and 80% of adsorbed NHz for acid-activated biochar. These estima-
tions are based on a literature review and conversations with biochar experts. A detailed

explanation is given in the following sections.

Plants can take up nitrogen in the form of NH,* or NOz™ (Zayed et al., 2023), but NHz ad-
sorbed by biochar is also found to be available for plant uptake (Taghizadeh-Toosi et al,,
2012). Nitrogen adsorbed by biochar is found to be stored in a stable form (Taghizadeh-
Toosi et al., 2012), but the nitrogen release capacity from biochars is dependent on dif-

ferent factors, both biochar properties and soil characteristics (Jellali et al., 2022).

A literature review was conducted to estimate the N desorption capacity of biochars
pyrolyzed at 350-600°C (Table 3). Biochar does not only adsorb N physically but also
chemically by reacting with the biochar through co-occurring mechanisms (Jellali et
al,, 2022). This indicates that the adsorbed N is more difficult to release. The reported
values on biochar N desorption from the literature are spread, from 3.9% to 62%. To
prevent the results from being skewed by outliers, the median values from the studies
were used. The median value for NH,* desorption is 33%, while for NHz the median
desorption rate is 48.5%. By looking at the desorption studies, it seems like in general,
increased N concentration in the source that biochar is adsorbing from is correlated with
an increased desorption rate. Therefore, it is plausible that for this system where N is
adsorbed from pig manure with high amounts of N, the desorption rate can be assumed

even higher than the reported values in the literature.

In addition to biochar properties, the desorption of N from biochar can be significantly
influenced by soil conditions, including pH, contact time, and the presence of ions (Jel-
lali et al.,, 2022). Under alkaline conditions, the N desorption process from biochar is
enhanced (Chintala et al., 2013; Nguyen et al.,, 2019), however, it is important to note
that very high pH values may promote the conversion of NH,* into NHz gas and its evap-
oration (Rozic et al.,, 2000; Saleh et al,, 2012). In the context of barley fields in Norway,
the soil pH is recommended to be within the range of 6.0-6.3 (NIBIO, 2020) and liming
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Table 3: Literature review of nitrogen desorption from biochar

Biochar Pyrolysis N concentration Desorption | Source
feedstock | temperature rate
NH,*
Pinewood 550°C 40 mg NH4*-N Lt 33% Hina et al. (2015)
Pinewood 350-600°C 100 mg NH,* Lt 53% Aghoghovwia et al.
(2022)
Oak wood 450°C 43 mg NH,* Lt 12% Takaya et al. (2019)
Oak wood 450°C 450 mg NH,* L1 40%
Oak wood 400°C 1 000 mg NH,*-N Lt 3.9% Takaya et al. (2016)
NH3
Oak wood 450°C 43 mg NH3 L? 35% Takaya et al. (2019)
Oak wood 450°C 450 mg NHz L 62%

is used to obtain this value, so a significant NHz volatilization is not expected.

Previous research indicates that extraction with potassium chloride (KCL) effectively re-
moves nearly all adsorbed NH,* from biochar (B. Wang et al,, 2015). This is relevant for
biochar application in agricultural soils, since biochar will typically be added combined
with mineral fertilizers, and KCL represents the primary form of K fertilizers (Zorb et al.,
2014).

In addition to pH, desorption of NH4* is found to increase as time increases (Yin et al,,
2020). The studies from the literature review are of laboratory scale, with desorption ex-
periments usually lasting less than 24 hours. When biochar is applied to agricultural soil

itis kept there permanently, which is plausible to have a positive impact on N desorption.

By talking to experts in the field, they state that generally speaking, the N that is ad-
sorbed by biochar is also released. Therefore, a desorption rate of 70% is assumed ap-
propriate for non-activated biochar. Acid-activated biochars are reported to have sig-
nificantly higher desorption rates compared to non-activated biochars (Chintala et al,,

2013), so for the acid-activated biochars a desorption rate of 80% is chosen.

The total amount of desorbed NH,*-N from biochar to soil per year in kg was calculated
by using Equation 7 and Equation 8 for non-activated and activated biochar, respec-
tively. Ads, is adsorbed NH4*-N in mg per g per year by non-activated biochar, and des,
is the desorption rate of NH4*-N of non-activated biochar in percentage. Ads,,, is ad-

sorbed NH=z-N in mg per kg year by acid-activated biochar, and des,;, is the desorption
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rate of NH,*-N of acid-activated biochar in percentage. Appyi«q is as explained before,

the amount of biochar applied yearly per hectare of barley field.

adsy - appyield - desy,

desptot = 7

espto 107 (7)
d aab ield * d aa

desgaptot = 445aab apfé?)‘ld “Saab (8)

Inthe LCAinventory (Table A4), N fertilizer is represented by ammonium nitrate (NH;*NOz"),
as the inventory for biochar application to soil is largely based on Tisserant et al. (2022),
and they used ammonium nitrate as N fertilizer input in their inventory. According to
the ecoinvent v3.9 database, 1 kg of NH,"NOz isequivalent to 0.35 kg of N. The amount
of adsorbed and desorbed nitrogen from biochar is estimated based on the pure N con-
tent (NH4*-N, NH=z-N), similar to most of the studies in the literature. Therefore, when
calculating the amount of N provided for plant uptake from biochar, the N is divided by
0.35 to obtain the amount in NH4*NOz". The input of packaging for fertilizer is adjusted
based on the total amount of NPK mineral fertilizer in kg needed for each scenario. This
was done by calculating the percentage reduction in mineral fertilizer input compared

to Scenario 1 and reducing the input of fertilizer packaging by the same percentage.

2.9 Sensitivity analysis

As the literature reviews in this study show a large variability for both biochar N adsorp-
tion, N desorption, and changes in manure emissions after adding biochar, a sensitivity
analysis was conducted to assess how this variability might impact the performance of
the N-enriched biochar. The analysis is based on a scenario approach, where a "low-
performance" and a "high-performance" scenario were added alongside the "default"
scenario (values from Section 2.6-2.8). The high-performance scenario includes high
emission mitigation from manure emissions, and high biochar N adsorption and des-
orption, while the low-performance scenario represents low emission mitigation from
manure storage and low N adsorption and desorption from biochar. The values for the
sensitivity analysis were obtained from the literature review performed for this study,
representing the ranges in the literature, alongside with estimations (Table A8 in the
Appendix). As plants have a maximum uptake capacity of N, a restriction is chosen for
the N desorption from biochar in kg (des,tot and des,,,tot) for the high-performance
scenario. It is set to not exceed the N fertilizer requirement per hectare of barley field
(127.5 kg N).
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3 Results and Discussion

As the N-enriched biochar system is the focus of this study, the results and discussion is
mainly focused on how Scenarios 3a and 3b are performing compared to Scenarios 1
and 2. As explained in Section 2.3.1, the impact from pig manure emissions will be dis-
played as the difference from baseline emissions (Scenario 1). The LCA results with total
impact from manure emissions for the impact categories that are affected by emissions
from pig manure can be found in the appendix (Figure A2). The full LCA results for the
default scenarios are also in the appendix (Table A9 and A10). The graphs below show
the impact of the default scenarios, and high-performance (high) and low-performance
(low) sensitivity scenarios. The sensitivity scenarios are blurred to increase the visibility

of the default scenarios.

The main takeaways from the LCAresults are that both the N-enriched biochar scenarios
(3a and 3b) provide significant benefits for terrestrial acidification, with 120% and 170%
lower impact for Scenario 3a and 3b, respectively, compared to Scenario 1. Scenario
3a also provides benefits for particulate matter formation and marine eutrophication,
with 53% and 8% lower impact, respectively, compared to Scenario 1. The main reason
for these benefits is due to the mitigation of NHz emissions from manure storage and
lower impact from fertilizer production due to reduced demand for mineral fertilizer.
Scenario 3a provides trade-offs for climate change due to increased methane emissions
fromm manure storage, with an 18% higher impact compared to Scenario 1. Scenario
3b provides trade-offs for freshwater eutrophication, particulate matter formation, and
human toxicity with 109%, 87%, and 132% higher impact, respectively, compared to
not using biochar (Scenario 1). The main reason for these increased impacts is due to

the acid-activation process in Scenario 3b.

3.1 LCAresults
3.1.1 Climate change

All the biochar scenarios perform better than Scenario 1 for climate change (Figure 2)
due to negative emissions from carbon sequestering of the biochar. However, the N-
enriched biochar system performs badly for climate change compared to Scenario 2.
Scenarios 3a and 3b have an impact of 1 862 and -1 925 kg CO»-eq ha! year!, respec-
tively, while Scenario 2 is performing best across the four scenarios with an impact of -2
437 kg CO,-eq hatl year!. Scenario 3b performs second best for climate change and

is reducing climate change due to carbon sequestration. Even though Scenario 3b is
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reducing CO, emissions from manure storage by 10%, this does not show an impact
on climate change as the CO; emissions from manure storage are biogenic, meaning
that the CO, have been taken up from the atmosphere and is emitted back. There-
fore, CO, emissions from manure storage have no impact on climate change for this
system. This is the same for biochar production, where the CO, that is emitted from
the wood has already been sequestered by the trees from the atmosphere, so it does
not impact climate change when emitted back. Scenario 3b has increased emissions
from biochar production compared to Scenario 2 and 3a due to the biochar activation
process, where the impacts come primarily from extra energy use, and phosphate rock,

sulfur, and quicklime use related to phosphoric acid production.
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Figure 2: Impact on climate change (GWP100)

Reduced synthetic N fertilizer need results in 23% and 30% lower impact on climate
change for fertilizer production for Scenario 3a and 3b, respectively. Scenario 3a has a
high impact fromm change in manure emissions, as the increased CH4 emissions from
biochar addition have a high impact on climate change, and NHz emissions do not im-
pact climate change directly. The impact of the increased manure emissions almost
evens out the benefit from carbon sequestering, resulting in that Scenario 3a has an
almost as high impact as Scenario 1 (1 862 vs. 2 278 kg CO5-eq ha! year!). CH, is
the second most anthropogenic GHG after CO,, and it constitutes approximately 16%
of global GHG emissions and is 28 times more potent compared to COs. It is therefore

a large trade-off that Scenario 3a contributes to additional CH,4 emissions.
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For the sensitivity analysis for climate change, it is clear that the large range of findings
in the literature is reflected in the impact of climate change. For Scenario 33, the high-
performance view results in the highest mitigation effect (-3 076 kg CO»-eq ha! year?)
across all scenarios, while the low-performance perspective results in the highest impact
(12 040 kg CO»-eq hat year) across all scenarios. This is due to the variability in how
much CH,4 emissions can increase from adding biochar to the manure. For Scenario 3b,
the range is lower, from -1 682 kg CO,-eq ha! year! for low-performance perspective,
to -3 015 kg CO»-eq ha'l year! for the high-performance perspective. This scenario
performs well as the biochar is assumed to release the optimal N needed per hectare
so that no mineral N fertilizer is required. In addition, Scenario 3b high-performance is
assumed to reduce N>O emissions from manure storage, leading to a negative impact
of 12.3 kg CO,-eq hat year!.

It is crucial to identify why CH4 emissions from manure increase after biochar addition,
and how these increased emissions can be avoided. Meiirkhanuly et al. (2020) found
that freshly added biochar can reduce CH, emissions, while after three weeks when
the biochar had sunk into the manure, CH4 emissions were generated instead of being
mitigated. Their hypothesis was that biochar adsorbs CH4, and releases it again once
it is incorporated into the manure. Maurer et al. (2017) argues that the reason for in-
creased CH, emissions following biochar application is most likely due to the addition
of nutrients and labile carbon into the manure, which stimulates CH4-producing mi-
crobes. Scenario 3b deals with this problem, where the biochar is attached above the
manure, hindering the biochar to incorporate into the manure. One potential strategy
to deal with the increased CH,4 emissions after biochar addition to manure is to change
the duration for which biochar is added to the manure. Experiments conducted by Mei-
irkhanuly et al. (2020) indicate that during the first week after biochar application, CH,4
emissions were mitigated by 54% compared to not using biochar. After two weeks, a
reduction of 33% was observed. By reducing the treatment time to 1-2 weeks, one can
potentially avoid or even mitigate CH4 emissions from manure storage compared to
standard manure storage. It is necessary to investigate further the mechanisms that
happen when biochar is added to manure, and how the increased CH, emissions can

be avoided.

When including NTCFs (Figure 3), Scenario 2 is still performing best with a net impact
of -2 710 kg CO»-eq ha'! year!, which is a larger negative impact compared to only in-
cluding long-lived GHGs. This is due to the cooling effect from NOy, SOy, organic carbon,

and NHz emissions. The negative impact of NO, comes primarily from soil emissions,
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and the negative impact of NHz is also mainly coming from soil emissions, as well as
from fertilizer production. Scenario 1 performs slightly better compared to only includ-
ing GHGs, due to the cooling effect of NOy, SOy, organic carbon, and NHz emissions from
fertilizer production and soil management, but it is still performing worst out of the four

scenarios.

Climate change, including NTCFs
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Figure 3: Climate change effects including with GHGs and NTCFs

Scenario 3a has a net positive impact of 1 847 kg CO,-eq ha'! year!, which is a slightly
lower impact compared to only including GHGs (1 862 kg CO»-eq ha! year!). This is
due to a significant cooling effect from N, O from both soil emissions, biochar produc-
tion, and fertilizer production and a cooling effect from organic carbon emissions from
biochar production. CH4 contributes to a strong warming effect for Scenario 3a, mainly
duetotheincreased CH4 emissions from pig manure storage. Interestingly, the reduced
NHz emissions from pig manure storage are contributing to a warming effect on cli-
mate, as NHz in general has a cooling effect since it is a precursor to aerosol formation
(Szopa et al.,, 2021). As N-enriched biochar reduces the need for mineral N fertilizer, the
reduction of ammonia emissions in fertilizer production due to reduced demand also

contributes to an additional warming effect.

Scenario 3b performs second best out of the four scenarios, with a net negative impact
of -1 483 kg CO5-eq ha! yearl. When including the effect of NTCFs, Scenario 3b is
performing worse compared to only GHGs (-1 925 kg CO,-eq ha™! year!), by 23%. The
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main reason for this is that the scenario contributes to a large reduction (50%) in NHz
emissions from pig manure storage, so the mitigation of NHz is resulting in a signifi-
cant warming effect on climate. Scenario 3b is also contributing to a larger reduction in
mineral N fertilizer use since the N-enriched biochar for Scenario 3b has the highest pro-
vision of N for plants through biochar. The reduced mineral N fertilizer leads to reduced
NHz emissions from N fertilizer production, which result in an even higher warming ef-

fect.

After including the impact of NTCFs, nothing changes for the ranking of the scenarios in
terms of impacts on climate change compared to only GHGs. What is interesting is that
the reduction in NHz emissions fromm manure storage and the reduced need for mineral
N fertilizer, which were hypothesized as the main benefits of the N-enriched biochar
system, are both contributing to global warming short-term due to reduced aerosols.
However, these effects are smaller than expected and does not make a big difference

on how the scenarios perform for climate change.

3.1.2 Terrestrial acidification

The N-enriched biochar system (Scenario 3a and 3b) performs well when it comes to
terrestrial acidification (Figure 4). Scenario 3b performs best out of the four scenarios,
with a net impact of -16.9 kg SO,-eq. ha'! year! due to a large reduction in impact due
to NHz emission mitigation from pig manure storage. Even though Scenario 3b has the
lowest impact is the impact from biochar production drastically increased compared to
Scenario 2 and 3a because of the acid-activation process. The impact from the biochar
production for activated biochar is 16 times higher compared to non-activated biochar,
due to the production process of phosphoric acid, more specifically the use of sulfuric
acid and waste treatment of gypsum. Scenario 2 is performing worst, with an impact of

28.8 kg SO,-eq. ha! year1.

Scenario 3a performs second best with a net impact of -4.85 kg SO,-eq. ha! year, also
due to reduced impact from NHz emissions from manure storage. The net impacts on
terrestrial acidification for Scenario 3a and 3b are 1.2 and 1.7 times lower compared
to Scenario 1 (24.7 kg SOs-eq. ha't year!). If only looking at the impact on terrestrial
acidification from manure emissions, Scenario 3a and 3b contribute to a reduction in
the impact of 32.9 and 95.1 kg SO,-eq. ha! year!, respectively, which represents a

17% and 50% reduction in the total impact from manure emissions.
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Terrestrial acidification
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Figure 4: Impact on terrestrial acidification.

When including the low-performance and high-performance scenarios for the N-enriched
biochar system, we can see that Scenario 3a goes from having a net negative impact for
the default scenario to having a net positive impact of 3.49 kg SO,-eq. ha™! year?! for
the low-performance scenario. However, the low-performance scenario still performs
better than Scenario 1 and 2. The high-performance view for Scenario 3a performs well
with a net negative impact of 48.2 kg SO,-eq. ha™! year!, which is the best-performing
scenario across all scenarios. For Scenario 3b, the low-performance view has a net pos-
itive impact of 1.21 kg SO,-eq. ha'! year!, while the high-performance view performs
the second best with a high net negative impact of 46.8 kg SO,-eq. ha! year!. As
we can see, the ranges are large between the high-performance and low-performance
perspectives for Scenario 3a and 3b, but even for the low-performance perspective the
N-enriched biochar system performs better than using normal biochar (Scenario 2) or
not using biochar at all (Scenario 1). Therefore, we can conclude that the N-enriched
biochar system provides a benefit for terrestrial acidification even when considering low-
performance values, and that liquid adsorption (Scenario 3a) has the potential to obtain

the largest benefit.

Out of the compoundsthat lead to terrestrial acidification, NHz emissions have the largest
effect, with 1.96 kg SO,-eq per kg NH=z. Atthe EU-28 level, animal manure management
contributes to 65% of anthropogenic NHz emissions in Europe (Hou et al., 2017), so us-

ing biochar to reduce these emissions has the potential to significantly reduce the total
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anthropogenic NHz emissions, and subsequentially reduce terrestrial acidification.

3.1.3 Particulate matter formation

For particulate matter formation (Figure 5), Scenario 3a is performing best across the
four scenarios, with an impact of 2.43 kg PM2.5-eq ha™! year!. This is due to the re-
duction of NHz emissions from manure storage after biochar addition. The reduction in
manure emissions has a hegative impact of -4.03 kg PM2.5-eq ha'! year!, which repre-
sents a 17% reduction of total manure emissions. Even though Scenario 3b has higher
emission mitigation of NHz compared to Scenario 3a, the impact on particulate matter
formation is high, due to the production of phosphoric acid, where sulfuric acid, sul-
fur, and waste treatment of gypsum are the main contributors. The impact of biochar
production on particulate matter formation is over 12.5 times higher for acid-activated
biochar (Scenario 3b) compared to normal biochar production (Scenario 2 and 3a). Sce-
nario 3b has a total impact of 9.64 kg PM2.5-eq ha'! year!, which is 87% higher com-
pared to Scenario 1 (5.14 kg PM2.5-eq ha! year!). Although Scenario 3b contributes to
a large reduction in NHz emissions from manure storage, the use of phosphoric acid sig-
nificantly reduces the potential Scenario 3b could have had on terrestrial acidification,

making it the worst-performing scenario for particulate matter formation.
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Figure 5: Impact on particulate matter formation.

When including the sensitivities for particulate matter formation, the high-performance

view for Scenario 3a is performing best across all scenarios with a net negative impact
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of -3.07 kg PM2.5-eq ha'! year!, compared to the default view for Scenario 3a that has
a positive impact. This is due to a higher capacity for biochar to mitigate NHz emissions
from pig manure storage, and results in 1.6 times lower impact compared to Scenario
1. The low-performance view for Scenario 3a has an impact of 3.52 kg PM2.5-eq ha!
yeart, which is still lower than Scenario 1 and 2. For Scenario 3b, the high-performance
view has an impact of 5.83 kg PM2.5-eq ha! year!, which is slightly better than Sce-
nario 2 (6.62 kg PM2.5-eq ha™! year!), but still higher impacts than Scenario 1. The low-
performance view for Scenario 3b has a high impact of 13.3 kg PM2.5-eq ha'! year?,
which is 1.6 times higher than Scenario 1. This means that only the high-performance

view of Scenario 3b can compete with using normal biochar (Scenario 2).

Particulate matter poses a large risk to human health. World Health Organization (WHQO)
stated that in 2019, 99% of the global population was living in places with high levels
of air pollution (World Health Organization (WHQ), 2022), and in the same year it was
estimated that 4.2 million people died prematurely due to fine particulate matter (World
Health Organization (WHO), 2022). Scenario 3a has the potential to significantly reduce
the impact on particulate matter formation through its mitigation of NHz emissions

from manure storage.

3.1.4 Marine eutrophication

For marine eutrophication (Figure 6, all the biochar scenarios (Scenarios 2, 3a, and 3b)
perform better than Scenario 1, mainly due to reduced soil emissions when applying
biochar to agricultural soil. N-enriched biochar is not assumed to have an additional
benefit compared to non-enriched biochar when it comes to soil emissions. Scenario 3a
and 3b have a lower impact from N fertilizer production emissions, as the N-enriched
biochar reduces the need for mineral N fertilizer per hectare. Scenario 3a and 3b have
23% and 30% lower impact from fertilizer production and use compared to Scenario 1,
respectively. Scenario 3a performs best with an impact of 2.28 kg N-eq ha! year?!, just
slightly better than Scenario 2 that has an impact of 2.30 kg N-eq ha'! year!. Scenario
3b performs worse than Scenario 2, with an impact of 2.32 kg N-eq ha! year! due to

upstream activities related to phosphoric acid production.
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Figure 6: Impact on marine eutrophication.

When including sensitivities for marine eutrophication, the relative change is not very
visible in the graph (6), as only the impact related to fertilizer production is affected.
However, the high-performance perspective for both Scenario 3a and 3b results in that
all the needed N requirements per hectare can be provided by biochar desorption. This
leads to a 68% reduction in the impact from fertilizer production on marine eutrophica-
tion for both scenarios. The low-performance view of Scenario 3a has an impact equal
to Scenario 2, of 2.30 kg N-eq ha'! year!, while the low-performance view for Scenario
3bis performing worse than Scenario 2, with an impact of 2.35 kg N-eq ha! year!. The
high-performance perspective for Scenario 3a is performing best across all scenarios
for marine eutrophication, with an impact of 2.23 kg N-eq ha! year!, which is a 10%
reduction in impact compared to Scenario 1. For Scenario 3b, the impact from the high-
performance perspective is 2.28 kg N-eq ha'! year!, which is equal to the impact from
default for Scenario 3a. All in all, Scenario 3a is performing best for marine eutrophi-
cation, as it has the lowest impact, and even with a low-performance view, Scenario 3a
is still performing better than Scenario 1 and 2. Scenario 3b is only performing better

than Scenario 1 and 2 when the optimistic view is applied.

As the N-enriched biochar system primarily contributes to the recycling of N, one could
think that the reduction of the impact on marine eutrophication would be higher than
a maximum potential of 10% reduction in impact. The substances that impact marine

eutrophication are ammonium, nitrate, and nitrogen leaching into water or soil, and not
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ammonia emissions. However, adding biochar to liquid manure can have the potential
toreduce the NH," content of the manure, and sequentially reduce the amount that will
go into the environment when the manure is further used. This is not modeled in the
system, but it is plausible that if it was, one could see an even higher reduction in marine
eutrophication. If biochar addition actually leads to a reduction in the NH4* content of
the manure, or if it just adsorbs what would be emitted from the manure anyway, and
which benefits or trade-offs this can have for the environment when the manure is used

is something that should be further investigated.

Marine pollution has in the last 50 years abruptly accelerated as an environmental con-
cern (Hortaetal, 2021). Marine eutrophication is related to the impairment of seawater
quality which significantly affects marine ecosystem services, with nutrient runoff from
human activities being the primary factor (Horta et al,, 2021). Using biochar to recycle
nitrogen instead of letting it be emitted into waterbodies can contribute to reducing

this issue.

3.1.5 Freshwater eutrophication

For freshwater eutrophication (Figure 7), all the biochar scenarios have a higher impact
compared to Scenario 1, since both biochar production and application of biochar to
field contributes to freshwater eutrophication. Out of the biochar scenarios, Scenario 3a
is performing best, with an impact of 0.392 kg P-eq. ha™! year!, due to less impact of
mining operations related to fertilizer production. Scenario 3b has an even lower impact
from fertilizer production but is still performing worst out of the four scenarios, with an
impact on freshwater eutrophication of 0.602 kg P-eq. ha™! year!, 109% higher com-
pared to Scenario 1. This is due to the acid-activation process, more specifically extrac-

tion of phosphate rock and related mining impacts.
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Figure 7: Impact on marine eutrophication.

When including the sensitivities, Scenario 3a is still performing better than Scenario 2.
Even with a low-performance perspective, Scenario 3a is performing better than Sce-
nario 2 (0.414 vs. 0.415 kg P-eq. ha! year! for Scenario 3a and Scenario 2, respec-
tively). The high-performance perspective for Scenario 3a has an impact of 0.337 kg
P-eq. ha! year! due to low impact related to N fertilizer production. For Scenario 3b,
the low-performance view is performing the worst across all scenarios with an impact of
0.633 kg P-eq. ha'! year!, due to high impacts from fertilizer production since almost
no N is adsorbed and released for plant uptake by biochar. The high-performance view
of Scenario 3b is performing well for fertilizer impact, but due to the high impact from
the acid-activated biochar production, it still performs worse than the low-performance

3a,and Scenario 1 and 2.

Freshwater eutrophication has become an increasing global problem since the 1960s,
and the number of eutrophic lakes increased from 41 to 61% between the late 1970s
andlate 1990s.In 2012, 63% of the world's inland waterbodies were eutrophic (Y. Zhang
et al, 2021). The fact that the N-enriched scenarios, especially Scenario 3b, have such

high impacts on freshwater eutrophication is

3.1.6 Human toxicity

For human toxicity (Figure 8), Scenario 1 performs best with an impact of 0.00159 CTU

ha'! year!. This is because both biochar production and application have a significant

31



impact on human toxicity, due to direct emissions of heavy metals to air and soil. Out
of the three biochar scenarios, Scenario 3a is performing second best with an impact
of 0.00318 CTU ha! year!, since the reduced need for synthetic fertilizer reduces the
impact on human toxicity from fertilizer production. Scenario 3b is performing worst,
with an impact of 0.00390 CTU ha! year!, which is 1.5 times higher impact compared
to Scenario 1. The reason why Scenario 3b performs badly for human toxicity is similar to
freshwater eutrophication, due to the production process of the phosphoric acid, such

as mining activities, use of zinc monosulfate, and waste treatment of gypsum.
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Figure 8: Impact on human toxicity.

When including sensitivities for human toxicity, the ranking of the impact of the four
scenarios remains the same as for the default scenarios. Scenario 1 is still perform-
ing best, while Scenario 3a is performing second best, even for the low-performance
perspective. This is because it is only the impact on fertilizer production and use that
changes between the low and high-performance scenarios for Scenario 3a and 3b, and
the changes are not large enough to change the ranking of performance. For Scenario
3a, the high-performing perspective has an impact of 0.00306 CTU ha'! year!, while the
low-performance perspective has an impact of 0.00322 CTU ha'! year!, slightly better
than Scenario 2 (0.00323 CTU ha™! year!). For Scenario 3b, even the high-performance
perspective is still performing worse than the low-performance perspective for Scenario
3a, with an impact of 0.00381 CTU ha! year!. The low-performance view for Scenario

3b is performing worst across all scenarios with an impact of 0.00397 CTU ha! year?,
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which is a 1.5 higher impact compared to Scenario 1.

The use of phosphoric acid for biochar activation leads to significant impacts on all the
chosen impact categories. A strategy to deal with thisissue is to use a different activation
method. Jellali et al. (2022) lists several methods to activate biochar to enhance the
recovery of NH,* and NO3 from aqueous solutions. Other acids that could be used for
activation are hydrogen peroxide (H,O5 or sulfuric acid (H,SO,). Besides acids, chemical
modification of biochar can also be done by using alkaline solutions or salts (Jellali et al,,
2022). Physical modification can also be used to enhance N recovery, such as grinding,
activation with CO,, or activation with steam (Jellali et al.,, 2022). These methods are
mostly tested for liquid adsorption of N from aqueous solutions, so further research has
to be conducted to see if these methods are also applicable for air filtering of NHz, and
to identify which method has the lowest environmental impact while still maintaining

the enhanced adsorption effect.

Comparing the environmental impact of the production of 1 kg of phosphoric acid with
1 kg of sulfuric acid from ecoinvent v3.9, showed that sulfuric acid has a 65-89% lower
impact on all six impact categories chosen for this study, with the strongest reduced
impact on human toxicity (89%). This indicates that sulfuric acid can be a better choice
for acid activation compared to phosphoric acid. However, this presumes that the same
amount of acid is needed to activate the biochar and that the sulfuric acid is as efficient
to enhance the adsorptive NHz capacity of biochar. More research has to be done to
identify an acid-activation method that leads to increased adsorption capacity of NHz,

which has low environmental trade-offs.

3.2 Identification of benefits and trade-offs based on the LCA results

After analyzing the results from the LCA, the first thing to notice is that there is not one
single scenario that performs better across all impact categories. Looking at which sce-
nario performs better per impact category (Table 4), Scenario 1 performs best for fresh-
water eutrophication, Scenario 2 performs best for human toxicity and climate change,
Scenario 3a performs best for particulate matter formation and marine eutrophication,
while Scenario 3b performs best for terrestrial acidification. Therefore, the choice of sce-
nario has to be based on which environmental concern is in focus. If the main aim of
introducing the system is to reduce terrestrial acidification, Scenario 3b should be cho-

sen, while if climate change is the main concern, Scenario 2 should be chosen.
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Table 4: Ranking of the scenarios based on which performs better for each impact cat-

egory.

Scenario 1 | Scenario 2 | Scenario 3a | Scenario 3b
Climate change X
Terrestrial acidification X
Marine eutrophication X
Freshwater eutrophication X
Particulate matter formation X
Human toxicity X

An attempt has been done to try to identify the scenario that performs better across all
six impact categories by allocating a score to each scenario per impact category (Table
9). This was done by normalizing each impact category from O to 1 by using Equation
9, where 0 represents the lowest impact (best), and 1 represents the highest impact
(worst). Per scenario, the minimum total score is O, while the maximum total score is 6.
By using this method, one is able to express the range in the performance between the
different scenarios. The scores are displayed in a heat map to increase the understand-
ing of the scores. This method is highly qualitative, assuming that the impact categories

are equally important.

, & —min(z)
T max(z) — min(z) ©)

Scenario 1 Scenario2 Scenario 3a Scenario 3b
Climate change 1.00 0.00 0.91 0.11
Terrestrial acidification 0.91 1.00 0.26 0.00
Marine eutrophication 1.00 0.11 0.00 0.21
Freshwater eutrophication 0.00 0.40 0.33 1.00
Particulate matter formation 0.38 0.58 0.00 1.00
Human toxicity 0.00 0.71 0.69 1.00
Sum 3.29 2.80 2.19 3.32

Figure 9: Performance scores based on normalization and aggregation of the LCA re-

sults. Red = high impact, green = low impact.

Looking at the scores, Scenario 3b performs worst in total, with a score of 3.32, while
Scenario 3a performs best with a score of 2.19. Although, as previously mentioned this
is a qualitative approach, some thoughts can be made up from this ranking. The scope

of this thesis was to analyze the environmental performance of the "N-enriched biochar
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system", where two different approaches of N-enrichment were investigated (Scenario
3a and 3b). After analyzing the environmental impact on the six impact categories, we
can see that in total, the N-enriched system is performing both best (Scenario 3a) and
worst (Scenario 3b), given equal weighting. This indicates that it is not possible to give
the conclusion that "N-enriched biochar" is the better choice, because the two methods
differ so significantly in terms of environmental impacts and benefits. Another reflec-
tion regarding these scores is that even though Scenario 3b has the highest score, it
performs just slightly worse than Scenario 1 (3.32 vs 3.29). This can indicate that over-
all, by implementing the improvements discussed in this thesis for Scenario 3b (change
of biochar activation method), it is plausible that this scenario can perform significantly

better compared to not using biochar (Scenario 1).

The results from this study have identified some key benefits and trade-offs for the N-
enriched biochar system. The main benefit from the system is the mitigation of NHz
emissions from pig manure storage, leading to a net negative impact on terrestrial acid-
ification for both Scenario 3a and 3b, and a reduced impact on particulate matter for-
mation for Scenario 3a, compared to Scenario 1 and 2. In addition, another benefitis the
reduction of mineral N fertilizer needed per hectare, due to that the N-enriched biochar
provides N for plant uptake. The main trade-offs are the increased CH, emissions from
pig manure storage from adding biochar to the manure (Scenario 3a), which increases
the impact on climate change to the extent that it almost evens out the benefit of the
carbon sequestration. The other trade-off is the large impact of the acid production
used for the activation of the biochar for Scenario 3b. This leads to especially increased
impacts on terrestrial acidification, particulate matter formation, freshwater eutrophica-
tion, and human toxicity. Although it isa commonly used method for biochar activation,
the results of this study indicate that phosphoric acid is not suitable for large-scale use

due to large environmental trade-offs.

Even though the N-enriched biochar system provides significant trade-offs in addition
to benefits, these findings can be used to further improve the system. The increase in
CH4 emissions from pig manure storage for Scenario 3a is a large problem for climate
change, and knowledge from current literature can be used to deal with this problem. In
addition, the results indicate that on a large scale, phosphoric acid is not a good choice
of activation method for biochar, due to the large environmental impacts it poses. Other
activation methods with lower impacts on the environment can be identified, which can
result in improved performance of Scenario 3b. This is an early-stage development of a

N-enriched biochar system, and it seems realistic that improvements can be made to
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significantly reduce the trade-offs identified in this study.

Including the sensitivities, the high-performance and low-performance scenarios for
Scenario 3a and 3b shows that the performance of the system can vary greatly, depend-
ing on the values chosen from the literature. For some of the impact categories, Scenario
3aand 3b have large ranges in performance. For climate change, the impact of Scenario
3aranges from -3 076 to 12 040 kg CO»-eq ha™! year! for the high-performance and
low-performance scenario, respectively. For Scenario 3b, the impact on terrestrial acid-
ification ranges from -46.8 to 12.1 kg SO,-eq. ha! year!. Given these large uncertain-
ties in impact, it makes it difficult to identify which scenario is performing better. More
research is needed to become more certain about the performance of the N-enriched

biochar system.

3.3 Potential additional benefits from N-enriched biochar
3.3.1 Adsorption of other plant nutrients

The scope of this study was to look at how much nitrogen biochar can adsorb and pro-
vide for plant uptake, but it is also realistic that biochar can adsorb and provide other
nutrients for plant growth. Wood biochar has been proven to have the ability to adsorb
both phosphate (P) (Dugdug et al.,, 2018; Takaya et al., 2016) and potassium (K) (Rens
et al,, 2018). For instance, biochar made from pine waste biochar pyrolyzed at 600°C
has shown an adsorption capacity of 20 mg PO,3~ (Vijayaraghavan & Balasubramanian,
2021). It is therefore plausible that biochar can adsorb these nutrients in addition to N
from pig manure, as pig manure contains both P and K (Kizito et al,, 2015; Nunes et al,,
2023).

Mineral P fertilizer is related to several environmental concerns, as it is dependent on
phosphate rock mining, and these concerns include among other things land use, waste
generation from mining activities, and the slow natural fixation of phosphate (Daramola
& Hatzell, 2023). In 2019, 227 million tons of phosphate rock was mined globally (U.S.
Geological Survey, 2022), so by recycling P from pig manure, one can reduce the de-
mand for P from phosphate rock. Traditional production of mineral K fertilizer is usually
done by using potassium chloride (KCl), and the KCl production is related to high energy
use and complicated operations (Ji et al, 2022). Recycling P and K from pig manure
through biochar adsorption can further reduce the environmental impacts of mineral
fertilizer production. However, research is needed to identify how wood biochar with

different pyrolysis settings adsorbs P and K from pig manure, and if these forms of P
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and K are available for plant uptake.

3.3.2 Tailoring of biochar

In literature, there is an agreement that the adsorption capacity of biochar varies with
biochar properties such as feedstock, pyrolysis conditions, and pre- or post-treatment
of the biochar (Jellali et al,, 2022). By doing further research and tests, it is realistic that
one can design a biochar that performs optimally for N adsorption and desorption for
the given system. For the system in this study, with an application rate of 2 552 kg
biochar per hectare, the optimal biochar will be one that can provide 50 mg N per gram
biochar, as this fulfills the N requirement per hectare so that no input of mineral N fer-
tilizer is needed. The knowledge on several of these mechanisms is already provided
in the literature, especially for liquid adsorption of NH,* from aqueous solution (Jellali
etal, 2022). Findings such as increased pyrolysis temperature are negatively correlated
with NH," adsorption (Jellalietal,, 2022), that increased residence time can significantly
increase the NH,* adsorption capacities (Xue et al.,, 2019), and that out of pyrolysis tem-
peratures in the range between 200-700°C, 450-500°C shows the highest desorption
capacity (Cai et al, 2016; Singh et al, 2020) can be used to develop the most efficient
biochar for the system through testing. The same knowledge basis does not exist for air

adsorption of NHz onto wood biochar, so more research is needed in this field.

3.4 Potential additional trade-offs from N-enriched biochar
3.4.1 Excess provision of nitrogen to field

Findings in the literature about N adsorption onto biochar vary significantly, and some
studies have found high adsorption capacities of above 100 mg NH;*-N g! biochar
(Kizito et al,, 2016; Takaya et al, 2016). As mentioned before, a desorption rate of 50
mg NH4"-N per g biochar results in meeting the N requirements per hectare (127.5
kg) for this system. This means that if the biochar releases more than 50 mg NH4*-N
per g biochar, there is a risk that the plants are not able to take up all the N provided,
and excess N will be released into the environment, and lead to water eutrophication.
Therefore, it is crucial to do experiments on the chosen biochar to gain more certainty
on how much N the biochar is adsorbing and releasing to the field. This can be chal-
lenging, as both biochar and manure are biomasses, where variations in composition

and properties must be expected.
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4 Limitations and Suggestions for Future Research

The main limitation of this study is the data availability for biochar adsorption of nitrogen
from pig manure, especially for the air adsorption of NHz. Very few studies have been
conducted on air adsorption of NHz, and they are all on the experimental level, where
the measurements are done with pure NHz gas. In this study, it is assumed that gaseous
emissions from pig manure are filtered by biochar. As mentioned previously, emissions
from pig manure will consist of a mix of different gases, odors, moisture etc., so it is plau-
sible that the adsorption mechanism of NHz will be different when NHz is not adsorbed
alone. In addition, no studies investigating the emission changes from biochar air fil-
tering were found in the literature review, so a very simplified approach for estimating
emission changes was used in this study. This is a significant limitation, as the approach
used can be far from the reality. Further research is needed to estimate the adsorptive
capacity of softwood biochar for gaseous NHz emissions from pig manure storage and

measurements of which effect it has on manure emissions.

The literature is more extensive on liquid adsorption of NH;* onto biochar, but the find-
ings vary significantly in terms of deciding the adsorptive capacity of biochar. As there
were not enough studies done on softwood biochar, other types of wood biochar were
also included to estimate the adsorption capacity for this study. This is a limitation, as
biochar from different feedstocks varies in their adsorptive capacity, and the results can
differ. The methodology in the studies chosen from the literature review can vary sig-
nificantly, both on properties of the biochar used, and the experimental designs of the
adsorption tests. This is an aspect that were neglected in this study, which is a limitation.
Research is needed to provide more knowledge on the adsorptive capacity of NH,* from
biochars with standardized methods. In addition, measurements should be done for the
specific context in the biochar is going to be used, to be able to assess the performance

of the system, and the environmental impacts related to the system more precisely.

Another limitation of this study is the estimation of the desorption capacity of NH," to
agricultural soil. Several studies have looked into the desorption capacity of NH;*" from
biochar, but these studies are on the experimental scale, where chemical solutions have
been used to extract the adsorbed N from the biochar, over a short time of period. No
studies found in the literature review were looking at desorption of N from biochar in
an agricultural context, where water, soil, and other nutrients are present, which can
impact the desorption mechanism. Experiments of biochar’s desorption capacity of Nin
agricultural soils are needed. In addition, it was assumed for this study that the adsorbed

NHz was released as NH,* for plant uptake. There is no certainty in current literature
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about this mechanism, so more research is needed to gain knowledge on the adsorption

and desorption mechanism of NHz and biochar.

For the acid-activation process of biochar (Scenario 3b), the biochar was soaked in phos-
phoric acid, and dried in an oven for 450°C for 60 minutes. The estimation of energy use
related to the drying processis a limitation of this study. The approach that was used was
to look at the specific heat capacity, in other words, how much energy is needed to heat
biochar to 450°C, and after choosing an energy source for the heating. Thisis not an ac-
curate method for energy estimation, and it is plausible that by using this approach, the
energy need is underestimated. More realistic measurements should be done to better

assess the energy use of the drying process.
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5 Conclusion

In this study, biochar was used as an adsorbent of nitrogen from pig manure, and provider
of the adsorbed nitrogen to agricultural soils. Two methods for nitrogen enrichment
were investigated, adsorption of liquid ammonium (NH4*) where the biochar is added
to the manure, and adsorption of gaseous ammonia (NHz) where biochar is attached
above the manure. A life cycle assessment (LCA) was conducted to quantify the envi-
ronmental impacts of applying nitrogen-enriched (N-enriched) biochar to barley fields,

comparing it to using non-enriched biochar, and not using biochar in barley cultivation.

The main benefits of the nitrogen-enriched biochar system are reduced terrestrial acid-
ification, and depending on the enrichment method, reduced particulate matter for-
mation, and marine eutrophication. N-enriched biochar using liquid adsorption and air
adsorption have 120% and 170% lower impact on terrestrial acidification, respectively,
compared to not using biochar. N-enriched biochar by liquid adsorption hasa 53% lower
impact on particulate matter formation compared to barley cultivation without biochar.
The main trade-offs of N-enriched biochar are increased freshwater eutrophication and
human toxicity, and depending on the enrichment method, climate change and partic-
ulate matter formation. For human toxicity, N-enriched biochar with liquid adsorption
and air adsorption have 100% and 146% higher impact, respectively, compared to not
using biochar. For climate change, biochar using liquid adsorption of N has an 18%
higher impact compared to not using biochar in barley fields. No scenario is perform-
ing better across all chosen impact categories, so the choice has to be made based on

which environmental concern is in focus.

Some hotspots were identified in this analysis. Nitrogen-enrichment from pig manure
can significantly reduce ammonia emissions from pig manure storage. On the other
hand, biochar addition to manure can significantly increase the impact on climate change
through increased methane emissions from manure storage, and almost even out the
benefit of carbon sequestration. Another hotspot is that the acid-activation of biochar,
used to increase the adsorptive capacity of nitrogen, has significant environmental im-
pacts. An additional potential benefit that were not analyzed in this study is that biochar
can in addition to nitrogen, also adsorb other macronutrients (phosphorus and potas-
sium), reducing the need for mineral fertilizer even more. A potential trade-off for the
system is that the N-enriched biochar can have the ability to adsorb and provide more
nitrogen than the plants are able to take up, leading to nutrient runoff and water eu-

trophication.
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The results of this study shows that there are both benefits and trade-offs related to en-
riching biochar with nitrogen from pig manure storage and applying it to agricultural
fields. Several improvement points have been identified in this study, that can be used
to obtain better environmental performance for the N-enriched biochar system. Nitro-
gen enrichment of biochar from livestock manure is a novel topic, and the literature is
scarce in this field, especially for the adsorption of gaseous NHz. This study contributes
to showing the large variability in the current literature on biochar adsorption and des-
orption of nitrogen, and the lack of large-scale studies, so more research is needed to

increase the knowledge of this topic.

41



6 References

References

Aamaas, B,, Berntsen, T. K,, Fuglestvedt, J. S, Shine, K. P,, & Bellouin, N. (2016). Regional
emission metrics for short-lived climate forcers from multiple models. Atmospheric
Chemistry and Physics, 16(11), 7451-7468. https://doi.org/10.5194/acp-16-
7451-2016

Ahmad, M., Rajapaksha, A. U, Lim, J. E.,, Zhang, M., Bolan, N., Mohan, D,, Vithanage, M.,
Lee, S. S, & Ok, Y. S. (2014). Biochar as a sorbent for contaminant management
in soil and water: A review. Chemosphere, 99, 19-33. https://doi.org/10.1016/].
chemosphere.2013.10.071

Arias-Pérez, R. D., Taborda, N. A.,, Gémez, D. M, Narvaez, J. F,, Porras, J., & Hernandez, J. C.
(2020). Inflammatory effects of particulate matter air pollution. Environmental
Science and Pollution Research, 27(34), 42390-42404. https://doi.org/10.
1007/s11356-020-10574-w

Baral, K. R, Mcllroy, J., Lyons, G., & Johnston, C. (2023). The effect of biochar and acid ac-
tivated biochar on ammonia emissions during manure storage. Environmental
Pollution, 317, 120815. https://doi.org/10.1016/j.envpol.2022.120815

Brennan, R. B,, Healy, M. G,, Fenton, O., & Lanigan, G. J. (2015). The effect of chemical
amendments used for phosphorus abatement on greenhouse gas and ammo-
nia emissions from dairy cattle slurry: Synergies and pollution swapping. PLoS
ONE, 10(6). https://doi.org/10.1371/journal.pone.0111965

Budai, A, Rasse, D. P,, Lagomarsino, A, Lerch, T. Z., & Paruch, L. (2016). Biochar persis-
tence, priming and microbial responses to pyrolysis temperature series. Biology
and Fertility of Soils, 52, 749-76 1. https://doi.org/10.1007/s00374-016-1116-
6

Cai, Y, Qi, H, Liu, Y., & He, X. (2016). Sorption/Desorption Behavior and Mechanism of
NH 4 + by Biochar as a Nitrogen Fertilizer Sustained-Release Material. https:/doi.
org/10.1021/acs jafc.6b00109

Chen, B, Koziel, 3. A,, Biatowiec, A, Lee, M., Ma, H., O'Brien, S,, Li, P., Meiirkhanuly, Z., &
Brown, R. C. (2021). Mitigation of Acute Ammonia Emissions With Biochar Dur-
ing Swine Manure Agitation Before Pump-Out: Proof-of-the-Concept. Frontiers
in Environmental Science, 9. https://doi.org/10.3389/fenvs.2021.613614

Chintala, R, Mollinedo, J., Schumacher, T. E., Papiernik, S. K, Malo, D. D., Clay, D. E., Kumar,
S., & Gulbrandson, D. W. (2013). Nitrate sorption and desorption in biochars from
fast pyrolysis. https:/doi.org/10.1016/j.micromeso.2013.05.023

42



Chu, G, Zhao, J., Huang, Y., Zhou, D,, Liu, Y., Wu, M., Peng, H., Zhao, Q., Pan, B., & Steinberg,
C.E.(2018). Phosphoric acid pretreatment enhances the specific surface areas of
biochars by generation of micropores. Environmental Pollution, 240, 1-9. https:
//doi.org/10.1016/j.envpol.2018.04.003

Cornelissen, G., Rutherford, D. W., Arp, H. P. H., Dorsch, P, Kelly, C. N., & Rostad, C.E. (2013).
Sorption of Pure N20O to Biochars and Other Organic and Inorganic Materials un-
der Anhydrous Conditions. Environmental Science & Technology, 47(14), 7704—
7712. https://doi.org/10.1021/es400676q

Daramola, D. A., & Hatzell, M. C. (2023). Energy Demand of Nitrogen and Phosphorus
Based Fertilizers and Approaches to Circularity. ACS Energy Letters, 8(3), 1493
1501. https://doi.org/10.102 1/acsenergylett.2c02627

de Souza, N. R. D,, Matt, L, Sedrik, R, Vares, L., & Cherubini, F. (2023). Integrating ex-ante
and prospective life-cycle assessment for advancing the environmental impact
analysis of emerging bio-based technologies. Sustainable Production and Con-
sumption, 43,319-332. https:/doi.org/10.1016/j.spc.2023.11.002

Dugdug, A. A, Chang, S. X,, Ok, Y. S,, Rajapaksha, A. U, & Anyia, A. (2018). Phosphorus
sorption capacity of biochars varies with biochar type and salinity level. Environ-
mental Science and Pollution Research, 25(26), 25799-25812. https://doi.org/
10.1007/s11356-018-1368-9

Edwards, J.,, Othman, M., Crossin, E., & Burn, S. (2018). Life cycle assessment to com-
pare the environmental impact of seven contemporary food waste management
systems. Bioresource Technology, 248, 156-173. https://doi.org/10.1016/j.
biortech.2017.06.070

Fangueiro, D., Hjorth, M, & Gioelli, F. (2014). Acidification of animal slurry - a review. https:
//doi.org/10.1016/j.jenvman.2014.10.001

Field, C.B., & Mach, K.J. (2017). Rightsizing carbon dioxide removal. Science, 356(6339),
706-707. https://doi.org/10.1126/science.aam9726

Francis, J. C., Nighojkar, A., & Kandasubramanian, B. (2023). Relevance of wood biochar
on CO2 adsorption: A review. Hybrid Advances, 3, 100056. https://doi.org/10.
1016/j.hybadv.2023.100056

Gao, S, Deluca, T. H,, & Cleveland, C. C. (2019). Biochar additions alter phosphorus and
nitrogen availability in agricultural ecosystems: A meta-analysis. Science of The
Total Environment, 654, 463-472. https://doi.org/10.1016/3.SCITOTENV.2018.
11.124

43



Garcia-Gonzalez, M. C,, & Vanotti, M. B. (2015). Recovery of ammonia from swine ma-
nure using gas-permeable membranes: Effect of waste strength and pH. Waste
Management, 38, 455-461. https://doi.org/10.1016/j.wasman.2015.01.021

Gundersen, G., & Heldal,J. (2013). Bruk av gjgdselressurserijordbruket 201 3. Metodebeskriv-
else og resultater fra en utvalgsbasert undersgkelse (tech. rep.). Statistisk Sen-
tralbyra.

Gupta, D. K, Gupta, C. K, Dubey, R, Fagodiya, R. K,, Sharma, G., A., K, Noor Mohamed,
M. B, Dev, R, & Shukla, A. K. (2020). Role of Biochar in Carbon Sequestration
and Greenhouse Gas Mitigation. In Biochar applications in agriculture and envi-
ronment management (pp. 141-165). Springer International Publishing. https:
//doi.org/10.1007/978-3-030-40997-5{\_}7

Gwenzi, W., Chaukura, N., Wenga, T., & Mtisi, M. (2021). Biochars as media for air pol-
lution control systems: Contaminant removal, applications and future research
directions. Science of The Total Environment, 753, 142249. https://doi.org/10.
1016/j.scitotenv.2020.142249

Henderson, A. D., Hauschild, M. Z., van de Meent, D., Huijbregts, M. A. J,, Larsen, H. F,
Margni, M., McKone, T. E., Payet, J., Rosenbaum, R. K, & Jolliet, O. (2011). USEtox
fate and ecotoxicity factors for comparative assessment of toxic emissions in life
cycle analysis: sensitivity to key chemical properties. The International Journal of
Life Cycle Assessment, 16(8), 701-709. https://doi.org/10.1007/s11367-011-
0294-6

Hina, K, Hedley, M., Camps-Arbestain, M., & Hanly, J. (2015). Comparison of Pine Bark,
Biochar and Zeolite as Sorbents for NH <sub>4</sub> <sup>+</sup> -N Removal
from Water. CLEAN - Soil, Air, Water, 43(1), 86-91. https://doi.org/10.1002/clen.
201300682

Horta, P. A,, Rorig, L. R,, Costa, G. B., Baruffi, J. B,, Bastos, E., Rocha, L. S., Destri, G., & Fon-
seca, A. L. (2021). Marine Eutrophication: Overview from Now to the Future. In
Anthropogenic pollution of aquatic ecosystems (pp. 157-180). Springer Inter-
national Publishing. https:/doi.org/10.1007/978-3-030-75602-4{\_}8

Hou, V., Velthof, C. L, Lesschen, J. P,, Staritsky, |. G., & Oenema, O. (2017). Nutrient Recov-
ery and Emissions of Ammonia, Nitrous Oxide, and Methane from Animal Ma-
nure in Europe: Effects of Manure Treatment Technologies. Environmental Sci-
ence & Technology, 51(1), 375-383. https:;//doi.org/10.1021/acs.est.6b04524

Huijbregts, M. A. J,, Steinmann, Z. J. N,, Elshout, P. M. F,, Stam, G., Verones, F., Vieira, M.,
Zijp, M., Hollander, A, & van Zelm, R. (2017). ReCiPe2016: a harmonised life cycle

impact assessment method at midpoint and endpoint level. The International

4t



Journal of Life Cycle Assessment, 22(2), 138-147. https://doi.org/10.1007/
s11367-016-1246-y

IPCC. (2006). Guidelines for national greenhouse gas inventories. Volume 4: Agriculture,
Forestry and Other Land Use. Chapter 10: Emissions from Livestock and Manure
Management (tech. rep.). IPCC.

Ippolito,J. A, Cui, L., Kammann, C., Wrage-Monnig, N., Estavillo, J. M., Fuertes-Mendizabal,
T, Cayuela, M. L, Sigua, G., Novak, J., Spokas, K., & Borchard, N. (2020). Feedstock
choice, pyrolysis temperature and type influence biochar characteristics: a com-
prehensive meta-data analysis review. Biochar, 2(4), 421-438. https://doi.org/
10.1007/s42773-020-00067-x

Ippolito, J. A, Spokas, K. A, Novak, J. M, Lentz, R. D.,, & Cantrell, K. B. (2015). Biochar ele-
mental composition and factors influencing nutrient retention. Biochar for envi-
ronmental management: Science, technology and implementation, 139-162.

Jassal, R. S., Johnson, M. S.,, Molodovskaya, M., Black, T. A, Jollymore, A, & Sveinson, K.
(2015). Nitrogen enrichment potential of biochar in relation to pyrolysis temper-
ature and feedstock quality. Journal of Environmental Management, 152, 140-
144. https://doi.org/10.1016/jjenvman.2015.01.021

Jeffery, S., Abalos, D., Prodana, M., Bastos, A. C,, van Groenigen, J. W., Hungate, B. A, &
Verheijen, F. (2017). Biochar boosts tropical but not temperate crop yields. En-
vironmental Research Letters, 12(5), 053001. https://doi.org/10.1088/1748-
9326/aa67bd

Jellali, S., EI-Bassi, L., Charabi, Y., Uaman, M., Khiari, B., Al-Wardy, M., & Jeguirim, M. (2022,
March). Recent advancements on biochars enrichment with ammonium and ni-
trates from wastewaters: A critical review on benefits for environment and agri-
culture. https:;//doi.org/10.1016/jjenvman.2021.114368

Ji, G, Wang, W,,Chen, H,,Yang, S., Sun, J., Fu, W., Yang, B., & Huang, Z. (2022). Sustainable
potassium chloride production from concentrated KCl brine via a membrane-
promoted crystallization process. Desalination, 521, 115389. https://doi.org/10.
1016/j.desal.2021.115389

Jolliet, O., & Fantke, P. (2015). Human Toxicity. https://doi.org/10.1007/978-94-017-
9744-3(\_}5

Kizito, S., Wu, S., Kipkemoi Kirui, W, Lei, M,, Lu, Q. Bah, H,, & Dong, R. (2015). Evalua-
tion of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium
nitrogen from piggery manure anaerobic digestate slurry. Science of The Total
Environment, 505, 102-112. https://doi.org/10.1016/j.scitotenv.2014.09.096

45



Kizito, S., Wu, S., Wandera, S. M, Guo, L., & Dong, R. (2016). Evaluation of ammonium
adsorption in biochar-fixed beds for treatment of anaerobically digested swine
slurry: Experimental optimization and modeling. Science of The Total Environ-
ment, 563-564, 1095-1104%. https://doi.org/10.1016/j.scitotenv.2016.05.149

Kolle, S., & Oguz-Alper, M. (2020). Bruk av gjgdselressurser i jordbruket 2018. Metodebeskriv-
else og resultater fra en utvalgsbasert undersgkelse (tech. rep.). Statistisk Sen-
tralbyra.

Kupper, T., Hani, C, Neftel, A, Kincaid, C., Buhler, M., Amon, B., & VanderZaag, A. (2020,
September). Ammonia and greenhouse gas emissions from slurry storage - A
review. https://doi.org/10.1016/j.agee.2020.106963

Levasseur, A., Cavalett, O., Fuglestvedt, J. S., Gasser, T., Johansson, D. J.,, Jgrgensen, S. V.,
Raugei, M., Reisinger, A., Schivley, G., Streamman, A, Tanaka, K., & Cherubini, F.
(2016). Enhancing life cycle impact assessment from climate science: Review of
recent findings and recommendations for application to LCA. Ecological Indica-
tors, 71, 163-174. https://doi.org/10.1016/j.ecolind.2016.06.049

Li, X,, Jiang, X,, Song, VY., & Chang, S. X. (2021). Coexistence of polyethylene microplastics
and biochar increases ammonium sorption in an agqueous solution. Journal of
Hazardous Materials, 405, 124260. https://doi.org/10.1016/j.jhazmat.2020.
124260

Liu, M., Liu, C,, Liao, W., Xie, J.,Zhang, X,, & Gao, Z. (2021). Impact of biochar application on
gas emissions from liquid pig manure storage. Science of the Total Environment,
771. https:;//doi.org/10.1016/j.scitotenv.2021.145454

Liu, Q. Zhang, Y, Liu, B.,, Amonette, J. E,, Lin, Z, Liu, G, Xie, Z, Liu, Q., Zhang, VY., Liu, B, Lin,
Z., Liu, G, Xie, Z, Lin, : Z.,, Amonette, J. E., & Ambus, P. (2018). How does biochar
influence soil N cycle? A meta-analysis. https://doi.org/10.1007/s11104-018-
3619-4

Maurer, D. L., Koziel, J. A, Kalus, K., Andersen, D. S., & Opalinski, S. (2017). Pilot-scale
testing of non-activated biochar for swine manure treatment and mitigation of
ammonia, hydrogen sulfide, odorous volatile organic compounds (VOCs), and
greenhouse gas emissions. Sustainability (Switzerland), 9(6). https://doi.org/
10.3390/su9060929

Meiirkhanuly, Z., Koziel, J. A., Chen, B., Biatowiec, A, Lee, M., Wi, J., Banik, C., Brown, R. C., &
Bakshi, S. (2020). Mitigation of gaseous emissions from swine manure with the
surficial application of biochars. Atmosphere, 11(11). https://doi.org/10.3390/
atmos11111179

46



Miljgdirektoratet. (2019). Informative Inventory Report (IIR) 2019. Norway - Air pollu-
tants emissions 1990-2017 (tech. rep.).

Miljgdirektoratet. (2020). Calculation of atmospheric nitrogen emissions from manure
in Norwegian agriculture (tech. rep.).

Minx,J.C., Lamb, W. F,, Callaghan, M. W, Fuss, S., Hilaire, J.,, Creutzig, F., Amann, T., Beringer,
T., Garcia, W. d. O., & Hartmann, J. (2018). Negative emissions—Part 1: Research
landscape and synthesis. Environmental Research Letters, 13. https://iopscience.
iop.org/article/10.1088/1748-9326/aabfOb/meta

Nguyen, L. H, Vu, T.M,, Le, T.T,, Trinh, V. T,, Tran, T. P,, & Van, H. T. (2019). Ammonium re-
moval from aqueous solutions by fixed-bed column using corncob-based mod-
ified biochar. Environmental Technology, 40(6), 683-692. https://doi.org/10.
1080/09593330.2017.1404134

NIBIO. (2020, February). Slik dyrker du bygg i nord.

Ngrskov, J., Chen, J., Miranda, R, Fitzsimmons, T., & Stack, R. (2016, February). Sustain-
able Ammonia Synthesis — Exploring the scientific challenges associated with
discovering alternative, sustainable processes for ammonia production (tech.
rep.). USDOE Office of Science (SC) (United States). https://doi.org/10.2172/
1283146

Nunes, E. H., Gongalves, J. C., Pecoraro, C. A., Bumbieris Junior, V. H., & Tavares Filho, J.
(2023). Nutrients in swine manure for use as soil fertilizer. Revista Brasileira de
Engenharia Agricola e Ambiental, 27(11), 858-863. https://doi.org/10.1590/
1807-1929/agriambiv27n11p858-863

Omondi, M. O, Xia, X., Nahayo, A, Liu, X., Khan Korai, P., & Pan, G. (2016). Quantification
of biochar effects on soil hydrological properties using meta-analysis of literature
data. https://doi.org/10.1016/j.geoderma.2016.03.029

O'toole, A., Moni, C., Weldon, S., Schols, A., Carnol, M., Bosman, B., & Rasse, D. P. (2018).
Miscanthus Biochar had Limited Effects on Soil Physical Properties, Microbial
Biomass, and Grain Yield in a Four-Year Field Experiment in Norway. Agriculture.
https://doi.org/10.3390/agriculture8110171

Pathak, M., Slade, R,, Pichs-Madruga, R., Urge-Vorsatz, D., Shukla, R, & Skea, J. (2022).
In IPCC, 2022: Climate Change 2022 Mitigation of Climate Change: Technical
Summary (tech.rep.). Cambridge University Press. Cambridge, UK, New York, NY,
USA. https:;//doi.org/10.1017/9781009157926.002

Pereira,J.L.S., Perdigao, A., Marques, F., Wessel, D. F., Trindade, H., & Fangueiro, D. (2022).

Mitigating Ammonia and Greenhouse Gas Emissions from Stored Pig Slurry Us-

47



ing Chemical Additives and Biochars. Agronomy, 12(11), 2744. https://doi.org/
10.3390/agronomy12112744

Philippe, F. X, Cabaraux, J. F,, & Nicks, B. (2011, May). Ammonia emissions from pig
houses: Influencing factors and mitigation techniques. https:/doi.org/10.1016/
j.agee.2011.03.012

Qambrani, N. A, Rahman, M. M., Won, S., Shim, S., & Ra, C. (2017). Biochar properties and
eco-friendly applications for climate change mitigation, waste management, and
wastewater treatment: A review. Renewable and Sustainable Energy Reviews,
79, 255-273. https://doi.org/10.1016/j.rser.2017.05.057

Rasse, D. P., Weldon, S, Joner, E. J,, Joseph, S.,, Kammann, C. |, Liu, X, O'toole, A, Pan, G,,
Pelin Kocatlrk-Schumacher, -. N, Rasse, D. P., Weldon, S., Joner, E. J., O'toole, . A,,
Kocaturk-Schumacher,-.N. P, Joseph, S,, Liu, .. X,, Pan, . G., & Kocaturk-Schumacher,
N. P. (2022). Enhancing plant N uptake with biochar-based fertilizers: limitation
of sorption and prospects. Plant Soil, 475, 213-236. https://doi.org/10.1007/
$11104-022-05365-w

Rens, H., Bera, T, & Alva, A. K. (2018). Effects of Biochar and Biosolid on Adsorption of
Nitrogen, Phosphorus, and Potassium in Two Soils. Water, Air, & Soil Pollution,
229(8), 281. https://doi.org/10.1007/s11270-018-3925-8

Ro, K. S, Lima, I. M., Reddy, G. B,, Jackson, M. A, & Gao, B. (2015). Removing gaseous
NH3 using biochar as an adsorbent. Agriculture (Switzerland), 5(4), 991-1002.
https://doi.org/10.3390/agriculture5040991

Roy, P.-O., Azevedo, L. B.,, Margni, M, van Zelm, R, Deschénes, L., & Huijbregts, M. A.
(2014). Characterization factors for terrestrial acidification at the global scale: A
systematic analysis of spatial variability and uncertainty. Science of The Total En-
vironment, 500-501,270-276. https://doi.org/10.1016/j.scitotenv.2014.08.099

Rozic, M., Cerjan-Stefanovi¢, S., Kurajica, S., Vancina, V., & Hodzi¢, E. (2000). Removal of
ammonical nitrogen by electrocoagulation method. Water Research, 34, 3675-
3681.

Saleh, M. E,, Mahmoud, A. H,, & Rashad, M. (2012). Peanut biochar as a stable adsorbent
for removing NH4-N from wastewater: a preliminary study. Advances in Environ-
mental Biology, 2170-2177.

Schulze, F., Gao, X,, Virzonis, D., Damiati, S., Schneider, M., & Kodzius, R. (2017). Air Quality
Effects on Human Health and Approaches for Its Assessment through Microflu-
idic Chips. Genes, 8(10), 244. https://doi.org/10.3390/genes8100244

48



Sethupathi, S., Zhang, M., Rajapaksha, A, Lee, S., Mohamad Nor, N., Mohamed, A, Al-
Wabel, M, Leeg, S, & Ok, VY. (2017). Biochars as Potential Adsorbers of CH4, CO2
and H2S. Sustainability, 9(1), 12 1. https://doi.org/10.3390/su9010121

Singh, S. V., Chaturvedi, S., Dhyani, V., & Kasivelu, G. (2020). Pyrolysis temperature influ-
ences the characteristics of rice straw and husk biochar and sorption/desorption
behaviour of their biourea composite. https://doi.org/10.1016/j.biortech.2020.
123674

Smith, C,, Hill, A.K,, & Torrente-Murciano, L. (2020). Current and future role of Haber-Bosch
ammonia in a carbon-free energy landscape. Energy & Environmental Science,
13(2), 331-344. https://doi.org/10.1039/C9EE02873K

Sommer, S. O, Petersen, S. O., & Segaard, H. T. (2000). Atmospheric Pollutants and Trace
Gases Greenhouse Gas Emission from Stored Livestock Slurry. https:/doi.org/10.
2134/jeq2000.00472425002900030009x

SSB. (2023, February). Cereals and oil seeds, area and yields. https:/www.ssb.no/en/jord-
skog-jakt-og-fiskeri/jordbruk/statistikk/korn-og-oljevekster-areal-og-avlinger

Steinnes, J. (2023, December). Cascading Use of Biochar in the Agricultural Sector -
Nitrogen-enriched Biochar [Project Thesis] [Doctoral dissertation, Norwegian Uni-
versity of Science and Technology].

Szopa, S., Naik, V., Adhikary, B., Artaxo, P., Berntsen, T., Collins, W.,, Fuzzi, S., Gallardo, L.,
Kiendler-Scharr, A, Klimont, Z,, Liao, H., Unger, N., & Zanis, P. (2021, July). Short-
lived Climate Forcers. In Climate change 2021 - the physical science basis. con-
tribution of working group i to the sixth assessment report of the intergovern-
mental panel on climate change (pp. 817-922). Cambridge University Press.
https://doi.org/10.1017/9781009157896.008

Taghizadeh-Toosi, A, Clough, T. J,, Sherlock, R. R., & Condron, L. M. (2012). Biochar ad-
sorbed ammonia is bioavailable. Plant and Soil, 350(1-2), 57-69. https://doi.org/
10.1007/s11104-011-0870-3

Takaya, C. A, Fletcher, L. A, Singh, S., Anyikude, K. U, & Ross, A. B. (2016). Phosphate and
ammonium sorption capacity of biochar and hydrochar from different wastes.
https://doi.org/10.1016/j.chemosphere.2015.11.052

Takaya, C. A, Parmar, K. R, Fletcher, L. A,, & Ross, A. B. (2019). Biomass-derived carbona-
ceous adsorbents for trapping ammonia. Agriculture (Switzerland), 9(1). https:
//doi.org/10.3390/agriculture9010016

The Engineering ToolBox. (2003). Solids - Specific Heats. https.//www.engineeringtoolbox.
com/specific-heat-solids-d_154.html

49



Tisserant, A., Morales, M., Cavalett, O., O'Toole, A., Weldon, S., Rasse, D. P., & Cherubini, F.
(2022). Life-cycle assessment to unravel co-benefits and trade-offs of large-scale
biochar deployment in Norwegian agriculture. Resources, Conservation and Re-
cycling, 179, 106030. https://doi.org/10.1016/J.RESCONREC.2021.106030

U.S. Geological Survey. (2022). Mineral commodity summaries 2022 (tech. rep.). U.S.
Geological Survey. https://doi.org/10.3133/mcs2022

Vijayaraghavan, K, & Balasubramanian, R. (2021). Application of pinewood waste-derived
biochar for the removal of nitrate and phosphate from single and binary solu-
tions. Chemosphere, 278, 130361. https://doi.org/10.1016/j.chemosphere.
2021.130361

Walling, E., & Vaneeckhaute, C. (2020). Greenhouse gas emissions from inorganic and
organic fertilizer production and use: A review of emission factors and their vari-
ability. Journal of Environmental Management, 276, 111211. https://doi.org/
10.1016/jjenvman.2020.111211

Wang, B., Lehmann, J,, Hanley, K, Hestrin, R,, & Enders, A. (2015). Adsorption and des-
orption of ammonium by maple wood biochar as a function of oxidation and pH.
Chemosphere, 138, 120-126. https:;//doi.org/10.1016/j.chemosphere.2015.05.
062

Wang, Y., Dong, H., Zhu, Z., Gerber, P. J, Xin, H., Smith, P., Opio, C., Steinfeld, H., & Chad-
wick, D. (2017). Mitigating Greenhouse Gas and Ammonia Emissions from Swine
Manure Management: A System Analysis. Environmental Science and Technol-
ogy, 51(8), 4503-4511. https://doi.org/10.1021/acs.est.6b06430

Weldon, S., van der Veen, B,, Farkas, E., Kocaturk-Schumacher, N. P,, Dieguez-Alonso, A,
Budai, A., & Rasse, D. (2022). A re-analysis of NH4+ sorption on biochar: Have
expectations been too high? Chemosphere, 301, 134662. https://doi.org/10.
1016/j.chemosphere.2022.134662

World Health Organization (WHO). (2022). Ambient (outdoor) air pollution. https:;//www.
who.int/news-room/fact-sheets/detail/ambient- (outdoor) - air- quality- and -
health

Xue, S., Zhang, X., Ngo, H. H., Guo, W., Wen, H,, Li, C.,, Zhang, Y., & Ma, C. (2019). Food
waste based biochars for ammonia nitrogen removal from agqueous solutions.
Bioresource Technology, 292,121927. https://doi.org/10.1016/j.biortech.2019.
121927

Yang, H. I, Lou, K, Rajapaksha, A. U., Ok, Y.S., Anyia, A. O, & Chang, S. X. (2018). Adsorption

of ammonium in aqueous solutions by pine sawdust and wheat straw biochars.

50



Environmental Science and Pollution Research, 25, 25638-25647. https://doi.
org/10.1007/s11356-017-8551-2

Yin, Q, Liu, M., & Li, Y. (2020). Environmental Technology ISSN: (Print) ( Desorption char-
acteristics of phosphate and ammonium from sludge-based biochar Desorption
characteristics of phosphate and ammonium from sludge-based biochar. https:
//doi.org/10.1080/09593330.2020.1858179

Zayed, O., Hewedy, O. A,, Abdelmoteleb, A, Ali, M., Youssef, M. S., Roumia, A. F., Seymour,
D., & Yuan, Z.-C. (2023). Nitrogen Journey in Plants: From Uptake to Metabolism,
Stress Response, and Microbe Interaction. Biomolecules, 13(10), 1443. https://
doi.org/10.3390/biom13101443

Zhang, M., Song, G., Gelardi, D. L., Huang, L., Khan, E.,, Ond", O, Masek, O,, Parikh, S. J., &
Sik Ok, Y. (2020). Evaluating biochar and its modifications for the removal of am-
monium, nitrate, and phosphate in water. Water Research, 186, 116303. https:
//doi.org/10.1016/j.watres.2020.116303

Zhang, Y, Li, M, Dong, J,, Yang, H., Van Zwieten, L., Lu, H., Alshameri, A., Zhan, Z., Chen, X,
Jiang, X., Xu, W., Bao, Y., & Wang, H. (2021). A Critical Review of Methods for An-
alyzing Freshwater Eutrophication. Water, 13(2), 225. https://doi.org/10.3390/
w1l3020225

Zhao, L., Zheng, W., Masek, O,, Chen, X, Gu, B., Sharma, B. K, & Cao, X. (2017). Roles of
Phosphoric Acid in Biochar Formation: Synchronously Improving Carbon Reten-
tion and Sorption Capacity. Journal of Environmental Quality, 46(2), 393-401.
https://doi.org/10.2134/jeq2016.09.0344

Z6rb, C., Senbayram, M., & Peiter, E. (2014). Potassium in agriculture — Status and per-
spectives. Journal of Plant Physiology, 171(9), 656-669. https://doi.org/10.
1016/jjplph.2013.08.008

51



A Appendix

Table Al: Characterization factors for WMGHGs and SLCFs

Compound GWP100 | Source

Carbon dioxide, fossil 1| IPCC2021

Carbon dioxide, non-fossil O | IPCC 2021

Methane, fossil 29.8 | IPCC 2021

Methane, non-fossil 27 | IPCC 2021

Dinitrogen oxide 273 | IPCC 2021

Carbon monoxide 2.1 | Levasseur et al. (2016)
Nitrogen oxides -10.7 | Levasseur etal. (2016)
Sulfur oxides -38 | Levasseur etal. (2016)
Non methane volatile organic compounds 5.5 | Levasseur et al. (2016)
Black carbon 846 | Levasseuretal. (2016)
Organic carbon -43 | Levasseur et al. (2016)
Ammonia -15* | Aamaas et al. (2016)

*The characterization factor "NH3, Europe, Summer" from their study is chosen, since the geographical
area for this study is Norway, and that the N-enriched biochar is meant to be applied when the crops

are cultivated, which is between spring and autumn.

Table A2: Calculation phosphoric acid-solution for acid-activation of biochar

Acid-solution in volume | Acid-solution in weight
1 000 ml 1.139 kg
203 ml 0.342 kg
797 ml 0.797 kg

Acid-activation of biochar was done by soaking biochar in 30% (w/w) phosphoric acid
overnight. The biochar was added to the acid solution in a ratio of 1:1 (m:v), meaning
that per kg of biochar, 1 000 ml of acid solution is needed. As 30% of the solution is acid
and the rest is water (in weight), and taking into consideration that phosphoric acid has
a density of 1.685 g/ml and water has a density of 1 g/ml, 1.139 kg of acid-solution is
needed per kg biochar, where 0.342 kg is phosphoric acid and 0.797 kg is water. This
equals 203 ml of phosphoric acid and 797 ml of water per kg biochar. These values
were found by using the Goal Seek function in Excel. From ecoinvent, "phosphoric acid,
fertiliser grade" was used, as it is assumed that purified, industrial grade phosphoric acid

is necessary.
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Table A3: Parameters for quantification of the system

Parameter | Value Unit Description
apPP field 2552 kg Application rate of biochar per ha field
APPmanure 4.56 kg m Application rate of biochar to manure
enNHs3 240 mg m>2h1l | Ammonia emissions from pig manure storage
€CcH4 1270 | mgm=2ht! | Methane emissions from pig manure storage
€co2 8 000 | mgm~2h! | Carbon dioxide emissions from pig manure storage
en20 2.00 mg m>2h1 | Ammonia emissions from pig manure storage
t 720 h Treatment period for biochar, 30 days
Fr 75.9 kg Fertilizer K need per ha
bx 0.0051 factor Amount of K;O in softwood biochar
Mz 2552 kg Application rate of biochar per ha field
C, 0.001 | MJ kgt K | Heat capacity wood charcoal, from
The Engineering ToolBox (2003)
T, 723.15 Biochar activation temperature (450°C)
To 298.15 Room temperature (25°C)
ads, 20.5 mg gt Adsorption capacity of NH;"-N by biochar
adsgqp 252 mg gt Adsorption capacity of NHz-N by acid-activated biochar
des, 70 factor Desorption rate of NH4*-N by biochar
des b 80 factor Desorption rate of NH,"-N by acid-activated biochar
Emissions acrose 1 year Treatment time: 30 days Treatment time: 30 days
NH3 [ CH4| CO2 | N20 NH3 fcH4[ CO2| N20 NH3 [ CH4 | CO2| N20
e
S~
e
456 \gim? ?
— —— e — —
Pig manure Pig manure Pig manure
@ 9@ ~ @ @@ ~— N @@ @@

Figure Al: Envisioning of how biochar adsorption from pig manure can be applied.
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a) Terrestrial acidification
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Figure A2: Environmental impacts of the biochar and N-enriched biochar scenarios

against the reference system with total emissions from manure storage.
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Table A4: Life cycle inventory: Barley cultivation and biochar application

Scenario | Scenario | Scenario | Scenario | Unit Source
1 2 3a 3b

Inputs from techno-

sphere

Tillage, ploughing 1 1 1 1 ha! Tisserant et al.
yrl (2022)

Sowing 1 1 1 1 ha! Tisserant et al.
yrt (2022)

Tillage, harrowing, by | 2 2 2 2 ha! Tisserant et al.

rotary harrow yrt (2022)

Fertilizing by broad- | 1 1 1 1 ha! Tisserant et al.

caster yrt (2022)

Application of plant | 2.333 2.333 2.333 2.333 ha! Tisserant et al.

protection product, yrt (2022)

by field sprayer

Combine harvesting 1 1 1 1 ha! Tisserant et al.
yrt (2022)

Rolling 1 1 1 1 ha'! Tisserant et al.
yrt (2022)

Liming 4477 302 302 302 kg hal | Tisserantetal.
yrt (2022)

Cyclic N-compound 0.075 0.075 0.075 0.075 kg hal | Tisserantetal.
yrt (2022)

Pesticide, unspecified | 0.01 0.01 0.01 0.01 kg hal | Tisserantetal.
yrt (2022)

Triazine-compound, 0.011 0.011 0.011 0.011 kg hal | Tisserantetal.

unspecified yrt (2022)

Pyrethroid- 0.017 0.017 0.017 0.017 kg ha'! | Tisserantetal.

compound yrl (2022)

Benzoic-compound 0.088 0.088 0.088 0.088 kg hal | Tisserantetal.
yrl (2022)
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Organo-phosphorus- | 0.98 0.98 0.98 0.98 kg hal | Tisserantetal.
compound, unspeci- yrt (2022)
fied
Packaging, for pesti- | 1.818 1.818 1.818 1.818 kg hal | Tisserantetal.
cides yrt (2022)
Ammonium nitrate 364.3 364.3 364.3 364.3 kg hal | Section 2.8
yr?
Ammonium nitrate -104.6 -147.0 kg hal | Section 2.8
yrt
Phosphate, as P,O5 39.5 39.5 39.5 395 kg hal | Tisserantetal.
yrt (2022)
Potassium chloride, | 75.9 62.9 62.9 62.9 kg hal | Tisserantetal.
as K,O yrt (2022)
Packaging for fertil- | 426.3 4147 321.8 284.1 kg hal | Tisserantetal.
izer yrt (2022), Table
2.8
Biochar application 2552 2 552 2 552 kg hal | Tisserantetal.
yrt (2022)
Biochar 2 552 kg hal | Tisserantetal.
yrt (2022)
N-enriched biochar 2 552 kg hal | Tisserantetal.
(liquid ads.) yrt (2022)
N-enriched biochar 2 552 kg hal | Tisserantetal.
(air ads.) yrt (2022)
Barley seed, for sow- | 160 160 160 160 kg ha'! | Tisserantetal.
ing yrl (2022)
Transport, tractor and | 30 30 30 30 kg hal | Tisserantetal.
trailer, agricultural yrl (2022)
Manure storage 560 560 560 560 m2yr! | Section 2.3.1
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Emissions to air

Ammonia (NHx) 7.75 8.13 8.13 8.13 kg ha™ | Tisserantetal.
yrt (2022)
Nitrous oxide (N, O) 2.43 1.65 1.65 1.65 kg ha™ | Tisserantetal.
yrt (2022)
Nitrogen oxides (NO,) | 5.10 459 459 459 kg ha™ | Tisserantetal.
yrt (2022)
Emissions to soil
Fludioxonil 0.01 0.01 0.01 0.01 kg ha* | Tisserantetal.
yrt (2022)
Tribenuron-methyl 0.011 0.011 0.011 0.011 kg ha | Tisserantetal.
yrl (2022)
Alpha-cypermethrin 0.017 0.017 0.017 0.017 kg ha | Tisserantetal.
yrl (2022)
Trifloxystrobin 0.088 0.088 0.088 0.088 kg ha Tisserant et al.
yrt (2022)
Prothioconazol 0.075 0.075 0.075 0.075 kg ha Tisserant et al.
yrt (2022)
Ethephon 0.05 0.05 0.05 0.05 kg ha Tisserant et al.
yrt (2022)
GClyphosate 0.93 0.93 0.93 0.93 kg ha Tisserant et al.
yrt (2022)
Cadmium 4 83E-03 | 4.83E-03 | 4.83E-03 | 4.83E-03 | kg ha Tisserant et al.
yrt (2022)
Chromium 3.79E-03 | 3.79E-03 | 3.79E-03 | 3.79E-03 | kg ha Tisserant et al.
yrt (2022)
Lead 9.85E-04 | 9.85E-04 | 9.85E-04 | 9.85E-04 | kg ha™ | Tisserantetal.
yrt (2022)
Nickel 4.14E-03 | 4.14E-03 | 4.14E-03 | 4.14E-03 | kg ha™* | Tisserantetal.
yrt (2022)
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Emissions to water

Cadmium, ion, | 4.39E-05 | 4.39E-05 | 4.39E-05 | 4.39E-05 | kg ha" Tisserant et al.

groundwater yrt (2022)

Cadmium, ion, river 2.81E-05 | 2.81E-05 | 2.81E-05 | 2.81E-05 | kg ha" Tisserant et al.
yrt (2022)

Chromium, ion, | 1.86E-02 | 1.86E-02 | 1.86E-02 | 1.86E-02 | kg ha" Tisserant et al.

groundwater yrt (2022)

Chromium, ion, river | 2.81E-03 | 2.81E-03 | 2.81E-03 | 2.81E-03 | kg ha- Tisserant et al.
yrt (2022)

Copper, ion, ground- | 2.60E-03 | 2.60E-03 | 2.60E-03 | 2.60E-03 | kg ha" Tisserant et al.

water yrt (2022)

Copper, ion, river 1.93E-03 | 1.93E-03 | 1.93E-03 | 1.93E-03 | kg ha™* | Tisserantetal.
yri (2022)

Lead, groundwater 1.65E-04 | 1.65E-04 | 1.65E-04 | 1.65E-04 | kg ha™* | Tisserantetal.
yrl (2022)

Lead, river 3.82E-05 | 3.82E-05 | 3.82E-05 | 3.82E-05 | kg ha Tisserant et al.
yrt (2022)

Nickel, ion, river 1.61E-03 | 1.61E-03 | 1.61E-03 | 1.61E-03 | kg ha Tisserant et al.
yrt (2022)

Nitrate 28.7 25.8 258 25.8 kg ha Tisserant et al.
yrt (2022)

Zinc, ion, ground- | 2.27E-03 | 2.27E-03 | 2.27E-03 | 2.27E-03 | kg ha Tisserant et al.

water yrt (2022)

Zinc, ion, river 1.13E-02 | 1.13E-02 | 1.13E-02 | 1.13E-02 | kg ha Tisserant et al.
yrt (2022)
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Table AS5: Life cycle inventory: Biochar production

Non- Activated | Unit Source

activated biochar

biochar
Outputs to technosphere
Biochar 1 1 kg
Inputs from technosphere
Wood chips, wet, measured as | 3.571 3.571 kg Tisserant et al. (2022)
dry mass
Synthetic gas factory 1.23E-09 1.23E-09 unit Tisserant et al. (2022)
Electricity 0.2818 0.2818 kWh Tisserant et al. (2022)
Heat, central or small scale, wood 0.425 MJ Section 2.7.1, Equa-
pellet, at furnace 9kwW tion 4
Phosphoric acid, fertiliser grade, 0.3417 kg Table A2
without water, in 70% solution
state
Water 0.7972 kg Table A2
Transport, freight, lorry >32 met- | 1.1129 1.1129 tkm Tisserant et al. (2022)
ric ton, EUROG
Emissions to air
Carbon monoxide, non-fossil 3.57E-06 3.57E-06 kg Tisserant et al. (2022)
Carbon dioxide, non-fossil 3.45E+00 3.45E+00 kg Tisserant et al. (2022)
Hydrochloric acid 1.13E-04 1.13E-04 kg Tisserant et al. (2022)
Water 2.94E-03 2.94E-03 m3 Tisserant et al. (2022)
Nitrogen oxides 5.59E-04 5.59E-04 kg Tisserant et al. (2022)
Dinitrogen monoxide 4.21E-08 421E-08 kg Tisserant et al. (2022)
Sulfur dioxide 4 .87E-04 4 .87E-04 kg Tisserant et al. (2022)
Chlorine 3.53E-11 3.53E-11 kg Tisserant et al. (2022)
Hydrogen 2.21E-07 2.21E-07 kg Tisserant et al. (2022)
PAH, polycyclic aromatic hydro- | 3.98E-08 3.98E-08 kg Tisserant et al. (2022)

carbons
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Arsenic 3.50E-06 3.50E-06 kg Tisserant et al. (2022)
Cadmium 5.40E-07 5.40E-07 kg Tisserant et al. (2022)
Chromium 9.60E-06 9.60E-06 kg Tisserant et al. (2022)
Copper 2.00E-06 20E-06 kg Tisserant et al. (2022)
Lead 1.10E-O6 1.10E-O6 kg Tisserant et al. (2022)
Mercury 1.40E-07 1.40E-07 kg Tisserant et al. (2022)
Molybdenum 5.70E-07 5.70E-07 kg Tisserant et al. (2022)
Nickel 1.80E-06 1.80E-0O6 kg Tisserant et al. (2022)
Tin 3.00E-08 3.00E-08 kg Tisserant et al. (2022)
NMVOC, non-methane volatile | 3.40E-04 3.40E-04 kg Tisserant et al. (2022)
organic compounds

Particulates > 2.5 ym, and < 10 | 1.79E-03 1.79E-03 kg Tisserant et al. (2022)
am

VOC, volatile organic compounds | 5.6E-05 5.6E-05 kg Tisserant et al. (2022)
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Table A6: Life cycle inventory: Biochar application

Non- Activated | Unit Source

activated biochar

biochar
Outputs to technosphere
Biochar application (spreading | 1 1 kg
and harrowing)
Inputs from technosphere
Fertilizing, by broadcaster 3.90E-04 3.90E-04 ha Tisserant et al. (2022)
Tillage, harrowing, by rotary har- | 3.90E-04 3.90E-04 ha Tisserant et al. (2022)
row
Transport, freight, lorry >32 met- | 2.90E-01 2.90E-01 tkm Tisserant et al. (2022)
ric ton, EUROG
Emissions to soil
Cadmium 1.62E-05 1.62E-05 kg Tisserant et al. (2022)
Lead 7.02E-05 7.02E-05 kg Tisserant et al. (2022)
Zinc 4 32E-04 4 32E-04 kg Tisserant et al. (2022)

61




Table A7: Life cycle inventory: Manure storage

Scenario 1 | Scenario 3a | Scenario 3b | Unit
and 2
Outputs to technosphere
Manure storage 1 1 1 m?2
Inputs from technosphere
Emissions to air
Ammonia 1.73E-01 1.43E-01 8.64E-01 kg yrt
Methane 9.14E-01 1.21E+00 9.14E-01 kg yrt
Dinitrogen monoxide 1.44E-03 1.44E-03 1.44E-03 kg yrt
Carbon dioxide 5.76E+00 5.76E+00 5.76E+00 kg yrt
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Table A8: Parameters Sensitivity analysis

Parameter Default Pessimistic | Optimistic | Unit Reference

Emission changes from ma-

nure storage - Scenario 3a

NHz -17 -13 -39 % Default: Section 2.6.2, pessimistic: Maurer et al.
(2017), optimistic: Meiirkhanuly et al. (2020)

CHy4 32 104 0 % Default: Section 2.6.2, pessimistic: Meiirkhanuly et
al. (2020), optimistic: Maurer et al. (2017)

N,O 0] 10 -12 % Default: Section 2.6.2, pessimistic: +10%, optimistic:
Pereira et al. (2022)

COy 0 10 -25 % Default: Section 2.6.2, pessimistic: +10%, optimistic:
Meiirkhanuly et al. (2020)

Emission changes from ma-

nure storage - Scenario 3b

NHz -50 -35 -65 % Default: Section 2.7.2, pessimistic: +30%, optimistic:
-30%

CHg4 0 10 -10 % Default: Section 2.7.2, pessimistic: +10%, optimistic:
-10%

N,O 0 10 -10 % Default: Section 2.7.2, pessimistic: +10%, optimistic:
-10%

COy 0] 10 -10 % Default: Section 2.7.2, pessimistic: +10%, optimistic:
-10%
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N adsorption of biochar

Non-activated biochar 20.5 2.5 57.1 mg NH;"-N | Default: Section 2.6.1, pessimistic: Weldon et al.
gt (2022), optimistic: Takaya et al. (2016)*
Activated biochar 252 3.1 50.0 mg NHz-N | Default: Section 2.7.1, pessimistic and optimistic
gt same difference from Default as for non-activated
biochar*
N desorption from biochar
Non-activated biochar 70 52.5 87.5 % Default: Section 2.8, pessimistic: -25%, optimistic:
+25%
Activated biochar 80 60 100 % Default: Section 2.8, pessimistic: -25%, optimistic:

+25%
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Table A9: LCA results

Scenario 1 | Scenario 2 Scenario 3a Scenario 3b
Climate change Default Default Low Default High Low Default High
Farm operations 6.42E+02 8.14E+02 8.14E+02 8.14E+02 8.14E+02 8.14E+02 8.14E+02 8.14E+02
Soil emissions 6.63E+02 4. 50E+02 4. 50E+02 4 50E+02 4. 50E+02 4 50E+02 4 50E+02 4 .50E+02
Fertilizer 9.73E+02 9.29E+02 9.26E+02 7.53E+02 3.17E+02 9.25E+02 6.82E+02 3.17E+02
Biochar production 0.00E+00 7.18E+02 7.18E+02 7.18E+02 7.18E+02 1.48E+03 1.48E+03 1.48E+03
Manure emissions 0.00E+00 0.00E+00 1.45E+04 4.48E+03 -2.60E+01 0.00E+00 0.00E+00 -7.25E+02
Carbon sequestering | 0.00E+00 -5.35E+03 -5.35E+03 -5.35E+03 -5.35E+03 -5.35E+03 -5.35E+03 -5.35E+03
Total 2.278E+03 | -2.437E+03 | 1.204E+04 | 1.862E+03 | -3.076E+03 | -1.682E+03 | -1.925E+03 | -3.015E+03
Terrestrial Scenario 1l | Scenario 2 Scenario 3a Scenario 3b
acidification Default Default Low Default High Low Default High
Farm operations 3.36E+00 3.91E+00 3.91E+00 3.91E+00 3.91E+00 3.91E+00 3.91E+00 3.91E+00
Soil emissions 1.70E+01 1.76E+01 1.76E+01 1.76E+01 1.76E+01 1.76E+01 1.76E+01 1.76E+01
Fertilizer 4.28E+00 4.10E+0O0 4.09E+00 3.43E+00 1.75E+00 4.09E+00 3.15E+00 1.75E+00
Biochar production 0.00E+00 3.15E+00 3.15E+00 3.15E+00 3.15E+00 535E+01 535E+01 535E+01
Manure emissions 0.00E+00 0.00E+00 -2.52E+01 -3.29E+01 -7.46E+01 -6.70E+01 -9.51E+01 -1.23E+02
Total 2.47E+01 2.88E+01 3.49E+00 -4.85E+00 -4.82E+01 1.21E+01 -1.69E+01 -4.68E+01
Marine Scenariol | Scenario 2 Scenario 3a Scenario 3b
eutrophication Default Default Low Default High Low Default High
Farm operations 4.34E-01 4.39E-01 4.39E-01 4.39E-01 4.39E-01 4.39E-01 4.39E-01 4.39E-01
Soil emissions 1.93E+00 1.73E+00 1.73E+00 1.73E+00 1.73E+00 1.73E+00 1.73E+00 1.73E+00
Fertilizer 1.10E-01 1.05E-01 1.04E-01 8.47E-02 3.51E-02 1.04E-01 7.66E-02 3.51E-02
Biochar production 0.00E+00 2.78E-02 2.78E-02 2.78E-02 2.78E-02 7.46E-02 7.46E-02 7.46E-02
Manure emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+0O0
Total 2.47E+00 2.30E+00 2.30E+00 2.28E+00 2.23E+00 2.35E+00 2.32E+00 2.28E+00
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Freshwater Scenario 1 | Scenario 2 Scenario 3a Scenario 3b
eutrophication Default Default Low Default High Low Default High
Farm operations 1.21E-01 1.42E-01 1.42E-O01 1.42E-01 1.42E-01 1.42E-01 1.42E-01 1.42E-01
Soil emissions 0.00E+0O0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+0O0 0.00E+00 0.00E+00
Fertilizer 1.67E-O1 1.58E-01 1.58E-01 1.36E-01 8.01E-02 1.57E-01 1.27E-01 8.01E-02
Biochar production | 0.00E+00 1.14E-01 1.14E-01 1.14E-01 1.14E-01 3.33E-01 3.33E-01 3.33E-01
Manure emissions 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+0O0 0.00E+00 0.00E+00
Total 2.88E-01 4.15E-01 4.14E-01 3.92E-01 3.37E-01 6.33E-01 6.02E-01 5.56E-01
Particulate matter | Scenario 1 | Scenario 2 Scenario 3a Scenario 3b
formation Default Default Low Default High Low Default High
Farm operations 1.62E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00
Soil emissions 2.42E+00 2.46E+00 2.46E+00 2.46E+00 2.46E+00 2.46E+00 2.46E+00 2.46E+00
Fertilizer 1.11E+OO0 1.06E+00O 1.05E+00 897E-01 5.04E-01 1.05E+00 8.33E-01 5.04E-01
Biochar production | 0.00E+00 1.18E+00 1.18E+00 1.18E+00 1.18E+00 | 1.61E+01 1.61E+01 1.61E+01
Manure emissions 0.00E+0O0 0.00E+00 | -3.09E+00 | -4.03E+00 | -9.14E+00 | -8.20E+00 | -1.16E+O1 -1.51E+01
Total 5.14E+00 6.62E+00 | 3.52E+00 2.43E+00 -3.07E+00 | 1.33E+01 9.64E+00 5.83E+00
Scenario 1 | Scenario 2 Scenario 3a Scenario 3b
Human toxicity Default Default Low Default High Low Default High
Farm operations 6.24E-04 1.55E-03 1.55E-03 1.55E-03 1.55E-03 1.55E-03 1.55E-03 1.55E-03
Soil emissions 6.71E-04 6.71E-04 6.71E-04 6.71E-04 6.71E-04 6.71E-04 6.71E-04 6.71E-04
Fertilizer 2.93E-04 2.77E-04 2.77E-04 2.31E-04 1.16E-04 2.76E-04 2.12E-04 1.16E-04
Biochar production | 0.00E+00 7.27E-04 7.27E-04 7.27E-04 7.27E-04 1.47E-03 1.47E-03 1.47E-03
Manure emissions 0.00E+00 0.00E+0O0 0.00E+00 0.00E+00 0.00E+00 | 0.00E+0O0 0.00E+00 0.00E+00
Total 1.59E-03 3.23E-03 3.22E-03 3.18E-03 3.06E-03 3.97E-03 3.90E-03 3.81E-03

Manure emissions are change in impact fromm manure emissions compared to Scenario 1.
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Table A10: LCA results on climate change with NTCFs

Climate change with NTCFs | Scenario 1 | Scenario 2 | Scenario 3a | Scenario 3b
CO2 1.37E+03 -3.23E+03 -3.37E+03 -2.75E+03
CH4 1.38E+02 2.21E+02 4.68E+03 2.61E+02
N20O 7.63E+02 5.58E+02 5.44E+02 5.43E+02
CcO 9.77E+00 1.77E+01 1.75E+01 1.94E+01
NOx -1.26E+02 -1.66E+02 -1.63E+02 -1.80E+02
SOx -7.79E-02 -1.17E-01 -1.09E-01 -1.34E-01
NMVOC 1.29E+01 291E+01 2.81E+01 3.26E+01
Organic carbon -8.15E-02 -2.65E+00 -2.64E+00 -2.69E+00
NH3 -1.35E+02 -1.40E+02 1.15E+02 591E+02
Total 2.035E+03 | -2.710E+03 | 1.847E+03 | -1.483E+03
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