
Doctoral Thesis in Industrial Ecology

Biochar systems across scales  
in Sweden
An industrial ecology perspective

ELIAS S. AZZI

Stockholm, Sweden 2021

kth royal institute 
of technology



Biochar systems across scales  
in Sweden
An industrial ecology perspective

ELIAS S. AZZI

 
 
Doctoral Thesis in Industrial Ecology
KTH Royal Institute of Technology
Stockholm, Sweden 2021

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,  
is submitted for public defence for the Degree of Doctor of Philosophy on Friday the 14th of 
January 2022, at 9 a.m. in room F3, Lindstedtsvägen 26, Stockholm, and online.



© Elias S. Azzi, Thesis
© 2019 American Chemical Society, reprinted with permission from Environ. Sci. Technol. 2019, 
53, 14, 8466–8476, Paper I
© Elias S. Azzi, Erik Karltun, & Cecilia Sundberg, Paper II, IV, V
© Asterios Papageorgiou, Elias S. Azzi, Anja Enell & Cecilia Sundberg, Paper III
© Natalie Hendrikse, Cover illustration
 
ISBN 978-91-8040-055-8
TRITA-ABE-DLT-2141 
 
Printed by: Universitetsservice US-AB, Sweden 2021



 

 

 

 

 

 

 

 

 

« Science sans conscience n'est que ruine de l'âme » 

disait l'un, 

« Le doute n'est pas un état bien agréable, mais l'assurance est un état ridicule » 

disait parfois l'autre. 

 

 

 

 

 

 

 

 

 

 

 





i 

Abstract 
 

Biochar – the carbon rich residue derived from biomass pyrolysis – is recognised as a potential 
solution to remove carbon dioxide from the atmosphere, while simultaneously delivering 
socio-environmental benefits through biochar use as a material. Perceived as a sustainable 
innovation, biochar has raised interest throughout the world. Sweden has witnessed a rising 
interest for biochar over the past decade, leading to investments in modern biochar production 
capacity and the development of various biochar-based products. However, as for any 
emerging technology, it is necessary to study its environmental performance in a systematic 
manner to guarantee that environmental expectations meet reality, and to enable science-
based policy support. 

This thesis examined the energy, climate and environmental impacts of biochar production 

and use, supporting on-going and future projects in Sweden. Four case studies were designed, 

set respectively in Stockholm, Nyköping, Helsingborg and Uppsala areas. The case studies 

analysed biochar production at various scales, from different biomass feedstocks, and biochar 

use in urban and rural applications. The main method applied was life cycle assessment, 

complemented with material flow analysis and energy systems modelling. In addition, a 

framework was developed to conceptualise and classify environmental effects of biochar in a 

life cycle perspective.  

The results showed that biochar systems can deliver more climate change mitigation than 

conventional bioenergy when energy systems are already rather decarbonised and if biochar 

stability is high. Biochar carbon sequestration provided the main climate change benefit, but 

smaller additional benefits were obtained from some material uses of biochar. When compared 

with reference systems, biochar solutions lead to shifts of burdens between sectors and 

environmental impact categories. It is possible to integrate pyrolysis to both large district 

heating networks and decentralised heating systems, but it will lead to a net increase in 

biomass consumption and related environmental impacts, relative to direct combustion of 

biomass. In the second half of the century, the need for management of biochar-containing soil 

masses will arise from today’s emerging urban applications.  

The case studies illustrated new uses of biochar and quantified several environmental benefits 

from biochar use. However, gaps remain between biochar effects present in the public 

discourse and their quantification in life cycle assessment. These differences were attributed 

to variability in the biochar effects, lack of knowledge, or inappropriate accounting framework. 

Overall, the thesis stresses the importance of analysing the potential of innovations to 

contribute to environmental goals by using parametrized life cycle models, depicting multiple 

contexts, and striving to identify suitability conditions rather than providing a definitive static 

answer. 

Keywords 

biochar, bioenergy, agriculture, climate change, carbon dioxide removal, negative emission 

technology, industrial ecology, life cycle assessment, material flow analysis, environmental 

systems analysis
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Sammanfattning 
 

Biokol – den kolrika produkten som återstår från pyrolys av biomassa– är en potentiell lösning 

för att fånga koldioxid från atmosfären, samtidigt som den har socio-miljömässiga fördelar 

genom användning av biokol som material. Biokol uppfattas som en hållbar innovation och 

har väckt intresse över hela världen. I Sverige har intresset för biokol ökat under de senaste 

åren, vilket har lett till investeringar i modern produktion av biokol och utveckling av olika 

biokolbaserade produkter. Liksom med all ny teknik är det nödvändigt att studera dess 

miljöprestanda på ett systematiskt sätt för att garantera att miljöförväntningarna är uppfyllda 

och för att möjliggöra vetenskapligt baserat politiskt stöd. 

Denna avhandling undersökte energi-, klimat- och miljöeffekterna av biokolproduktion och -

användning, till stöd för pågående och framtida projekt i Sverige. Fyra fallstudier har 

utformats, i Stockholm, Nyköping, Helsingborg och Uppsala. Fallstudierna analyserade 

biokolproduktion i olika skalor, från olika slags biomassa och användning av biokol i stads- 

och landsbygdstillämpningar. Den huvudsakliga metoden som användes var livscykelanalys, 

kompletterad med materialflödesanalys och energisystemmodellering. Dessutom utvecklades 

ett ramverk för att konceptualisera och klassificera miljöeffekter av biokol i ett 

livscykelperspektiv. 

Resultaten visade att biokolsystem kan ha lägre klimatpåverkan än konventionell bioenergi 

när energisystem redan är i stort sett fossilfria och om biokolstabiliteten är hög. Kolinlagring i 

biokol gav det största bidraget till klimatprestandan, men mindre ytterligare fördelar erhölls 

från viss materialanvändning av biokol. Jämfört med referenssystemen leder biokolösningar 

till att miljöbelastning flyttas mellan sektorer och kategorier av miljöpåverkan. Det är möjligt 

att integrera pyrolys i både stora fjärrvärmenät och decentraliserade värmesystem, men det 

kommer att leda till en nettoökning av biomassaförbrukningen och relaterad miljöpåverkan, 

jämfört med direkt förbränning av biomassa. Under andra halvan av seklet kommer det att 

uppstå ett behov av hantering av biokolhaltiga jordmassor från dagens växande urbana 

biokolanvändning. 

Fallstudierna illustrerade nya användningsområden för biokol och kvantifierade flera 

miljöfördelar. Det kvarstår dock ett glapp mellan de biokolseffekter som diskuteras i samhället 

och deras kvantifiering i livscykelanalys. Dessa skillnader berodde på variationer i 

biokolseffekter, bristande kunskap eller olämpliga systemgränser. Generellt så betonar 

avhandlingen vikten av att analysera potentialen för innovationer att bidra till miljömål genom 

att använda parametriserade livscykelmodeller, analysera flera sammanhang och sträva efter 

att identifiera lämpliga förhållanden, snarare än att ge ett entydigt svar. 

Nyckelord 

biokol, bioenergi, jordbruk, klimatförändring, koldioxidlagring, negativa utsläpp, industriell 

ekologi, livscykelanalys, materialflödesanalys, miljösystemanalys
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Résumé 
 

Le biochar – résidu solide riche en carbone issue de la pyrolyse de biomasse – est envisagé 

comme une potentielle façon de retirer du dioxyde de carbone de l’atmosphère, tout en 

apportant des bénéfices socio-environnementaux via son utilisation comme matériau. Perçu 

comme une innovation contribuant au développement durable, le biochar a connu un fort 

engouement à travers la planète. En Suède, cet intérêt pour le biochar s’est traduit au cours de 

la dernière décennie par des investissements dans des capacités modernes de production de 

biochar et par le développement de nouveaux produits à base de biochar. Cependant, comme 

pour toute technologie émergente, il est nécessaire d’étudier ses implications 

environnementales de manière systématique afin de pouvoir garantir que les performances 

environnementales sont à la hauteur des attentes, et pour guider la définition de politiques 

basées sur la science. 

Cette thèse s’est intéressée aux impacts énergétiques, climatiques et environnementaux de la 

production et de l’utilisation de biochar, supportant le développement de projets en cours et 

futurs, en Suède. Quatre études de cas ont été réalisées, situées à Stockholm, Nyköping, 

Helsingborg et Uppsala. Les études de cas ont analysé la production de biochar à différentes 

échelles et à partir de différents substrats, ainsi que l’utilisation de biochar en agriculture et en 

milieu urbain. La principale méthodologie appliquée fut l’analyse de cycle de vie, couplée à 

l’analyse de flux de matière et la modélisation énergétique. De plus, un cadre théorique a été 

conçu pour décrire et classifier les potentiels effets environnementaux du biochar dans une 

perspective de cycle de vie. 

Les résultats ont montré que les systèmes à base de biochar peuvent apporter davantage de 

bénéfices climatiques que la bioénergie conventionnelle si le système énergétique est déjà 

relativement décarbonné et si la stabilité du biochar produit est élevée. La séquestration de 

carbone dans le biochar représente la principale contribution au bénéfice climatique des 

systèmes étudiés. Des bénéfices climatiques additionnels, mais en général d’importance 

moindre, sont obtenus par certaines utilisations du biochar. En comparaison avec une 

situation de référence, les systèmes à base de biochar induisent une modification des 

conséquences environnementales, à la fois entre secteurs économiques et entre catégories 

d’impact environnemental. Il est possible d’intégrer la pyrolyse de biomasse à de grands 

réseaux de chaleur comme à des systèmes décentralisés de chauffage, mais cela induit une 

augmentation nette de la consommation de biomasse et de ses impacts, en comparaison avec 

la combustion directe. Par ailleurs, les utilisations du biochar en milieu urbain qui émergent 

aujourd’hui vont mener à un besoin futur de gestion appropriée de flux secondaires contenant 

du biochar. 

Les études de cas ont illustré de nouvelles applications du biochar et quantifié certains de leurs 

impacts et bénéfices environnementaux. Cela dit, des différences subsistent entre les bénéfices 

potentiels du biochar présentés dans la sphère publique et leur quantification en analyse de 

cycle de vie. Ces différences furent attribuées à la grande variabilité des effets du biochar, des 

manques de connaissances, ou un cadre de modélisation non adaptés à l’inclusion desdits 

effets. Dans l’ensemble, cette thèse souligne l’importance d’analyser le potentiel d’une 

innovation à contribuer aux objectifs environnementaux en utilisant des modèles paramétrés 
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d’analyse de cycle de vie, capable de représenter différents contextes, et de s’efforcer 

d’identifier les conditions de réussite plutôt que de se limiter à une quantification statique des 

conséquences environnementales. 

 

Mots-clés 

biochar, bioénergie, agriculture, changement climatique, capture de dioxyde de carbone, 

technologie à émissions négatives, écologie industrielle, analyse de cycle de vie, analyse de 

flux de matière, analyse de systèmes environnementaux 
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Zusammenfassung 
 

Pflanzenkohle – der kohlenstoffreiche Rückstand, der aus der Pyrolyse von Biomasse 

gewonnen wird – wird als mögliche Technik in Betracht gezogen, um Kohlendioxid aus der 

Atmosphäre zu entziehen. Gleichzeitig verspricht die Verwendung von Pflanzenkohle als 

Material auch sozio-ökologische Vorteile. Als nachhaltige Innovation wahrgenommen, hat 

Pflanzenkohle weltweit Interesse geweckt. Schweden hat im letzten Jahrzehnt ein wachsendes 

Interesse für Pflanzenkohle erlebt, sodass die Investitionen in moderne 

Produktionskapazitäten von Pflanzenkohle und die Entwicklung verschiedener Produkte auf 

Pflanzenkohlebasis gestiegen sind. Wie bei jeder neuen Technologie ist es jedoch erforderlich, 

ihre Umweltleistung systematisch zu untersuchen, um sicherzustellen, dass die ökologischen 

Erwartungen der Realität entsprechen, und eine wissenschaftlich fundierte politische 

Unterstützung gegeben ist. 

Diese Arbeit untersuchte die Energie-, Klima- und Umweltauswirkungen der 

Pflanzenkohleproduktion und -nutzung und unterstützte laufende und zukünftige Projekte in 

Schweden. Vier Fallstudien sind in Stockholm, Nyköping, Helsingborg und Uppsala 

durchgeführt worden. Diese Fallstudien haben die Produktion von Pflanzenkohle in 

verschiedenen Größenordnungen und aus verschiedenen Biomasse-Rohstoffen, sowie die 

Nutzung von Pflanzenkohle im landwirtschaftlichen und im städtischen Bereich analysiert. Die 

Hauptmethodik war die Lebenszyklusanalyse, welche mit Stoffstromanalysen und 

Energiesystemmodellierungen ergänzt worden ist. Darüber hinaus wurde ein Konzept 

entwickelt, um Umweltwirkungen von Pflanzenkohle aus einer Lebenszyklusperspektive 

heraus zu erfassen und zu klassifizieren. 

Die Ergebnisse zeigten, dass pflanzenkohlebasierte Systeme mehr Klimaschutz leisten können 

als konventionelle Bioenergie, wenn die Energiesysteme bereits weitgehend dekarbonisiert 

sind und die Stabilität der Pflanzenkohle hoch ist. Die Kohlenstoffspeicherung durch 

Pflanzenkohle erbrachte hierbei den größten Nutzen für den Klimaschutz, aber auch kleinere 

zusätzliche Vorteile wurden durch einige Verwendungen von Pflanzenkohle als Werkstoff 

erzielt. Im Vergleich mit Referenzsystemen führen Pflanzenkohlelösungen zu einer 

Verschiebung der Belastung sowohl zwischen Wirtschaftssektoren als auch zwischen 

ökologischen Wirkungskategorien. Pyrolyse lässt sich sowohl in große Fernwärmenetze als 

auch in dezentrale Wärmesysteme integrieren. Dies aber führt im Vergleich zur direkten 

Verbrennung von Biomasse zu einem Nettoanstieg des Biomasseverbrauchs und der damit 

verbundenen Umweltauswirkungen. Außerdem wird die heutige Nutzung von Pflanzenkohle 

im städtischen Bereich in der zweiten Hälfte dieses Jahrhunderts zum Bedarf einer 

angemessenen Verwaltung von pflanzenkohlehaltigen Bodenmassen führen. 

Die Fallstudien veranschaulichten neue Verwendungen von Pflanzenkohle und quantifizierten 

mehrere ökologische Vorteile dieser Verwendung. Allerdings bleiben Lücken zwischen den im 

öffentlichen Diskurs präsenten Pflanzenkohle-Effekten und deren Quantifizierung durch die 

Lebenszyklusanalyse bestehen. Diese Unterschiede wurden auf die große Veränderlichkeit der 

Auswirkungen von Pflanzenkohle, fehlendes Wissen oder einen unangemessenen 

Berechnungsrahmen zurückgeführt. Insgesamt betont diese Dissertation, wie wichtig es ist, 

den möglichen Beitrag einer Innovation zu den Umweltzielen zu analysieren, indem 
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parametrisierte Lebenszyklusmodelle verwendet und mehrere Kontexte abgebildet werden 

sowie versucht wird, Eignungsbedingungen zu identifizieren, anstatt eine endgültige statische 

Antwort zu geben. 

Stichwörter 

Pflanzenkohle, Bioenergie, Landwirtschaft, Klimawandel, Kohlendioxid-Entfernung, 

Negative-Emissions-Technologie, Industrieökologie, Lebenszyklusanalyse, 

Stoffstromanalyse, Umweltsystemanalyse 
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 نبذة 
 

معترف به  –المخلّفات الغنيّة بالكربون لالنحالل الحراري للكتلة الحيوية  -الفحم الحيوي )أو الفحم النباتي( 

كحّل محتمل الزالة ثاني اوكسيد الكربون من الغالف الجّوي، بموازاة توفير فوائد اجتماعية واقتصادية من 

خالل استخدام الفحم الحيوي كمادة )منتج( بحد ذاتها.  فقد نال الفحم الحيوي اهتماماً عالمياً كونه نٌظر إليه 

لحيوي خالل العقد االخير، ما أدّى إلى استثمارات في قدرة كابتكار مستدام. شهدت السويد اهتماماً بالفحم ا

االنتاج الحديث للفحم الحيوي، وتطوير منتجات تعتمد على الفحم الحيوي. إال أنّه، وكأي تكنولوجيا ناشئة، 

من الضروري درس أدائها البيئي بطريقة منتظمة لضمانة مالقاة التوقّعات البيئية للواقع، وتمكين دعم رسم 

 اسات المرتكزة على العلم. السي

درست هذه األطروحة اآلثار الطاقوية والمناخية والبيئية النتاج الفحم الحيوي واستخدامه، داعمة بذلك 

المشاريع القائمة والمستقبلية في السويد. تّم تصميم أربع دراسات حالة، في مناطق ستوكهولم، نيوشوبينغ، 

جرى تحليل انتاج الفحم الحيوي  بمقاييس مختلفة، من مواد أّوليّة  هلسينجبورج واوبساال. في هذه الدراسات،

متنّوعة للكتلة الحيوية، وتحليل استخدام الفحم الحيوي في تطبيقات مدنية وريفية. المنهج الرئيسي الذي جرى 

ذلك، تمّ تطوير اعتماده هو تقييم دورة الحياة، مكّمالً بتحليل تدفّق المواد ونمذجة أنظمة الطاقة. باإلضافة إلى 

 اطار لتصّور اآلثار البيئية للفحم الحيوي وتصنيفها من منطلق دورة الحياة.

أظهرت النتائج أن أنظمة الفحم الحيوي يمكنها التخفيف من تغيّر المناخ أكثر من الطاقة الحيوية التقليدية 

رار الفحم الحيوي مرتفعة. حين تكون أنظمة الطاقة قد سبق أن أخليت من الكربون وعندما تكون نسبة استق

خالل الفحم الحيوي هو الفائدة الرئيسية المتّصلة بتغيّر المناخ، إال أّن ثّمة فوائد إضافية عزل الكربون من 

أصغر الستخدام الفحم الحيوي كمواد. مقارنة مع األنظمة المرجعية، الحلول المتّصلة بالفحم الحيوي تؤدّي 

فئات األثر البيئي. من الممكن إدخال االنحالل الحراري إلى قنوات التدفئة إلى نقل االعباء بين القطاعات و

في المناطق الكبرى وإلى أنظمة التدفئة الالمركزية، إال أنه من شأن ذلك زيادة صافية في استخدام الفحم 

ف الثاني الحيوي واآلثار البيئية ذات الصلة، وذلك نسبة إلى االحتراق المباشر للفحم الحيوي. سيشهد النص

من هذا القرن حاجة الدارة الفحم الحيوي المحتوي على كتل تربة والناتج عن التطبيقات المدنية الناشئة 

 اليوم.

عرضت دراسات الحالة الستخدامات جديدة للفحم الحيوي وقاست فوائد بيئية متعدّدة الستخدامه. إاّل أّن هّوة 

خطاب العام وقياسها في تقييم دورة الحياة. يعود هذا الفرق ما زالت موجودة بين تأثيرت الفحم الحيوي في ال

إلى تاثيرات الفحم الحيوي المتغيّرة، نقص المعرفة، أو نظام الحساب غير المناسب. بشكل عام، ترّكز هذه 

االطروحة على أهميّة تحليل قدرة االبتكارات في المساهمة في األهداف البيئية، من خالل استخدام نماذج 

اة مع معايير، وتصوير سياقات متعددة، والسعي لتحديد شروط المالءمة عوضاً عن توفير جواب دورة حي

 نهائي ثابت.

 كلمات المفاتيح
الفحم الحيوي، الطاقة الحيوية، الزراعة، تغيّر المناخ، إزالة ثاني اوكسيد الكربون، التكنولوجيا السلبية 

الحياة، تحليل تدفق المواد، تحليل األنظمة البيئية.االنبعاثات، االيكولوجيا الصناعية، تقييم دورة   
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CHAPTER 1. INTRODUCTION 

1.  Introduction  

Human development & sustainability 

The industrial revolution, seen as a turning point in human history, marked the start of an era 

of unprecedented increase in human appropriation of natural resources and a steady increase 

in human capital. As a result, human development indices have risen steadily over the past 200 

years, although with disparities across the globe (UNDP 2020). Today, the material and useful 

exergy throughput of our global socio-economic metabolism is estimated to 90 Gt yr-1 and 100 

EJ yr-1, with stocks of in-use materials over 1000 Gt (Haberl et al. 2019). These flows and stocks 

are sometimes summarised in economic terms by saying that the global gross domestic product 

is around 88 trillion USD, and that assets held by financial institutions are worth around 400 

trillion USD (OECD 2020). Flows and stocks of natural resources are enabling our lifestyles, 

but they are also fuelling conflicts between human societies and are leading to environmental 

change and degradation. The core issue is that natural resources are unequally distributed, 

unequally shared, and available in finite amount. At the same time, thanks to resources 

allocated to education and research, human societies have progressively become aware of and 

sensible to a range of socio-environmental problems, both local (Carson et al. 1962) and global 

(Meadows and Club of Rome 1972). 

At the advent of the 21st century, humanity is aware that it is overshooting several 

environmental planetary boundaries and that it is falling short of several social minima 

(Steffen et al. 2015; O’Neill et al. 2018), threatening its existence. Achieving sustainability – 

seen as coordinating efforts to live within the planetary boundaries and above the social 

foundation – is the multi-faceted challenge of the century. 

Climate change as a peculiar planetary boundary 

Climate change is one peculiar planetary boundary because it is global in scope, results from 

the sum of all individual human activities, is indirectly affecting many other socio-

environmental challenges, and is particularly present in the political arena. 

Through the release of greenhouse gases (GHG), the release of other radiative forcing 

substances, and through change in planetary albedo, humans are affecting the planet’s energy 

balance: more energy is trapped on Earth. The total anthropogenic effective radiative forcing, 

estimated to 2.7 𝑊 𝑚−2 (Forster et al. 2021), leads to changes in climate, that is changes in air, 

soil, and water temperature distributions, rainfall distributions, ocean water circulation and 

winds. In turn, these modifications of the ocean-atmosphere system affect natural ecosystems, 

human life, but also the stock of manufactured capital. Even though the climate has changed, 

in the geological history of the planet, the rate at which it is changing today is unprecedented. 

If not mitigated, climate change is threatening our ability to adapt and is exposing to physical 

risks both the technosphere and the biosphere we live in (IPCC 2021). 

The international human response to this planetary energy imbalance problem started in the 

20th century with the creation of the Intergovernmental Panel on Climate Change (IPCC) in 

1988, the release of IPPC’s first assessment report in 1990, and the creation of the United 

Nations Framework Convention on Climate Change (UNFCCC) at the 1992 Earth Summit in 

Rio de Janeiro. However, GHG emissions have kept increasing at about 1% per year over the 
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last decade, reaching 52 GtCO2-eq in 2019 excluding land use emissions (Olivier and Peters 

2020). 

The latest IPCC assessment report (IPCC 2021) and the 2018 Special Report on a Global 

Warming of 1.5°C (Rogelj et al. 2018b) indicated that to contain the global average air 

temperature below 2°C, or even below 1.5 °C, current GHG emissions need to reach net-zero, 

with residual emissions compensated by carbon dioxide removal (CDR) from the atmosphere. 

However, the level of reliance on CDR is not intrinsically set, but rather depends on the 

development pathway that humanity will take.  

“D4.2. 1.5°C pathways that include low energy demand, low material consumption, and low 

GHG-intensive food consumption have the most pronounced synergies and the lowest 

number of trade-offs with respect to sustainable development and the SDGs (high 

confidence). Such pathways would reduce dependence on CDR.” (Rogelj et al. 2018b) 

Estimates derived from future development scenarios have advanced a need for 150 to 1200 

GtCO2 removed from the atmosphere over the century, leading to annual removal rates in the 

range of 2 to 15 GtCO2 year-1 (Rogelj et al. 2018a). Bluntly said, to affect significantly the Earth’s 

climate system, CDR must be in the range of gigatonnes CO2 per year (Strefler et al. 2018). 

While the concept of CDR was already mentioned in IPCC’s first publications, its importance 

has increased in the last decade (Minx et al. 2018). However, only a few CDR technologies are 

included in IPPC’s integrated assessment models (IAM): afforestation, bioenergy with carbon 

capture and sequestration (CCS), and fossil CCS, leaving out other CDR technologies (Rogelj 

et al. 2018b). In addition, due to their global scope, IAMs do not investigate the full range of 

systems effects (Heck et al. 2018) and other environmental consequences that CDR 

technologies may entail at the local level (Fuss et al. 2018). Thus, there is a need to increase 

knowledge on the systems effects of new CDR technologies not yet included in IAMs, and to 

complement IPCC’s recommendations with other environmental assessments, including 

assessments based on specific case studies. Such assessments at the project level are also 

needed for the actual deployment of CDR technologies. 

For that purpose, industrial ecology – which is the study of material and energy flows and 

stocks in society and their environmental implications – offers a set of useful methods (Pauliuk 

et al. 2017a). Life cycle assessment (LCA) is an established method to study the environmental 

impacts of technologies, products and services from resource extraction to disposal (Curran 

2017). Material flow analysis (MFA), often extended to include energy flows, is a method to 

describe flows of material and energy across a defined system (Brunner and Rechberger 2017). 

Both methods can be applied to specific cases, and they allow to deepen the physical 

understanding of the studied systems, effects on other sectors can be modelled, and 

environmental impacts and trade-offs can be quantified. 

Biochar as a CDR technology with potential benefits 

Biochar systems are biomass-based technologies that can achieve CDR (Lehmann and Joseph 

2009): through photosynthesis, biomass takes up carbon dioxide from the atmosphere to build 

its tissues. Harvested biomass is then converted through pyrolysis – a thermochemical 

treatment with limited supply of oxygen – into pyrolytic gases and tars, and biochar. Gases and 

tars are most often converted to energy products, thereby releasing back carbon dioxide to the 
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atmosphere. However, biochar – the solid carbon rich product, similar in appearance to 

charcoal – becomes a carbon sink when used as a material instead of a fuel. 

Carbon farming through biomass pyrolysis was conceptualised as early as 2002, with the 

review of Glaser, Lehmann and Zech (2002). Biochar – at the time still often called charcoal 

or spelled bio-char – was mainly thought as an amendment to improve the agricultural 

productivity of degraded tropical soils (Glaser et al. 2001; Lehmann et al. 2002). Early research 

suggested that, due to its radically different properties, biochar would have much longer 

residence time in soils than uncharred biomass. Considering the extent of agricultural land 

occupation globally, the potential for biochar seemed interesting (Woolf et al. 2010; Fuss et al. 

2018). The biochar CDR potential was estimated to reach up to 10 GtCO2 per year (Tisserant 

and Cherubini 2019). 

Today, biochar has become an umbrella term for a wide range of carbonized bio-based 

materials, with on-going development of applications in several industries. In agriculture, 

moving away from raw biochar amendment to soils, the co-application with manure, compost 

or engineered fertiliser is developing (Kammann et al. 2017; Sánchez-Monedero et al. 2019). 

In urban environments, biochar is establishing itself as a component of manufactured soils 

(Stockholm Stad 2020a; Hasselfors AB 2021) and an option for remediation of contaminated 

soils (Beesley et al. 2011). In the construction sector, attempts have been made to include 

biochar in concrete, mortar, but also road asphalt (Kua et al. 2019). In high-tech industries, 

biochars with engineered properties are designed for filters or electronics (Liu et al. 2019). The 

material value of biochar is a fundamental difference of biochar systems with other CDR 

technologies like fossil CCS, direct-air CCS, or bioenergy CCS. This value contributes to the 

acceptance of biochar CDR, reduces its cost, and may have additional environmental benefits 

(Woolf et al. 2016). In addition, the pyrolysis co-products also have a value, and affect energy 

systems. 

In Sweden, interest for biochar production and use dates back to the early 2010s, motivated by 

urban tree management issues, climate adaptation, and the emerging notion of CDR. Biochar 

interest can also be linked to Sweden’s favourable context for bio-based technologies: a high 

biomass availability and extensive share of bioenergy use. Yet, the Swedish biochar industry is 

still at an early age. The environmental impacts and system effects of biochar products are not 

fully understood. To reach a larger deployment – significant for the climate – more 

investments are needed in the right projects and the right techniques. For this to be possible, 

more detailed environmental assessment of biochar systems in Sweden is needed. 

 

It is one thing to say that we need CDR to meet our climate targets, it is another to identify 

which CDR technology actually works, is scalable, and has most synergies and least trade-offs 

with the multiple other socio-environmental challenges we are facing. The latter is a systemic, 

transdisciplinary question, with a high dependence on context: when, where, how, and at what 

scale? 
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2. Aim, objectives and research design 

2.1. Aim and objectives 

The overall aim of this thesis was to evaluate the energy, climate and environmental impacts 

of biochar production and use, supporting on-going and future projects set in both rural and 

urban areas, in Sweden and beyond. Particular attention was given to the climate change 

mitigation potential of these different biochar systems. 

The four case studies and the methodology article included in the thesis tackled specific 

objectives:  

 Objective 1 

Quantify the climate change impact of biochar systems in a life cycle perspective, for 

various biochar applications (Papers I-IV) 

 Objective 2 

Compare the additional climate change mitigation benefits provided by biochar 

products, beyond carbon sequestration, in various biochar applications (Paper I, 

Paper III, Paper IV)  

 Objective 3 

Investigate the effects of biochar systems on other environmental impact categories 

(Paper II-V) 

 Objective 4 

Explore how biochar production facilities can be integrated in existing and future 

energy systems, at both large- and small- scales (Paper I, Paper II) 

 Objective 5 

Develop a framework to describe biochar systems and classify the broad range of 

environmental effects of biochar systems (Paper V). 

 
Figure 1. Biochar production, from various feedstocks, at different scales, and use in urban and 
rural applications 
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2.2. Research designed around case studies 

The research was organised around case studies of biochar systems (Figure 1). The case studies 

followed the development of the rapidly evolving biochar sector in Sweden, adapting to the 

context of interest for various stakeholders in Sweden. The outcome of this interaction with 

stakeholders for the design of the case studies was regular exchange of knowledge and data, in 

both directions. 

The first case, performed in 2017-2019 and tackled in Paper I, investigated large-scale biochar 

production in Stockholm and biochar use in dairy farms. At that time, the city of Stockholm 

had just completed its pilot biochar project with the deployment of a small-scale pyrolysis unit, 

and Stockholm Exergi was initiating planning for medium and large-scale pyrolysis units. All 

project partners participated in workshops to design the study, but Stockholm Exergi AB 

played an important role by providing access to a specific modelling tool and data. 

The second case, performed in 2019-2020 and tackled in Paper II, was inspired by the 

Lindeborg farm – a farm-household-eco lodge who had acquired one of the first pyrolysis units 

in Sweden. The operation of Lindeborg’s pyrolysis plant started in late 2017. Visits and 

workshops were held there with project partners. The Lindeborg farm shared some data as well 

as first-hand experience on the operation of on-farm pyrolysis systems. 

The third case, performed in 2019-2020 and tackled in Paper III, involved a multi-disciplinary 

team aiming at integrating the treatment of two waste streams: contaminated soils and urban 

wood waste. The municipal waste management company Nordvästra Skånes Renhållnings AB 

(NSR) bought a pyrolysis unit in 2019, which was not yet deployed when the case study was 

performed. While NSR is planning for multiple uses of biochar, only one use was in the scope 

of project. Main data inputs came from NSR and soil toxicity researchers from the Swedish 

Geotechnical Institute (SGI).  

Finally, the fourth case, performed in 2020-2021 and tackled in Paper IV, was set in Uppsala 

municipality and focused on biochar applications in urban environments. Here, the 

municipality was involved as well as a handful of companies developing or planning use of 

biochar products in urban environments, namely Biokolprodukter Global AB, Ecotopic AB, 

Hasselfors AB, VegTech AB, Skanska AB, and Uppsala Vatten och Avfall AB. 
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3. Background 

This chapter provides an overview of the research field – industrial ecology – and the research 
topic – biochar systems. Various historical aspects and recent developments are presented in 
the scope of the thesis.  

3.1. Industrial ecology – the research field 

Industrial ecology is a 30-year old research field that emerged from the interest of various 

industries in improving the material and energy performance of their products and services 

(Graedel and Lifset 2016). It rapidly became an academic research field in the early 1990s, with 

the creation of a dedicated conference series and an academic journal (Jelinski et al. 1992; 

Baccini and Brunner 2012; Graedel and Lifset 2016). Early definitions described industrial 

ecology as the study of material and energy flows and stocks through the industrial system, and 

the environmental implications of these flows and stocks. The term “industrial ecology” is built 

on an analogy with biological ecosystems first mentioned by Frosch and Gallopoulos (1989). 

Despite limitations of this analogy (Fischer-Kowalski 1998; Ayres 2004; Nielsen 2007), the 

guiding principle was that industrial systems should imitate nature by organising cascading 

and circular flows of resources and energy to maximise efficiency, minimise waste and reduce 

the environmental impacts of industrial activities (Frosch and Gallopoulos 1989). Later, the 

scope was broadened to include the metabolism of not only industrial parks, but also cities 

(Papageorgiou et al. 2020b) and the whole economy (Pauliuk and Hertwich 2015; Haberl et al. 

2019). A unified accounting theory for socioeconomic metabolism studies was then developed 

(Pauliuk et al. 2015a, 2016).  

To describe material and energy flows, and their implications, industrial ecology develops and 

uses modelling tools. These tools include, among others, MFA and LCA, which were the main 

ones used in this thesis. 

3.1.1. Material flow analysis 

MFA is a methodology for quantifying and mapping the flows and stocks of materials in a 

system with explicit spatial and time boundaries. MFA is often extended to energy flows, or to 

the study of specific substances (Brunner and Rechberger 2017). MFA and its variants are 

based on the principles of mass and energy conservation. 

Although historically limited by data availability, MFA is now applied to an increasing number 

of materials and elements, and at different spatial scales, ranging from local to global (Graedel 

2019). Due to the time needed to compile data, MFA studies are most often performed with a 

static timeframe, e.g. mapping the flow of steel in year 2021. However, dynamic material flow 

analysis (dMFA) is gaining importance as it allows to e.g. illustrate the role of stock dynamics 

in climate change mitigation (Pauliuk and Müller 2014; Müller et al. 2014; Lausselet et al. 

2020), make predictions on the timing of material release from in-use stocks and calculate 

various circularity metrics (Nakamura et al. 2014; Pauliuk et al. 2017b), or design and monitor 

policies for sustainable resource use at the planetary level (Wiedenhofer et al. 2019). Recent 

developments in MFA software allow mapping multiple flows and stocks with any number of 

aspects, such as time, age-cohort, region, product, component, material, element (Pauliuk and 

Heeren 2020). 
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MFA has been combined with other industrial ecology tools and LCA in particular, not only 

because MFA results can be used as input data for LCA studies, but also because MFA results 

only provide information about resources and not about environmental impacts (Pauliuk et al. 

2013; Turner et al. 2016; Mehr et al. 2018). 

3.1.2. Life cycle assessment 

LCA is an iterative four-step methodology used to quantify the potential environmental 

impacts of a product or service, in a given system and throughout its life cycle (Heijungs 1994; 

Curran 2017). The four steps, which were standardized in the ISO standards 14040 and 14044 

(ISO 2006a, b), are i) goal and scope definition, ii) life cycle inventory, iii) life cycle impact 

assessment, and iv) interpretation. The main objectives of LCA studies are to identify stages in 

the life cycle of a product that are large sources of environmental impact, so-called hotspots, 

and to make sound environmental comparisons between equivalent alternatives. As a tool to 

support decision-making, LCA can help to avoid the shift of environmental burdens between 

life cycle stages, impact categories, and regions (Finnveden et al. 2009). To ensure equivalence 

between alternatives in LCA, a functional unit (FU) is defined. The FU of an LCA is a 

quantitative and qualitative description of the final services provided by the studied systems. 

In the inventory phase, the amount of materials, energy, natural resources, waste, and 

emissions needed to fulfil the FU are quantified. In the impact assessment stage, the inventory 

results are aggregated into a smaller set of indicators, environmental impacts, via the use of 

impact assessment models. Impact assessment models attempt to represent the cause-effect 

chain between an environmental emission and its impact, for instance on the radiative balance 

of the Earth, human health or ecosystem health (Hauschild and Huijbregts 2015). These 

models allow comparing the relative importance of different emissions for a given impact 

category and ease the interpretation of LCA results. The potential impacts calculated in an LCA 

are expressed per unit of FU and are interpreted in the last step of an LCA, e.g. via the use of 

contribution analyses, uncertainty analyses, and reflection on the validity of various 

assumptions made along the process. 

Over the past four decades, LCA methodology has kept evolving around the basics summarised 

above. New specialisation and sub-types of LCA studies appeared in the literature to tackle 

earlier limitations and new challenges. Below, developments relevant in the scope of the thesis 

are summarised regarding LCA in the field of emerging technologies and bio-based systems. 

LCA of emerging technologies 

LCA has early on been applied to the study of new or emerging technologies (Bhander et al. 

2003; Hung et al. 2018). Such studies are sometimes called prospective, anticipatory or ex-

ante LCA. The rationale is that assessing an innovation at an early stage of its development is 

also an opportunity to influence its development and improve its environmental performance. 

However, the quantitative data needed to complete the life cycle inventory of a new technology 

may be missing due to its novelty. In addition, the data available may come from a lab-scale or 

pilot experiment, but not necessarily be representative of its future full-scale version 

(Cucurachi et al. 2018). The available information may also be more uncertain than for well-

established technologies. Finally, in the case of new chemicals or materials released to the 

environment, characterisation factors may not have been calculated or relevant impact 

categories may simply not exist (Joyce et al. 2017).  
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In this context, various recommendations have been developed by the LCA research 

community. Wender and colleagues (2014) stressed the importance of stakeholder 

involvement during the LCA process to guarantee the credibility and relevance of the results. 

Anticipatory LCA should be “non-predictive and inclusive” in the sense that it should explore 

a wide range of possible outcomes rather than selecting a few (Wender et al. 2014). Therefore, 

the use of parametrized models, uncertainty analyses and scenario analyses is an important 

aspect of prospective LCA (Arvidsson et al. 2018). It is also common to fill data gaps by relying 

on physical modelling of the foreground systems, e.g. simulation of reactor operation. Finally, 

Arvidsson and colleagues (2018) also recommend to pay attention to the data used in the 

background system, as background data often come from databases which may not necessarily 

reflect the future in which the technology will be deployed. An illustration of “when the 

background matters” was given for the climate impact of electric vehicles in the work of 

Mendoza Beltran and her colleagues (2018) who combined future energy scenarios with the 

ecoinvent database. 

LCA of bio-based systems: biomaterials, bioenergy, biorefineries  

Bio-based systems, understood as the use of renewable biological resources for the provision 

of services like energy, materials and chemicals, are perceived as an alternative to the use of 

fossil fuels and a way to mitigate climate change. Technologies in the bioeconomy are 

numerous because of the diversity of potential biomass feedstock, conversion processes and 

applications. This diversity also leads to a potential diversity in environmental performance. 

LCA researchers have extensively studied the environmental impacts, in particular the climate 

change impact, of bioenergy and other bio-based products. Specific challenges with LCA of bio-

based systems include multi-functionality, biogenic carbon flows and stocks, and land use 

changes (Cherubini and Strømman 2011; Ahlgren et al. 2015). 

Multi-functionality 

Multi-functionality refers to the fact that a studied system has several useful functions. For 

such systems, aligning the choice of the FU with the goal of the study is an important step, as 

any function not included in the FU constitutes an allocation issue that must be solved (Ahlgren 

et al. 2015). Solving multi-functionality can be done in several ways: increasing, if possible, the 

modelling resolution to split a multi-functional process into several mono-functional 

processes; perform system expansions or substitutions; or allocating the burdens between the 

co-products based on a physical or economic properties (Majeau-Bettez et al. 2018). 

Biogenic carbon flow and stock dynamics 

Proper accounting of carbon dynamics in bio-based LCA is challenging because biomass 

systems directly interact with the carbon cycle: biomass takes up carbon from the atmosphere 

during growth, biomass combustion or decomposition releases carbon to the atmosphere, bio-

based products temporarily sequester carbon during their use phase, and land use 

management strategies affect soil and vegetation carbon stocks.  

Land use change (LUC), which is the conversion of land from one type to another (e.g. forest 

to grassland, perennial to annual crop land), is in fact a main driver of climate change (Berndes 

et al. 2012). The inclusion of LUC in LCA has proved challenging, especially in the field of 
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bioenergy where it was shown that the climate impact of biofuels could vary greatly with the 

modelling approach of LUC (Cherubini and Strømman 2011; Koellner et al. 2013). In some 

cases, LUC resulted in biofuels having climate footprints worse than fossil fuels (Reijnders and 

Huijbregts 2008).  

Conceptually, LUC emissions are split between direct and indirect LUC. Direct LUC refers to 

the change in land use at the studied site of cultivation, while indirect LUC refers to changes in 

land use elsewhere as a consequence of the change in production at the studied site (Ahlgren 

and Di Lucia 2014). Indirect LUC have proven difficult to identify because of their 

consequential nature, and after many years of efforts, some LCA researchers have stressed that 

indirect LUC should be avoided by appropriate policies rather than estimated accurately and 

precisely in LCA (Finkbeiner 2014; Prade et al. 2017). LUC results in losses or gains in carbon 

stocks from vegetation and soils, but also changes in methane and nitrous oxide emissions and 

surface albedo. LUC emissions have usually been estimated using low-resolution modelling, 

such as IPCC data at continental scales (Eggleston et al. 2006). Recent approaches have relied 

on explicit carbon modelling (Hammar et al. 2014; Ericsson et al. 2016), and even field 

observations that have revealed important spatial heterogeneity (Lam et al. 2021).  

Another challenge is the timing of biogenic carbon emissions. The use of biomass for energy or 

short-lived products is often considered carbon neutral because any emitted biogenic carbon 

emitted from the harvested biomass has previously been taken up from the atmosphere and 

will once again be captured by the next generation of biomass. However, the time span between 

emission and uptake can be quite significant and may have an effect on the climate. This has 

led to the development of time-dependent LCA inventory techniques and adapted climate 

change metrics to include the effects of carbon dynamics (Levasseur et al. 2012; Ericsson et al. 

2013; Brandão et al. 2019; Albers et al. 2020). 

Other aspects related to land use in LCA of bio-based systems are biodiversity impacts (Milà i 

Canals et al. 2007; Winter et al. 2017), ecosystem services (Rugani et al. 2019), or the climate 

effect of albedo changes (Carrer et al. 2018; Sieber et al. 2019). New developments are being 

made in these areas, but they are not yet mainstream in LCA studies. 

Development in LCA software and data 

LCA is a data-intensive tool and LCA models are growing more complex, sometimes hindering 

the transparency and reproducibility of scientific results (Pauliuk et al. 2015b). In light of this 

issue, the industrial ecology research community called for more systematic sharing of the code 

behind publications, the use of open-source software (Pauliuk et al. 2015b), and promoting 

interactive visualisation of results (Font Vivanco et al. 2019). Standardized LCA model 

disclosures are also discussed (Kuczenski 2019). Today, numerous extensions are being 

released on top of the open-source framework for LCA brightway2 (Mutel 2017), such as a 

graphical interface (Steubing et al. 2020), regionalised (Mutel et al. 2012) and temporal 

extensions (Cardellini et al. 2018), algebraic extension (Jolivet 2020), or database editing 

interface (Joyce and Björklund 2021). 
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3.2. Biochar systems – the research topic 

3.2.1. Terminology of carbonised biomass 

Carbonised biomass; charcoal, activated carbon, biocoal and biochar can all be described as a 

solid carbon-rich residue that remain from the heating of biomass in partial or complete 

absence of oxygen (Hagemann et al. 2018). Charcoal refers to a traditional fuel produced from 

woody biomass, and still widely used. Activated carbons, instead, can be derived from any 

biomass or even fossil coal via further activation treatments, and are mainly used for filtering 

or sorption applications. Biochar, the newest term, was initially differentiated from charcoal 

stressing the fact that biochar is intended for amendment to agricultural soils and carbon 

sequestration (Lehmann et al. 2006). With the expansion of the biochar research field, the 

definition of biochar is however no longer limited to soil applications. In some acceptations, 

the definition even includes biochar use for energy – sometimes called biocoal – in industrial 

processes (Riva et al. 2019) or products that may be later incinerated such as activated biochar 

filters or electronic components (Liu et al. 2019)1. Finally, existing voluntary certificates of 

biochar include in their definitions specific requirements on production conditions and quality 

e.g. approved biomass types, minimum carbon content, treatment temperature, or pollutant 

contents (European Biochar Foundation 2015). 

Overall, biochar is part of a continuum of carbonised materials, sometimes called pyrogenic 

carbon materials, which are produced from various feedstocks, in various conditions, and for 

various applications. Owing to physical similarities between these carbon materials and 

synergies in research efforts, calls have been made for integrating the literature across these 

different areas, and in particular to make the fairly new biochar research field benefit from 

previous research in other areas (Hagemann et al. 2018). In this thesis, in spite of the 

variability in definitions, biochar was mainly understood as any carbonised biomass used in 

applications where biochar can act as a carbon sink, removing carbon dioxide from the 

atmosphere on centennial timescales. 

3.2.2. Biochar production 

Biochar can be produced in different kinds of reactors. An interesting feature of biochar 

systems is that production techniques include both low-tech and high-tech solutions, implying 

that biochar systems can be deployed across income levels. These different production 

techniques however have differences in terms of capital and labour requirements, air pollutant 

emissions during use, ability to control the process conditions and to recover pyrolysis co-

products. For instance, traditional earth mounds or improved flame-curtain kilns (Cornelissen 

et al. 2016) do not require more than shovels but are rather labour intensive, produce 

substantial air pollutant emissions, offer little control on the pyrolysis process, and make no 

valuable use of the pyrolysis gases. Another example are gasifier cooking stoves, which have 

                                                        

1At the Bio-char II conference (Cetraro, Italy, September, 2019), I discussed with Prof. 
Johannes Lehmann on the evolution of the biochar definition, from an agricultural-only term 
to an all-encompassing umbrella term for carbonised biomass. Is it a positive or negative 
evolution for the development of the sector and research? We concluded that it is likely to be 
positive, here contributing to unify and connect researchers, giving momentum to the sector, 
as long as clear distinctions are made, in particular when it comes to carbon sequestration. 
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been used in smallholder farms to replace open-fire cooking practices and which combine 

cooking with biochar production (Whitman et al. 2011; Gitau et al. 2019). The most common 

pyrolysis reactors available in high-income countries are industrial-scale reactors with closed 

reaction chambers. Various design exist, both batch and continuous processes, with the ability 

to control the process conditions and valorise pyrolysis oil and gases (Meyer et al. 2011). These 

reactors require usually less labour and have lower air pollutant emissions. In Sweden, most 

pyrolysis units available today can produce between 25 and 2 000 tonnes per year, and directly 

burn the pyrolysis gases and oil to generate useable heat. 

The properties of biochar result from the type of biomass used and the pyrolysis process 

conditions. The main process conditions that affect biomass pyrolysis are the temperature, the 

heating rate, and the residence time (Weber and Quicker 2018; Ippolito et al. 2020). The 

interplay of these conditions influences the distribution of products (char, gas, oil) and their 

properties. These three properties are also used to distinguish between different types of 

pyrolysis: slow, intermediate, fast, and flash. In addition, biochar properties can be tailored via 

different pre- and post-treatments. For instance, minerals can be added to the raw biomass to 

produce specialty biochar (Yang et al. 2018; Lyu et al. 2020). Biochar can also be modified via 

steam activation or the use of chemicals (Mood et al. 2020). 

3.2.3. Biochar applications 

Biochar applications are numerous (Schmidt and Wilson 2014). Here, I distinguish between 

applications in agriculture and urban environments. 

 
Agriculture 

Agricultural applications of biochar emerged from research on the formation and use of dark 

earth soils – terra preta – in the Amazonian forest and their properties contrasting with 

surrounding soils (Kern et al. 2017). Attempts were made to reproduce the high fertility of 

terra preta by amending newly produced charcoal, first in the Amazon (Glaser et al. 2001, 

2002; Lehmann et al. 2002), but later also in degraded soils in West Africa (Whitman et al. 

2011; Kätterer et al. 2019) and South-East Asia (Sparrevik et al. 2014). These results were also 

reminiscent of older observations of the effects of charcoal fines applied to soils, e.g. in Sweden 

(von Linné 1734). Biochar raw application to soil or jointly with fertiliser was particularly 

successful in increasing crop yield in tropical degraded soils, but less so in temperate soils 

where crop yields are already high (Jeffery et al. 2017). 

To understand the mechanisms behind biochar effects on soils, many controlled experiments 

were carried out (Spokas et al. 2012; Joseph et al. 2021). This research effort led to increased 

knowledge synthesised in multiple reviews and meta-analyses on biochar (Schmidt et al. 2021). 

Some of these focused on crop yield (Jeffery et al. 2017; El-Naggar et al. 2019), greenhouse gas 

emissions from biochar-amended soils (Cayuela et al. 2014, 2015; Jeffery et al. 2016; Song et 

al. 2016; Wang et al. 2016), nutrient availability and losses (Nguyen et al. 2017; Borchard et al. 

2019; Gao et al. 2019; Glaser and Lehr 2019; Sha et al. 2019), hydrological properties (Omondi 

et al. 2016; Fischer et al. 2018; Razzaghi et al. 2019), plant root traits (Gluszek et al. 2017; 

Xiang et al. 2017) and microbial responses to biochar (Palansooriya et al. 2019). 

Overall, Kammann and colleagues (2017) called for further research in the life-cycle benefits 

of advanced agricultural uses of biochar, including animal husbandry (Joseph et al. 2015; Man 
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et al. 2020) and cascading use of biochar (Wurzer et al. 2019). Besides, new research focused 

on the effects of biochar in composting (Agegnehu et al. 2017; Sanchez-Monedero et al. 2018) 

and anaerobic digestion (Masebinu et al. 2019), before application to soil. Biochar is also 

investigated as an ingredient for soil substrate in horticultural production (Fryda et al. 2019) 

and tree sapling production. 

Cities and industry 

In cities, the main application for biochar are urban greenings. Sweden pioneered the use of 

biochar in cities for the planting of trees (Stockholm Stad 2020a). The aim was to solve tree 

health issues related to compacted soils. Today, biochar-compost blends are used with crushed 

rocks to provide a mechanically stable and aerated soil structure where tree roots can thrive 

and stormwater can be channelled. Alongside this development, biochar is now also used in 

mineral soil substrates for green roofs and other planting soils.  

There is also an interest in biochar use for remediation of contaminated soils (Zama et al. 

2018). Due to its porous structure, ion exchange capacity, and relatively large surface area, 

biochar is suited for sorption of organic contaminants, like polycyclic aromatic hydrocarbons 

(PAHs), and inorganic compounds like heavy metals (Beesley et al. 2011; Thomas et al. 2020). 

These two groups are commonly found in soils in contaminated urban areas. Here, biochar 

amendment is seen as a potential alternative to excavation and landfilling. Also, due to its 

sorption properties, biochar is investigated as filter or biofilm carrier in water applications, for 

municipal and industrial waste water as well as drinking water (Dalahmeh et al. 2019; Li et al. 

2020; Xiang et al. 2020). 

Finally, in the construction sector, attempts have been made to use biochar in concrete, mortar, 

and cement (Gupta et al. 2018; Kua et al. 2019; Campos et al. 2020) but also asphalt (Zhou et 

al. 2020). Although these products are still at an early development stage, they could 

potentially use large volumes of biochar. 

3.2.4. Previous LCA of biochar systems 

The first LCA studies of biochar systems were published in the early 2010s (Roberts et al. 2010; 

Hammond et al. 2011), and today it constitutes a body of about a hundred publications. The 

studies have investigated various types of biomass and pyrolysis conditions. The majority of 

studies have focused on energy balances and climate change impacts, but rarely included other 

environmental impact categories (Tisserant and Cherubini 2019; Matuštík et al. 2020). 

Existing studies usually concluded that biochar systems could provide large greenhouse gas 

emission savings, mainly due to carbon sequestration in biochar and energy offsets (Tisserant 

and Cherubini 2019). However, the studies were rarely set in a comparative context where 

biomass would alternatively be used for energy without carbon sequestration. 

The use of biochar in agriculture was the main one studied in published LCAs (Matuštík et al. 

2020). It was either set in industrialised agriculture or smallholder farming systems, in 

temperate or tropical regions. Biochar was assumed to sequester carbon, affect fertiliser use 

and emissions, and in some cases the crop yield. Biochar was usually applied alone or alongside 

with fertilisers, but no studies had yet assessed more complex applications or cascading uses 

such as in animal husbandry. Outside of agriculture, biochar LCA are rather rare with some 
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work tackling biochar as a tertiary wastewater treatment (Thompson et al. 2016) or pyrolysis 

as a treatment option for sewage sludge (Cao and Pawłowski 2013). 

From a geographic standpoint, studies have been published in most parts of the world, 

including the Americas (Roberts et al. 2010; Dutta and Raghavan 2014; Muñoz et al. 2017), 

Europe (Hammond et al. 2011; Lugato et al. 2013; Fryda et al. 2019), Africa (Sparrevik et al. 

2013; Galgani et al. 2014; Sundberg et al. 2020), and Asia (Sparrevik et al. 2014; Clare et al. 

2015; Mohammadi et al. 2016). Until 2017, no studies were explicitly set in a Swedish context 

(Ericsson et al. 2017). 
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4. Methods 

The case studies presented in papers I-IV were all assessed using LCA as the main method. 

Depending on the specific objectives of each case, additional modelling methods were used. It 

allowed enriching the life cycle inventory data and deepening the interpretation of the LCA 

results. This section will first present the LCA methods and data used in the appended papers, 

and then the additional modelling methods that were integrated to LCA. 

All modelling was performed using a combination of Microsoft Excel and python packages for 

industrial ecology. In particular, brightway2 – a python framework for LCA (Mutel 2017), its 

graphical interface the Activity-Browser (Steubing et al. 2020), and ODYM – a python 

framework for dMFA (Pauliuk and Heeren 2020) were used. 

4.1. LCA of biochar systems 

4.1.1. Goal and scope 

Description of biochar systems 

The assessment of a system usually starts by defining its boundaries. Biochar production and 

use is a human enterprise that converts material and energy for some social outcome. In that 

enterprise, the following generic stages are distinguished: biomass production, biomass 

pyrolysis, use of pyrolysis co-products, and biochar use (Figure 2). Biochar use is part of the 

life cycle of another product or service, and can thus be further divided into production of other 

material, and manufacturing, use and disposal of the biochar product. Each stage consumes 

other products or services, with their respective life cycle, such as fuel production, machinery, 

or transportation. Each stage may also have direct emissions of environmental stressors. The 

generic system description (Figure 2) was applied to each case study (Figure 3).  

In Paper I, biochar was produced from logging residues alternatively left to decay in the forest. 

The logging residues were sourced globally, and transported to Stockholm, for pyrolysis in a 

prospective large-scale energy efficient pyrolysis plant, connected to Stockholm’s district 

heating network. The resulting biochar was assumed to be used as animal feed additive and 

manure management additive on Swedish dairy farms, enabling a convenient application of 

biochar to arable land via manure spreading and potentially leading to cascading biochar 

effects. This biochar system was compared to conventional biomass incineration for combined 

heat and power (CHP) generation, and to power-only generation. 

In Paper II, biochar was produced from commercial wood pellets in a small-scale pyrolysis unit 

available at the Lindeborg farm. Syngas was burnt to run the pyrolysis process, and excess heat 

was used for heating the farm’s premises. No specific biochar use was modelled, as biochar was 

not yet in use at the studied farm. Several configurations of on-farm pyrolysis heating system 

were compared to alternative heating systems, including pellet combustion, ground-sourced 

heat pumps, and pure electrical heating. 
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Figure 2. Generic system boundaries of biochar systems, with explicit reference situations. The 
colour code is reused in Figure 3. Green, orange, blue represent respectively biomass production, 
pyrolysis, and the valorisation of the pyrolysis oil and gas. The shades of yellow refer to biochar 
product manufacturing, use and disposal. 
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Figure 3. System boundaries of the biochar systems modelled in the case studies. The reference 
systems are not shown for concision. The roman numbers refer to the appended papers (I-V). The 
colour code refers to Figure 2.  
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In Paper III, biochar was produced from urban wood waste collected in Helsingborg area and 

pyrolysed in an electricity-heated medium-scale pyrolysis plant, similar to the plant acquired 

by NSR. The biochar application studied here was the treatment of soil lightly contaminated 

with PAHs, metals and metalloids, enabling the re-use of the soil for non-sensitive applications 

instead of its landfilling. In the reference situation, wood waste was fully combusted for district 

heat production, and contaminated soil was landfilled. 

In Paper IV, biochar was produced from several types of biomass including wood pellets, 

garden waste, logging residues and willow woodchips, with different reference fates. Three 

medium-scale pyrolysis reactors were modelled: syngas-heated and electricity-heated reactors 

with heat co-production, and a mobile syngas-heated reactor without energy recovery. Biochar 

was used in several urban applications. These applications included: (i) planting of trees in 

paved areas in a biochar-based constructed soil similar to the Stockholm tree planting model; 

(ii) installation of extensive green roofs with a biochar-containing mineral soil; (iii) production 

of peat-free planting soil; (iv) production of charcrete elements (paving tiles); and (v) pre-

treatment of water in a drinking water treatment plant for removal of organic matter through 

a biofilm process. In Paper IV, a sixth application was modelled to serve as a benchmark: the 

oxidation of biochar for production of coal- and coke-free pig iron in the steel industry. 

Finally, Paper V also assessed qualitatively the effects of urban tree planting in biochar-based 

constructed soils made for local urban garden waste.  

Functional units and meaning 

The choice of the FU affects the interpretation of the results, and therefore the FUs selected 

should be in line with the goal of the study. Here, the over-arching goal was to assess the 

environmental performance of biochar systems against one or several reference situations, and 

several types of FU were used (Table 1). For bioenergy and biorefinery systems, the distinction 

has been made between several types of FU commonly used (Cherubini and Strømman 2011; 

Ahlgren et al. 2015): input-based units, whether they relate to an input of land, biomass or 

waste biomass; single output-based units, whether they refer to an amount of product or the 

function delivered by the product; and multifunctional FUs, whether with a time unit or a 

combination of output products. 

Input-based FUs, such as 1 tonne of biomass or 1 ha of land used, allow investigating the 

efficiency of resource use. This is relevant when considering limited resources like biomass and 

land. Output-based FU, such as 1 MJ of district heating or 1 tree planted, are relevant when 

evaluating the most efficient way of producing a given good or service. Multi-product FUs can 

be used to assess the benefits of process integration, e.g. combined waste treatment (Paper III), 

or to represent wider systems such as biochar deployment in a city district (Paper IV).  

In line with the goal stated above, the LCAs performed in papers I-IV were mostly comparative. 

Comparative LCA aims at analysing differences in environmental impact between product-

systems delivering the same functions. Therefore, comparative LCA does not need to include 

in the inventory the elements of the system that are equal across the studied product-systems. 

However, some elements of stand-alone LCA, which aims at identifying hotspots within a 

product-system, were also discussed, with the limitation that some parts of the system may 
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have been omitted (e.g. the construction of the large-scale plants in Paper I was not included; 

border elements in green roofs were excluded). 

Table 1. Functional units (FU) and questions answered in each case study 

Paper FU Questions answered 

I 1 tonne of biomass produced and used What is a climate efficient use of biomass? 

II 1 year of heating at the Lindeborg farm¹ 
How to supply farm heating with low 

environmental impacts? 

III 
5 650 tonne of wood waste treated, and 

12 240 m³ of soil managed² 

Is it worth it to combine the treatment of two 

waste streams? 

IV 

1 unit of good or service What is the best way to deliver a given service? 

1 tonne of biochar produced What is the cradle-to-gate impact of biochar? 

1 tonne of biochar produced and used What is a climate efficient use of biochar? 

Supply of biochar products for 

construction and maintenance of Uppsala’s 

new district³ 

What are the relative and total contributions of a 

set of products to environmental impacts at a 

district scale? 

Synthesis 1 tonne of biomass produced and used What is a climate efficient use of biomass? 

¹This time-based FU corresponds to a total heat demand of 130 to 180 MWh, depending on the year. 

²This FU is equivalent to 1 year of operation of the pyrolysis plant, producing 1250 tonnes of biochar from the 

wood waste and used for amending the contaminated soil at a 6% rate (weight to weight). 

³Construction from 2020 to 2050 and maintenance continuously from 2050 to 2100. 

 

Environmental impact categories 

In all case studies, climate change impacts were characterised using global warming potentials 

with a 100-year horizon (GWP100) (Stocker et al. 2013). In papers II-IV, other environmental 

impacts were characterised using the ILCD midpoint methods (JRC 2012), which includes 4 

impact categories related to resource use and 11 ones related to human and ecosystem toxicity. 

Handling of multi-functionality 

Similar to biorefineries, biochar systems deliver several useful goods or services. The studied 

systems included for instance district heating, electricity, treatment of waste biomass, soil 

remediation, animal feed, manure management additive, liming agent, urban tree planting, 

green roof, landscaping soil, concrete elements, water biofilm carrier, and pig iron (Figure 3). 

In the foreground. In LCA, if goods and services supplied by the studied systems are not 

included in the FU or included in non-stoichiometric amounts, then a multi-functionality issue 

arises. Here, substitutions were used in the foreground of the studied systems to handle multi-

functionality issues. 

The choice of the substituted technology can be a source of large variability, in particular for 

energy products (e.g. electricity and heat), and this topic fuels debate in the LCA community 

(Frischknecht and Stucki 2010; Majeau-Bettez et al. 2014; Vadenbo et al. 2016). Different 

approaches were taken in the appended papers and these are explained in the next section, on 

energy data choices, and in Table 2. 

In the background. Multi-functionality is much more common in LCA than practitioners 

usually think. In fact, nearly all real life processes have several outputs. The providers of LCA 

databases, such as ecoinvent (Wernet et al. 2016), prepare ready-to-use databases where multi-
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functionality has already been resolved using a predefined set of rules or system-model. Here, 

I mainly used the cut-off system-model (Table 2), which includes average technology market 

mixes, different kinds of allocation (e.g. plastic production in oil refineries, wood products 

from forestry operations) but also cut-off rules for products valorised from waste treatment 

activities (i.e. these products are burden-free). 

Energy data in the foreground, the background, and substitutions 

Choice of energy source used in the foreground, background and for substitutions in LCA can 

greatly influence the results, especially climate change impacts because emission factors for 

electricity can vary by three orders of magnitude. Choice of energy source is also often 

connected to the geographical system boundaries and modelling approach. 

For electricity and heat, different types of fuel and production technologies were used across 

the papers (Table 2) to suit the context of the case studies. Electricity was modelled as the 

Swedish (annual or daily) average mix, efficient natural gas electricity generation, or even a 

mix of coal and natural gas electricity generation. For heat generation in heat-only boilers, the 

main fuels modelled were either biomass or natural gas, but also heat pumps and direct 

electrical heating in the case of Paper II. 

Road transportation fuel was fossil diesel, but biofuel made of rapeseed methyl ester was also 

used in papers III and IV.  

Table 2. Type of heat and electricity input data for the substitutions (S), foreground inputs (FG), 
and background inputs (BG), across the case studies. NA = Not applicable for the specific case. 

Paper Input type Heat Electricity 

I 

S 

Generic case: natural gas, heat only boiler 

Stockholm-specific case: 15 fuel types 

(Gode et al. 2011). 

Generic case: natural gas, in power only plant  

Stockholm-specific case: marginal electricity mixes, 

with three time horizons (Hagberg et al. 2017) 

FG NA NA 

BG as modelled in ecoinvent 3.1, default allocation1 

II 

S NA NA 

FG NA 
Daily average Swedish mix in year 2018 

(Papageorgiou et al. 2020a). 

BG as modelled in ecoinvent 3.5 cut-off 

III 

S Logging residues, in heat only boiler NA 

FG NA 
Annual average mix based on data for Swedish 

region SE4 in year 2018 (Papageorgiou et al. 2020a). 

BG as modelled in ecoinvent 3.6 cut-off 

IV 

S and 

FG 

Case 1: Logging residues, in heat only 

boiler 

Case 2: Natural gas, in heat only boiler 

Case 1: Swedish average electricity mix as in 

ecoinvent 3.6 cut-off 

Case 2: Natural gas, in combined cycle power plant 

BG as modelled in ecoinvent 3.6 cut-off 

Synthesis 

S and 

FG 

Case 1: Logging residues, in heat only 

boiler 

Case 2: Natural gas, in heat only boiler 

Case 1: Swedish average electricity mix as in 

ecoinvent 3.6 cut-off 

Case 2: Natural gas, in combined cycle power plant 

BG as modelled in each paper 
1The ecoinvent database renamed the ‘default allocation’ system model to ‘allocation at the point of substitution’ (APOS) 

in recent versions. 
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4.1.2. Key life cycle inventory data 

I follow here the generic flowcharts, from biomass to end-of-life of the biochar products (Figure 

2). Additional details can be found in the appended papers, their supporting information and 

other online material. 

Biomass 

Five types of biomass were modelled across the case studies: forest residues, wood pellets, 

urban garden waste, urban wood waste, and willow woodchips. The inventory data were in 

general taken from previous biomass LCAs or from the ecoinvent database. 

Forest residues in Paper I were sourced from both Sweden and abroad. Inventory data for 

production of woodchip was taken from several ecoinvent processes, and context-specific 

transportation to Stockholm was added. Forest residues in Paper IV, were sourced from 

Swedish forests only, and their production was modelled based on Hammar et al. (2015). In 

both cases, changes in forest carbon stocks due to harvesting of forest residues at final felling 

were accounted for (Hammar et al. 2015). The reference biomass fate was non-harvest of 

residues. Wood pellets, in Paper II, were modelled based on ecoinvent data. No explicit 

reference biomass fate was included. In contrast, in Paper IV, the same process was used but 

edited to reflect different energy contexts, and the reference biomass fate was assumed to be 

combustion for district heat production. For, urban wood waste (Paper III) and urban garden 

waste (Paper IV) only their collection and chipping was included. The reference biomass fate 

was combustion for district heat production. Finally, willow (Paper IV) was grown on 

agricultural land. Cultivation and harvesting inventory data were taken from Hammar et al. 

(2014). Soil carbon stock changes were included. The reference land use was assumed to be 

fallow. Biomass moisture content was assumed to be 50%, neglecting possible drying at the 

harvest point, except for wood pellets that had 10% moisture. Biomass drying before pyrolysis 

was usually assumed to reduce the moisture content to 10%, and energy for drying was 

supplied by the pyrolysis reactor. 

Pyrolysis 

Several pyrolysis reactors were modelled across the case studies, with capacities ranging from 

about 80 kW to 150 MW (measured as lower heating value of the biomass input). Mass and 

energy balances were combined with assumptions on biomass moisture, pyrolysis yield, 

biochar properties, and turbine efficiency to determine the co-production of heat and 

electricity. As more data became available over time, other technosphere inputs were included 

in the LCAs based on data from the manufacturers, such as electricity requirement, start-up 

fuel, quenching water, and manufacturing and disposal of reactor (Table 3).  

The pyrolysis reactor in Paper I was modelled as a prospective large-scale reactor. It was 

modelled, based on enthalpy balances, as a high-efficiency plant able to recover heat from the 

flue gases down to a temperature of 40°C including flue gas condensation. This was realistic in 

the context of Stockholm’s district heating network. Four configurations were modelled (Table 

3, I a-d). In Paper II, the pyrolysis reactors were continuous syngas-heated reactors from the 

BioMaCon manufacturer. The energy system modelling performed in Paper II allowed 

including variations in efficiencies with load, hence the ranges in Table 3. In Paper III, a 

continuous electricity-heated reactor, based on BioGreen’s design, was modelled with 
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preliminary data from NSR on their upcoming installation. In Paper IV, three reactors were 

modelled: a continuous syngas-heated reactor representative of a Pyreg 1500 unit (IV, S); a 

continuous electricity-heated reactor, representative of BioGreen's reactor but with a higher 

heat recovery than in Paper III (IV, E); and a mobile batch syngas-heated reactor without 

energy recovery from EarthScanSystems (IV, M). The reactors modelled in Paper IV had a 

varying amount of district heat production, depending on the biomass-drying requirement and 

the type of reactor heating. 

Table 3. Plant capacities and technosphere inputs and outputs from the use of a pyrolysis reactor, 
scaled per kg of biochar produced, for different reactors, based on manufacturer data or modelling. 
M&D: Manufacturing and disposal of reactor. 

Product Unit 
Reactors 

I, a I, b I, c I, d II1 III IV, S IV, E IV, M 

outputs 

Biochar kg, dry 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

District heat2,3 MJ 43 16 59 22 36 – 49  19.8 27 – 37 32 – 42 0 

Electricity kWh 4.4 1.7 0 0 0 0 0 0 0 

inputs 

Biomass kg, dry 4.8 2.8 4.8 2.8 4.8 – 4.9 3.6 4.0 4.0 4.0 

Process electricity kWh 0.039 0.023 0.039 0.023 0.81 – 0.83 3.1 0.18 2.7 0 

Quenching water kg - - - - - - 1.6 1.6 0 

Start-up LPG fuel g - - - - - - 2.7 0 2.7 

M&D of reactor 10-8 unit - - - - 720 1.1 9.1 3.0 3.3 

capacity 

Biochar kt yr-1 52.5 90.0 52.5 90.0 0.030 1.25 0.55 1.68 1.50 

Biomass kt yr-1 250 250 250 250 0.143 4.50 2.20 6.72 6.00 

Biomass MW 150 150 150 150 0.083 2.6 1.3 3.9 3.5 
1In Paper II, a range of values is given because the reactor was modelled at full and partial loads with different efficiencies. 

The higher energy output in Paper II arises from a lower biochar yield than in papers III and IV. 
2In Paper I, energy from biomass drying is recovered as district heat; in the other cases, it is not recovered as district heat. 
3In Paper IV, two values are given for district heat: the higher value corresponds to a biomass feedstock that does not require 

drying such as wood pellets, while the lower value corresponds to a biomass feedstock dried from 50% to 10% moisture 

without recovery of the drying heat for district heating. 

 

Direct emissions from the pyrolysis process, i.e. air emissions in the flue gases after 

combustion of the gas and tars from pyrolysis, were included with different level of details 

along the case studies. In Paper I, emissions associated with pyrolysis were assumed similar to 

reported data for combustion plants, with the rationale that a large-scale plant would be 

equipped with efficient flue gas cleaning system. In Paper II, some direct air emissions were 

included based on a performance test available from the Stockholm Biochar Project (4 

environmental flows, based on a Pyreg 500 reactor running on garden waste). In Paper III and 

Paper IV, newly published experimental data (Sørmo et al. 2020) were used instead as it had 

a wider scope of emissions (16 environmental flows, based on a Pyreg 500 reactor running on 

timber waste). 

Biochar applications 

Cascading use in dairy farming 

In Paper I, the cascading use of biochar as feed and manure management additive, and then as 

soil co-amendment to ley cultivation, was modelled in two steps. First, baseline emissions were 
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calculated for the relevant processes, i.e. the ones potentially affected by biochar. These 

processes included enteric fermentation, manure storage, manure application to soil, fertiliser 

application, soil respiration and methanotrophism. The data and models came from previous 

study about dairy farm in Nordic conditions (Hanserud et al. 2017, 2018), complemented with 

emission factors specific for Sweden (Swedish Environmetal Protection Agency 2017), and Tier 

1 methodology from IPCC for GHG emissions from fertiliser use (Eggleston et al. 2006). Then, 

biochar effects on these processes were modelled by defining 16 emission reduction factors. 

The emission reduction factors were given a worst, average and best case value, as well as an 

uncertainty distribution type, based on meta-analyses whenever possible, research articles, or 

expert opinion. Multiplying the baseline emissions by the emission reduction factors led to an 

estimate of agricultural biochar effects that was counted as an avoided burden in the biochar 

scenarios. 

Remediation of contaminated soil 

In Paper III, biochar was used to reduce the toxicity of contaminated soil to enable the re-use 

of the soil. The optimal biochar application rate was determined in the research project, and 

set to 6 % (weight to weight) (Enell et al. 2020). The biochar treatment was either performed 

on-site or off-site. In the on-site case, biochar produced at the NSR facility was transported to 

the contaminated area. There, the soil was excavated, amended with biochar, and directly re-

used on-site. In the off-site case, the soil was excavated and transported from the contaminated 

area to the NSR facility. There, biochar was added to the soil, and the resulting mix was made 

available for re-use. The excavated area was backfilled with virgin material. In the reference 

scenario, the contaminated soil was excavated and landfilled. These differences in 

management were included in the LCA. During the use phase of the biochar-amended soil and 

for the landfilled soil, contaminants leach to the environment. However, these environmental 

emissions were not included in the life cycle inventory, but instead were analysed in a 

substance flow analysis (SFA) (see Section 4.2.2). 

Tree planting in hard surface area 

Tree planting in hard-surface area refers to the establishment of a new tree in a structural soil, 

with or without biochar, as described in Stockholm's handbook for urban greening (Stockholm 

Stad 2020a). The product is 1 tree planted, including a 2-year establishment period, with a soil 

volume of 15 m3, covering a pavement area of about 10 m2. The manufacturing step included 

production of various parts (steel water inlet, geotextiles, concrete tree pit, and nursery tree), 

provision of macadam-biochar-soil substrate, excavation of former soil and terracing works, 

machinery use during installation, transportation of materials to site, and watering and 

fertilising during the establishment period. The main difference between the biochar and 

reference tree planting techniques is the composition of the structural soil. The main layer of 

the reference structural soil was made of 80%bvp (bulk volume parts) macadam and 20%bvp 

of landscaping soil (type B, i.e. made of 65%bvp sand and 35%bvp horticultural peat), with a 

bulk density of 1790 kg m-³ (including average moisture at delivery). In the biochar structural 

soil, the main layer was made of 80%bvp macadam and 20%bvp biochar-compost mix in equal 

parts, with a final bulk density around 1700 kg m-³. The use phase was not explicitly modelled. 

In particular, potential biochar effects such as reduced fertiliser use, stormwater treatment or 

improved tree growth were neglected. Due to lifetime of several decades, disposal of 

constructed soils is unknown. Discussion with entrepreneurs revealed that constructed soil 
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may get clogged over time, thus requiring maintenance, or complete renovation (Fridell 2020). 

Thus, disposal was modelled as the landfilling of the constructed soil in inert landfills after 50 

years. 

Green roofs 

The modelled biochar and reference green roofs were inspired from VegTech AB’s sedum mats 

roof, as the company started to market biochar-based sedum mats in 2020 (Pettersson 2020). 

These extensive green roofs have a total thickness of about 6 cm, and are made of two layers: a 

water-holding base layer made of synthetic material (1 cm), and a mineral soil layer (3 cm) 

cultivated with sedum (2 cm) during 2 years prior to installation. The sedum mats are 

cultivated on a bearing layer, made of a geotextile and plastic net. The manufacturing step 

included production of the base layer from recycled and virgin fibres in Lithuania, production 

of mineral soil substrate, open-field cultivation of sedum mats in Sweden (including machinery 

for sowing and harvesting, fertilisers, and irrigation), and transport to installation site. The 

only difference between the biochar and reference green roofs is the composition of the mineral 

soil. The reference mineral soil had a bulk density of 1250 kg m⁻³ and was made of horticultural 

peat, sand, crushed rocks, scoria granulates, and clay granulates. The biochar mineral soil had 

a similar bulk density, and was made of horticultural peat, sand, crushed rocks, scoria 

granulates, clay granulates, green compost and biochar. The biochar content was set to 

2.5%bvp. The lifetime of both roofs was set to 50 years. During the use-phase, application of 

fertiliser was assumed to take place annually for the reference roofs, and biannually for the 

biochar one, following the recommendations of the manufacturer. Disposal was modelled as 

transport to inert landfill for mineral soil, composting for organic materials, and incineration 

for plastics. 

Landscaping soil 

Several types of landscaping soil are used in urban environments, usually categorised by 

particle size distribution profiles, and clay and organic matter contents. Here, one type of 

landscaping soil was modelled (type A) adapted for the planting of trees and bushes or grass 

lawn (Hasselfors AB 2020). The reference soil had a density of 1250 kg m-³, and was made of 

sand (35%bvp), peat (35%bvp) and clay (30%bvp). In the biochar soil, peat was replaced by 

20%bvp biochar and 15%bvp compost, leading to a soil mix with a bulk density around 910 kg 

m-³ (varying with biochar type). A 20% biochar volume is considered as the upper limit 

recommended for soil mixes (Stockholm Stad 2020a). Transport to site of use was set to 50 

km, but no explicit use or disposal phase was included. The soil is assumed to remain where 

applied. 

Charcrete 

Charcrete is made by mixing biochar, sand, gravel, cement and water in different proportions. 

In 2020-2021, Ecotopic AB developed several charcrete recipes that yielded a product with 

adequate properties for urban vegetation systems, e.g. floor tiles and tree-pit foundations 

(Vinnova 2021). One of the charcrete developed by Ecotopic AB was modelled but its recipe 

cannot be fully disclosed because of a non-disclosure agreement. The modelled charcrete had 

a bulk density around 2300 kg m-³. Reference concrete was modelled via the ecoinvent process 

‘unreinforced concrete production, with cement CEM II/A, geography CH’, which had a bulk 
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density of 2370 kg m-³. The casted product was assumed to be floor tiles for urban vegetation 

systems (40 cm x 40 cm x 4 cm). Transport to site of use and disposal to landfill were both set 

to 50 km. No explicit use-phase nor differences in lifetime were modelled. 

Biofilm carrier 

Moving bed biofilm reactors are a water purification technique that can be used e.g. for carbon 

oxidation (BOD removal) in drinking water treatment plants. The treatment is performed by 

microorganisms forming a biofilm attached to carriers floating in the reactor. The reference 

carrier was assumed to be a K1 Anox Kaldnes carrier, made of extruded virgin high-density 

polyethylene (specific density 0.96 g cm-3), with a 500 m2 m-3 bulk specific surface area and a 

material weight of 145 kg m-3 (McQuarrie and Boltz 2011). A filling rate of 60% was assumed 

(McQuarrie and Boltz 2011), and a reactor size of 1100 m3 for an annual treatment capacity of 

7 million m3 water (McCleaf 2020). For the biochar carrier alternative, the same reactor 

volume was assumed to be filled at 100% with raw biochar (McCleaf 2020). In addition, it was 

assumed that despite variations in bulk density, the different biochar would achieved a 

comparable BOD removal efficiency (Perez-Mercado et al. 2018). Service lifetime was set to 10 

years for both products (McCleaf 2020). The disposal of spent plastic carrier was incineration, 

while biochar carrier were assumed to be landfilled or used in secondary soil applications. 

Transportation to site of use and disposal were set to 50 km.  

Pig iron 

Pig iron is the intermediate product in the manufacturing of steel in a blast furnace. Biochar 

was assumed to replace 100% of the fossil coke and hard coal used in the pig iron production 

process available in ecoinvent 3.6 with rest-of-the-world geography (Classen et al. 2009). The 

biochar equivalence was calculated based on both carbon and energy contents of the materials, 

and the most conservative outcome was selected (i.e. largest biochar requirement). The 

corresponding amount of fossil carbon dioxide emission was replaced by biogenic carbon. The 

reference pig iron production process was left unchanged. Transportation to site of use was 50 

km, but no explicit use or disposal was modelled. 

Biochar product end-of-life 

The end-of-life of biochar product is important because it guarantees the biochar carbon sink. 

Here, biochar was either applied to agricultural soils (Paper I and Paper II), landfilled with 

other soil masses (Paper IV), or remained in use for entire timeframe of study (Paper III and 

Paper IV). No movement of biochar to other environmental compartment (water, air) was 

modelled, as these processes are not well understood. The amount of biochar carbon 

sequestered over 100 years, which is the amount relevant for the climate impact 

characterisation metric used, was calculated using the biochar carbon content at production 

multiplied by an assumed 100-year stability. This approach is common in the biochar LCA field 

(Roberts et al. 2010; Hammond et al. 2011; Peters et al. 2015). Across the papers, the biochar 

C content at production varied between 69.9% and 93.4%. The data were mainly laboratory 

data obtained from Swedish biochar producers for different biomass types, but extrapolated to 

other pyrolysis reactors. The biochar stability was generally assumed to be “high by design”, 

meaning that biochar is produced in conditions that lead to high stability, in particular, an 

adequate pyrolysis temperature. Thus, biochar stability was set to 80% for soil applications. 
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This value is slightly more conservative than the one reported in a meta-analysis (Wang et al. 

2016), but also supported by the latest IPCC interim methodology (IPCC 2019). Biochar 

stability in concrete application was set to 95%. Still, the inherent uncertainty of this term was 

tackled in uncertainty analysis and discussion. 

Uncertainty analysis 

Across all papers, uncertainty was mostly tackled through scenario analysis and sensitivity 

analysis on key parameters. More specifically, in Paper I, the scenarios investigated different 

configurations of the pyrolysis plant, different magnitudes of agricultural effects, and different 

energy system assumptions. In addition, Monte Carlo simulations were used in Paper I to 

quantify the variability of biochar use phase effects on dairy farms In Paper II, several 

pyrolysis-heating configurations were compared, and the influence of biochar stability and 

type of electricity were analysed. In Paper III, type of electricity and transportation fuel were 

analysed through sensitivity analysis. Finally, in Paper IV, variability was analysed by 

modelling 7 biochar supply chains in two energy contexts. 

4.2. Beyond LCA 

In the classical matrix LCA framework (Heijungs and Sangwon Suh 2002), calculating life cycle 

inventories and impact scores boils down to solving a system of linear equations. In most cases, 

this even simplifies to summing a set of different contributions. However, each of these 

contributions hide technosphere and biosphere coefficients that represent the physical reality 

of the modelled system like mass and energy flows, various efficiencies, and environmental 

processes. Determining the value of these coefficients can involve complex modelling tools, 

leading to enriched life cycle inventories. These models may also yield complementary results 

useful for the interpretation of the LCA in the context of the case study. In this thesis, unit-

commitment models, and material, energy and substance flow analysis were used for that 

purpose. 

4.2.1. Unit-commitment models 

Unit commitment refers to an optimisation problem used to determine the optimal operation 

of a set of assets under various constraints (Saravanan et al. 2013). Unit commitment models 

are often used for planning of energy generation at different time scales. They are often 

formulated as the minimisation of cost while meeting energy demand at all times under 

multiple (linear and non-linear) constraints. These model can include various technical 

constraints but environmental constraints are also commonly included e.g. when 

environmental taxes exist. 

In Paper I, a multi-annual least-cost unit commitment model from Stockholm Exergi AB was 

used. The model covered Stockholm’s district heating network over the period 2025-2040, 

with an hourly time step, several dozens of heat producing facilities (waste and biomass CHP 

plants, heat only boilers, and large-scale heat pumps), using a dozen of fuel types. The model 

is used by Stockholm Exergi AB as a planning tool for future investments. Here, the model was 

used to evaluate the effect of introducing a new plant (large-scale pyrolysis or conventional 

combustion) on the operation of other plants connected to the heating network, and thereby, 

fuel consumption at the city-level. Effects of introducing a new plant were relative to a 
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business-as-usual case where the same model was run according to current plans. The outcome 

of the unit commitment was then used to calculate Stockholm-specific energy substitutions for 

the LCA, and to quantify some effects of scale, such as net biomass consumption change at the 

city level. 

In Paper II, an open-source unit commitment problem solver (Atabay 2017) was used to model 

the operation of on-farm heating systems at a daily timescale, over several years. The use of 

unit commitment model was motivated in this case by the knowledge and data gaps around 

the actual operation of Lindeborg’s new pyrolysis plant. Discussion with operators at the farm 

revealed technical and management constraints that were added to the optimisation problem. 

Here, the optimisation objective was to minimise the climate impact of the heating system. The 

outcome of the unit commitment allowed estimating and optimising annual biochar 

production under different heat demand scenarios, including future effects of climate change. 

For the LCA, the unit commitment allowed to capture in the life cycle inventory the daily 

variations of the average electricity mix. 

4.2.2. Material, energy and substance flow analysis 

In Paper III, material (and energy) flow analysis (MFA) was used to quantify the flows and 

stocks of material and energy involved in the three studied systems. The system boundaries of 

the MFA included the management of the wood waste (chipping, drying, thermochemical 

treatment, transport) and the management of the contaminated soil (excavation, transport, 

amendment, re-use, and disposal). The time frame of the MFA was annual. The flows and 

stocks were quantified in terms of total mass of materials and energy content. The scale 

corresponded to the annual treatment capacity of the new pyrolysis plant (i.e. as in the FU of 

the LCA, Table 1). The MFA was based on primary data from NSR, data from the literature, 

and mass and energy conservation principles. The resulting flows and stocks, and their 

visualisation, were helpful to describe and discuss modelling choices with the involved 

stakeholders. The MFA was also the main input to the life cycle inventory. 

In addition, Paper III also used SFA to investigate the fate of PAHs, metal and metalloids. The 

amount of contaminants leached over 100 years was estimated by extrapolating data from 

leaching experiments. The experimental data were collected in the RE:Source research project 

which are based on analysis of samples taken in lysimeters (Enell et al. 2020). The 

extrapolation model for the biochar scenarios used the liquid to solid ratio (L/S-ratio) and 

assumed that the leaching of substances from the biochar-amended soils will remain constant 

over time. The extrapolation model for the landfill scenario was based on the method described 

by Birgisdóttir et al. (2007), which includes different phases in the management of a landfill. 

Effect of modelling assumptions regarding water infiltration rate were tested with sensitivity 

analysis. The outcome of the SFA, i.e. release of PAHs, metals and metalloids to water, was 

used for two analyses. First, the leaching to the environment over 100-years was compared to 

initial contents of contaminants, as a measure of relative remediation efficiency between the 

landfilled soil and the biochar-amended soil. Second, the amounts of leached contaminants 

from the two soils were compared with emissions to air, soil, and water of the same 

contaminants, occurring in the rest of the life cycle. These emissions were derived from the 

environmental flows available in the ecoinvent database. 
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In Paper IV, dMFA was used to extrapolate some of the life cycle inventory and impact results 

at the scale of a new city district to be built in Uppsala. The dMFA simulated demand for 5 

biochar products over the period 2025 – 2100, with an annual time step. The dMFA model was 

stock-driven, meaning that the inflow and outflow of materials were calculated based on the 

required stock of products and the lifetime distributions of the products. Stock of products 

were estimated from primary data retrieved from Uppsala municipality, e.g. district 

population, rooftop area, road length area, and other assumptions e.g. tree spacing, soil depth, 

water consumption per capita. Product lifetime distributions were assumed based on 

information from involved companies. The outcome of the dMFA were time-dependent 

biochar demand, biochar waste flow, biochar carbon sink, land requirement, as well as total 

climate change mitigation potential. The dMFA allowed capturing some effects of scale 

relevant for the municipality. 

4.3. Synthesis of climate change impacts 

For the purpose of this thesis, the climate change impact of the biochar systems modelled 

across the case studies were compared. The specific comparisons highlighted in this synthesis 

are shown in Table 4. The synthesis required to select a common unit of assessment, and to 

make uniform choices of energy data. The common unit of assessment was the production and 

use of 1 dry tonne of biomass in a biochar system, relative to a reference biomass use. The 

comparative nature of this synthesis implies that impact contributions that are equal in the 

biochar and reference systems do not appear in the final impact; only the differences are 

highlighted. 

Different energy modelling approaches were taken in the papers (Table 2). Here, all impacts 

from energy use in the foreground and in substitutions were recalculated for two 

configurations, as in Paper IV. In the low climate impact case, heat and electricity were 

generated from forest residues and Sweden’s average electricity mix, respectively. In the high 

climate impact case, heat and electricity were generated from natural gas, in separate plants 

(Table 2).  

In addition, the contributions to the climate change impact were grouped in 3 categories: 

biochar carbon sequestration, energy substitutions, and other system effects. Energy 

substitutions include differences in energy inputs and outputs, whether taking place in the 

foreground model or in substitutions. Other system effects include all other differences 

between the compared systems, whether it is effects from biochar use on dairy farms (Paper I), 

material substitutions (Paper III, Paper IV), and other minor difference in e.g. transported 

material, disposal, air emissions during biomass processing, or equipment manufacturing. 

Finally, as part of the synthesis, the biochar effects modelled in the appended papers were 

compared to a review of the biochar effects included in a body of 45 recent biochar LCA studies, 

adapted from Paper V. 
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Table 4. Summary of comparisons performed for assessing the climate-efficiency of biomass use in 
biochar systems, as a synthesis of the individual case studies. Notations refer to the ones used in 
the appended papers. GWS, WPS, and LRS refer to garden, wood pellets, and logging residues 
pyrolysed in syngas-heated reactor. 

Paper Name Biochar system Reference system 

I 01. PYRa – CHP 
Four types of pyrolysis plants added to 

Stockholm’s district heating network, 

with biochar use on dairy farms 

Conventional CHP plant added to 

Stockholm’s district heating network 

I 02. PYRb – CHP 

I 03. PYRc – CHP 

I 04. PYRd – CHP 

II 05. B1 – B4 
Farm heating by 50 kW pyrolysis, with 

15 kW heat pump and electrical heaters 
Farm heating by 50 kW wood pellets 

boiler, supplemented by 15 kW heat 

pump and electrical heaters 
II 06. B2 – B4 

Farm heating by 50 kW pyrolysis, with 

electrical heaters 

II 07. B3 – B4 
Farm heating by 30 kW pyrolysis, with 

15 kW heat pump and electrical heaters 

III 08. Offiste – Landfill Off-site biochar treatment Incineration of woodchips and 

landfilling of soil III 09. Onsite – Landfill  On-site biochar treatment 

IV 10. Tree GWS – Ref 
Biochar used for tree planting in 

biochar-macadam with 3 different 

biochar supply-chains 

Biomass combusted, and tree 

planting in soil-macadam IV 16. Tree WPS – Ref 

IV 22. Tree LRS – Ref 
Biomass left to decay in forest, and 

tree planting in soil-macadam 

IV 11. Soil GWS – Ref 

Biochar used in planting soil with 3 

different biochar supply-chains  

Biomass combusted, and peat-based 

landscaping soil used IV 17. Soil WPS – Ref 

IV 23. Soil LRS – Ref 
Biomass left to decay in forest, and 

peat-based landscaping soil used 

IV 12. Roof GWS – Ref 

Biochar used in extensive green roofs 

with 3 different biochar supply-chains 

Biomass combusted, and extensive 

green roof with conventional mineral 

soil  
IV 18. Roof WPS – Ref 

IV 24. Roof LRS  – Ref 

Biomass left to decay in forest, and 

extensive green roof with 

conventional mineral soil  

IV 13. Charcrete GWS – Ref 

Biochar used for charcrete production 

with 3 different biochar supply-chains 

Biomass combusted, and 

conventional concrete used IV 19. Charcrete WPS – Ref 

IV 25. Charcrete LRS – Ref 
Biomass left to decay in forest, 

conventional concrete used 

IV 14. Biofilm GWS – Ref 

Biochar biofilm carrier used for water 

treatment with 3 different biochar 

supply-chains 

Biomass combusted, and plastic 

biofilm carrier used for water 

treatment 
IV 20. Biofilm WPS – Ref 

IV 26. Biofilm LRS – Ref 

Biomass left to decay in forest, and 

plastic biofilm carrier used for water 

treatment 

IV 15. Steel GWS – Ref 

Biochar oxidised for pig iron 

production with 3 different biochar 

supply-chains 

Biomass combusted, and coal and 

coke used for pig iron production IV 21. Steel WPS – Ref 

IV 27. Steel LRS – Ref 

Biomass left to decay in forest, and 

coal and coke used for pig iron 

production 
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5. Results 

I argued in introduction that assessing biochar systems is context dependent, that effects on 
existing systems will vary from case to case; therefore, I present the results case by case, before 
attempting to synthesise the climate efficiency of biomass use in biochar systems across the 
papers (5.5). 

5.1. Stockholm’s case 

The Stockholm case investigated the effects of introducing a large-scale pyrolysis plant (53 000 

to 90 000 tonnes biochar year-1) in the city’s district heating network, with subsequent biochar 

use in dairy farming as manure and feed additive. Four pyrolysis configurations (PYR 1a-d) 

were compared to a modern combustion CHP plant (2). The pyrolysis configurations 1a and 1c 

had a biochar yield of 21%, while 1b and 1d had a yield of 36%. The pyrolysis configurations 1a 

and 1b also generated electricity at a power-to-heat ration of 0.37, while the other 

configurations did not generate electricity. 

Energy, biomass and biochar flows 

The unit commitment model from Stockholm Exergi revealed that both CHP and pyrolysis 

plants would have high operating times, above 6500 hours year-1 (Figure 4), and that these new 

plants would mainly affect the operation of older, less efficient woodchip-fired boilers, and 

large-scale heat pumps (Table 5). The operation of peak-demand boilers and municipal solid 

waste incinerators would be less affected. When the new plant had a turbine (CHP, PYR 1a-1b), 

the net electricity output of the city’s district heating network increased slightly. 

 

Figure 4. Annual heat load duration curve for Stockholm’s district heating network, following the 
introduction of a pyrolysis plant, year 2025.  

The net biomass consumption change was +0.62 tonne per tonne of woodchips used in the new 

CHP plant (2), while it varied between +0.68 and +0.82 tonne per tonne of woodchips used in 

the pyrolysis plants (1a−d). A net change lower than 1 indicates that biomass use in newer, 
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more efficient plants replaces biomass use in older plants. The fact that all values are strictly 

positive is linked to larger electricity or biochar outputs of the scenarios. At the city scale, 

building a large-scale pyrolysis plant (250 000 dry tonnes of woodchips per year) instead of a 

conventional CHP plant represented a net increase of 17 000 to 50 000 tonnes of woodchips 

per year, while delivering the same heating service but different amounts of electricity and 

biochar. 

Table 5. Changes in fuel inputs and product outputs when introducing a new plant in the city’s 
district heating network. Changes are expressed per tonne of dry woodchips1 used in the new plant. 
In brackets, the percentage of change at the city-level compared with the business as usual case 
(BAU, no new plant introduced) is given. The city’s annual inputs and outputs in the BAU case are 
given in the last column, in TWh year-1. The pyrolysis configurations 1a and 1c had a biochar yield 
of 21%, while 1b and 1d had a yield of 36%. The pyrolysis configurations 1a and 1b also generated 
electricity at a power-to-heat ration of 0.37, while the other configurations did not generate 
electricity. 

Scenarios PYR 1a PYR 1b PYR 1c PYR 1d 2 CHP BAU  

Output change per tonne dry woodchips1 TWh year-1 

Net electricity from CHPs (MWh) 0.59 (4.7%) 0.40 (5.2%) -0.12 (-2.7%) -0.29 (-7.6%) 1.60 (22%) 1.6 

Biochar output (kg) 210 360 210 360 0 - 

Input change per tonne dry woodchips1 TWh year-1 

Woodchip-like biomass (MWh) -1.7 (-7.4%) -0.96 (-3.7%) -1.60 (-7.4%) -1.50 (-5.6%) -2.00 (-9.3%) 5.4 

Electricity for HPs (MWh) -0.27 (-18%) -0.16 (-8.1%) -0.55 (-5.4%) -0.25 (-16%) -0.57 (-18%) 0.74 

Municipal solid waste (MWh) 0 (0%) -0.21 (-2.4%) 0 (0%) 0 (0%) 0 (0%) 4.2 

Other fuels2 (MWh) -0.17 (-7.4%) -0.09 (-3.7%) -0.22 (-9.3%) -0.14 (-5.6%) -0.37 (-15%) 0.54 

1Lower heating value of woodchips is 18.9 GJ tonne-1 or 5.26 MWh tonne-1. 
2Minor fuel changes for multi fatty acids, EO5 fuel oil, biodiesel and tall oil. 

 

Once delivered to a dairy farm, biochar was assumed to be used for addition to animal feed at 

an average rate of 0.12 kg dry biochar cow-1 day-1 (about 1% of daily feed intake), and for mixing 

with manure, at an average rate of 30 kg dry biochar tonne-1 of freshly excreted manure (3% 

mixing rate). These rates resulted in a biochar demand of 700 kg biochar per cow and per year, 

and a biochar application rate to land, via manure, of 0.80 tonne ha-1 year-1. At scale, the 53 000 

to 90 000 tonnes of biochar produced annually in this single plant were calculated to be able 

to supply 22% – 38% of all Swedish dairy cows and 66 – 112 thousand ha of land (7.3% – 13% 

of available agricultural land in the region). 

Energy substitutions 

Based on the results of the unit-commitment model (Table 5), Stockholm-specific energy 

substitutions were calculated for heat, i.e. change in fuel consumption for the CHP plants and 

the heat-only boilers, and electricity, i.e. used by heat pumps and net electricity produced in 

CHP (Figure 5). Energy substitutions were dominated by the electricity terms due to the choice 

of emission factor for electricity (1000, 550, 200 kg CO2-eq MWh-1). These emission factors for 

electricity were assumed to reflect marginal production at three time horizons (2020, 2030, 

2040) according to Hagberg et al. (2017). Thus, it was concluded that the source of electricity 

was a key determinant of the environmental comparison between biochar and conventional 

CHP systems. 
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Agricultural effects 

The modelling of biochar use in dairy farming was exploratory, and illustrated that the climate 

change benefits of reduced CH4 and N2O emissions and increased soil organic C stocks on dairy 

farms could be – if sought and optimised – of the same order of magnitude as biochar carbon 

sequestration (i.e. -2.3 tonnes CO2-eq tonne-1 biochar, in the best case modelled).  

 

Figure 5. Climate impact (kg CO2-eq tonne-1 dry woodchips) for the six systems studied under 
different substitution methods (generic natural gas assumption and Stockholm-specific 2020, 2030 
and 2040). The high and low bars indicate the possible variation in biochar agricultural effects and 
carbon sequestration (worst and best case). In the Stockholm-specific approach, the scenario 3 PP 
(power-only plant) is modelled as exogenous, i.e. due to the size of the Nordic electricity market, 
we assumed that this new plant would not affect the district heating network. 
1In the Stockholm-specific approach, electricity substitution is split between electricity used in heat 
pumps and net electricity produced in CHP. 

2In the Stockholm-specific approach, heat substitution denotes the change in (non-electricity) fuel 
consumption for the CHP plants and the heat-only boilers. 

The baseline GHG emissions per cow accounted for enteric fermentation, manure 

management, and ley cultivation. These emissions were estimated to total 8.1 tonnes CO2-eq 

cow-1 year-1. The biochar agricultural effects modelled could increase these emissions by 2% 

(worst case) or reduce them by 8% to 17% in the average and best cases. In the average case, 

the emissions reductions were mostly related to N2O (46%) and CH4 (39%), while increase in 

soil C stocks through priming had a smaller contribution (15%). 

Scenario 1a 1b 1c 1d

Power to heat ratio 0.37 0.37 0 0

Biochar yield 0.21 0.36 0.21 0.36
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A climate-smart investment? 

The Stockholm case illustrated that the climate change mitigation trade-off between bioenergy 

and biochar can vary in different directions (Figure 5). The trade-offs is controlled by the 

interrelated biochar and energy yields, the magnitude of the biochar effects in agriculture, and 

the carbon intensity of the substituted fuels. In the 2020 energy context, with low-agricultural 

effects, Figure 4 illustrates that the plant with a higher biochar output (1d) performs worse 

than the one with a lower biochar output (1c). The opposite is observed when high agricultural 

effects are assumed. In the 2040 energy context, regardless of the magnitude of the agricultural 

effects, the trade-off is in favour of higher biochar production. Besides, if biochar carbon 

sequestration is excluded from the accounting, then only the biochar systems reaching high 

agricultural benefits in the most decarbonised energy system (2040) could outperform the 

reference CHP. 

5.2. Lindeborg’s case 

The Lindeborg case investigated the effects of introducing small-scale pyrolysis plants 

(maximum capacity of 25 tonnes biochar year-1) in the energy system of farms, as a base load 

source of heating complemented with heat pumps and electrical heating. The model used 

weather data with a daily time resolution for 18 years and prospective increase of temperatures 

due to climate change. Biochar was used on farm, but no specific effects beyond carbon 

sequestration were included. 

Variable biochar production 

On such farms, biochar production is constrained by heat demand, and thus by variations in 

weather and climate. On-farm pyrolysis operation is also more variable than operation of base-

load plants in a larger district heating network like Stockholm’s network. 

With the pyrolysis reactor installed at the Lindeborg farm (50 kW reactor), several operational 

constraints, the energy properties of the farm’s buildings, and the climatic conditions in 

Nyköping, the average annual biochar production was estimated to 7.0 ± 2.1 tonnes biochar 

year-1 for an average heat demand of 161 MWh year-1 (Table 6). This corresponds to an average 

of 43 kg biochar MWh-1 of heating, or 11 kg biochar m-2 year-1 of heated area. 

Annual heat demand (MWh year-1) and biochar production (tonnes year-1) were linearly 

correlated but also exhibited some non-linearities induced by the weather data and the 

operational constraints (minimum operation time, and minimum part load). For instance, 

within a narrow heat demand interval, 175 – 180 MWh, the biochar production had a spread 

of up to 3.3 tonnes. The lowest biochar production (3.4 tonne year-1) was 49% below average 

and occurred with the 2006-2007 weather data. This winter was a particularly mild winter. In 

such years, electricity consumption of the farm for heating increased. When including 

forecasted change in average seasonal temperature, all other aspects kept equal, the projected 

biochar production was on average reduced by 30%. 

Three ways of increasing pyrolysis uptime, and thus biochar production, were i) to reduce the 

minimum number of days of continuous operation (Table 6), ii) to reduce the minimum part 
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load of the plant (Table 6), or iii) to expand the heat demand of the farm (Figure 6) with a 

greenhouse heating and grain drying in the summer. 

Table 6. Biochar production, average pyrolysis load, operation time and process electricity for each 
plant, total heat demand, process electricity per unit of heating. Average and standard deviation 
values are given for an 18-year period. Current settings: default pyrolysis configuration; Plant 
management and flexibility: minimum operation time of 3 days; part load capacity of 30%. Climate 
change: increase in average winter temperatures of +2°C with respect to 1960-1990 period. 

Scenario 

Current settings Plant management and flexibility 
Long-term climate 

change effect 

2000-2017 
2000-2017 

Min-ops 3 days  

2000-2017 

Min-load 30% 

2020-2040 

+2°C 

 Average  
Std 

Dev 
Average  

Std 

Dev 
Average  

Std 

Dev 
Average  Std Dev 

Biochar production (Mg year-1) 6.98 2.10 7.94 1.77 10.9 1.04 4.90 2.12 

Pyrolysis load (kW) 33.7 1.90 33.0 1.67 28.3 1.90 32.7 1.65 

Operation time, pyrolysis 

(month year-1) 
3.25 0.930 3.73 0.760 6.38 0.46 2.31 0.98 

Operation time, heat pump 

(month year-1) 
8.73 0.940 8.25 0.770 5.59 0.46 9.66 0.98 

Operation time, electrical heater 

(month year-1) 
8.81 0.900 8.33 0.720 5.68 0.44 9.70 0.96 

Process electricity use, pyrolysis 

(MWh year-1) 
5.69 1.71 6.47 1.44 8.90 0.85 3.99 1.73 

Process electricity use, heat 

pump (MWh year-1) 
16.6 2.73 15.2 2.27 7.64 1.42 17.6 2.79 

Process electricity use, electrical 

heater (MWh year-1) 
15.9 5.24 11.4 3.39 0.920 0.59 16.8 4.74 

Total heat demand  

(MWh year-1) 
164 10.8 164 10.8 164 10.8 145 10.9 

 

 
Figure 6. Power balance for heat (a) and electricity (b) simulated for the Lindeborg farm, equipped 
with a 50 kW pyrolysis plant, a heat pump and electrical heater, and with expanded heat demand 
(greenhouse & dryer) from 2017-08-01 to-2018-07-31. 

The code developed in this case study also allowed to calculate the optimal capacity of the 

pyrolysis plant. In Nyköping’s climatic conditions, for an annual heat demand of 164 MWh 

(averaged over 18 years), the biochar production and heat supply by pyrolysis were maximised 

with a pyrolysis reactor of around 30 kW heat (Figure 7a). At this scale, the pyrolysis run for 

slightly more than 50% of the year, compared with a 25% uptime with a 50 kW reactor. The 

50 kW reactor currently installed at the studied farm would be optimal, in terms of pyrolysis 
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uptime, for an average annual heat demand around 225 MWh (Figure 7b). The energy system 

modelling allowed highlighting the importance of proper dimensioning of pyrolysis plants, in 

line with current and future heat demand. 

 
Figure 7. (a) Optimal pyrolysis reactor capacity (kW heat) for a normal heat demand of 164 MWh 
year-1 in Nyköping’s climate; (b) Optimal heat demand for a 50 kW heat pyrolysis reactor in 
Nyköping’s climate. 

Comparative LCA of on-farm heating solutions 

On-farm heating is not provided by a single technology, but a combination of technologies. 

Thus, the FU was set to 1 year of heat demand, and the inventory data were enriched with the 

outcome of the unit-commitment model at a daily timescale. LCA results were computed for 

the season 2017-2018, which had a heat demand close to normal conditions. 

Table 7. Inputs and outputs for each heating alternative, for one year of heating (2017-2018, 161 
MWh of heating). B1 = 50 kW pyrolysis, with air heat pump and electrical heater; B2 = 50 kW 
pyrolysis with electrical heater; B3 = 30 kW pyrolysis, with air heat pump and electrical heater; 
B4 = 50 kW combustion, with air heat pump and electrical heater; B5 = 30kW ground-source heat 
pump and electrical heater; B6 = electrical heaters. 

Scenarios 
Pyrolysis systems References 

Unit 
B1 B2 B3 B4 B5 B6 

inputs wood pellet 39.4 39.4 48.2 21.6 - - t year-1 

 total electricity 33.3 76.1 24.8 30.6 47.5 161 MWh year-1 

electricity for thermal plant 6.50 6.50 7.95 3.77 - - MWh year-1 

electricity for heat pump 13.8 - 5.87 13.8 10.9 - MWh year-1 

electricity for electrical heater 13.0 69.6 11.0 13.0 36.6 161 MWh year-1 

outputs heat demand 161 161 161 161 161 161 MWh year-1 

biochar 7.98 7.98 9.75 - - - t year-1 

indicator 
Electricity use 

per heat demand 
0.207 0.473 0.154 0.190 0.295 1.00 MWh MWh-1 

 

At the inventory level, the pyrolysis systems B1-3 had a higher biomass consumption than a 

pellet combustion reactor (B4) (Table 7). The system equipped with a 30 kW pyrolysis reactor 

(B3) had the highest pyrolysis uptime, the highest wood pellet consumption, but also the lowest 
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total electricity consumption. Total electricity use was highest for B6 (161 MWh, pure electrical 

heating), followed by the pyrolysis system without heat pump (B2, 76.1 MWh). 

The pyrolysis and combustion reactors used electricity produced mostly during winter, while 

the heat pump operated in the summer. Electrical heating was used for a few hours to 

supplement either the heat pump or the thermal plant (B1, B3-5). This resulted in different 

apparent electricity mixes and emission factors for each plant and scenario (Table 5). Overall, 

this led to an annual average apparent electricity emission factor that was only slightly different 

from the Swedish annual average grid intensity (42 g CO2 kWh-1, as calculated in our dataset 

for 2018). Variations may have been higher in other world regions or if marginal emissions 

factors had been used. 

Table 8. Carbon intensity of the electricity consumed by each plant in each scenario, given in      
gCO2-eq kWh-1. B1 = 50 kW pyrolysis, with air heat pump and electrical heater; B2 = 50 kW pyrolysis 
with electrical heater; B3 = 30 kW pyrolysis, with air heat pump and electrical heater; B4 = 50 kW 
combustion, with air heat pump and electrical heater; B5 = 30kW ground-source heat pump and 
electrical heater; B6 = electrical heaters. 

Plant B1 B2 B3 B4 B5 B6 

Thermal plant 53.9 53.9 49.6 54.0 - - 

Heat pump 38.5 - 32.8 38.5 47.3 - 

Electrical heater 44.9 39.7 55.7 44.9 55.8 47.8 

Annual apparent mix 44.0 40.9 48.3 43.1 53.8 47.8 

 

At the impact level, the pyrolysis scenarios (B1-3) had higher impacts than the references     

(B4-6) in 11 out of 16 impact categories, namely freshwater and terrestrial acidification, 

freshwater eco-toxicity, freshwater eutrophication, marine eutrophication, terrestrial 

eutrophication, carcinogenic effects, non-carcinogenic effects, respiratory effects, 

photochemical ozone creation, land use, and mineral and metal resource depletion (Figure 8). 

This was essentially related to the higher wood pellet consumption and direct emissions from 

the pyrolysis plant. 

Electrical-heating (B6), followed by pyrolysis without heat-pump (B2) had the highest impact 

in terms of ionising radiation, ozone layer depletion, dissipated water, and fossil resource 

depletion (Figure 8). This was directly related to the large amount of electricity use in these 

scenarios and the nature of the Swedish electricity mix with a high share of nuclear power. 

All pyrolysis configurations had a better net climate change impact than the reference 

technologies. This was due to the large contribution of biochar carbon sequestration, without 

which the climate impact of the pyrolysis scenarios would be higher than the reference 

scenarios due to wood pellet supply. 
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Figure 8. Comparative LCA between 6 on-farm heating systems for 16 impact categories. B1 = 50 
kW pyrolysis, with air heat pump and electrical heater; B2 = 50 kW pyrolysis with electrical heater; 
B3 = 30 kW pyrolysis, with air heat pump and electrical heater; B4 = 50 kW combustion, with air 
heat pump and electrical heater; B5 = 30kW ground-source heat pump and electrical heater; 
B6 = electrical heaters. 

Climate-positive heating? 

The studied farm was among the first organisations to receive governmental support to invest 

in a pyrolysis plant. The application was motivated by the notion of “climate positive heating”, 

which can be understood as a heating system where the amount of carbon dioxide removed 

from the atmosphere, here, through biochar carbon sequestration, exceeds the greenhouse gas 

emissions from heat provision. A sensitivity analysis was performed on two key parameters, 
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biochar stability and carbon intensity of the electricity consumed (Figure 9). It illustrates the 

requirements for which a heating system can be coined “climate-positive” according to the 

definition above. 

To be climate positive, the heating system must be in the lower-right corner of Figure 9, that 

is, high stability and low electricity emission factor. The slope of the iso-curves was about four 

times higher when a heat pump was available. This is a direct consequence of the coefficient of 

performance (COP ≈ 4) of the heat pump. A similar effect could be obtained with other 

complementary heat sources, e.g. solar heat collectors. 

Below 30% of biochar stability, the heating system could not be qualified as climate positive. 

Currently, biochar stability is usually estimated to be in the range 60% - 90% (IPCC, 2019). 

With a heat pump, this biochar stability range required the electricity emission factor to be well 

below 200 to 500 g CO2-eq kWh-1 (Figure 9a). Without a heat pump, the requirement is more 

stringent: well below 100 to 200 g CO2-eq kWh-1 (Figure 9b). 

 
Figure 9. Sensitivity of the climate score of the farm’s biochar-energy system equipped with a 50 
kW pyrolysis plant and a heat pump (a) and a 50 kW pyrolysis plant without heat pump (b), with 
respect to carbon intensity of the electricity grid (EF) and biochar stability (BS). The climate change 
scores (CC) were here calculated with equation 𝑪𝑪 = 𝒂 + 𝒃 ∙ 𝑩𝑺 + (𝒄 + 𝒅) ∙ 𝑬𝑭. Parameters a, b, c and d 
resulted from the heating systems modelled (a = emissions not affected by BS or EF; b = biochar 
production; c = electrical heating; d = process electricity). The isocurve 0 indicates when the 
amount of C sequestered in the biochar is equal to the amount of greenhouse gases emitted by the 
heating system that produced the biochar. 

 

5.3. Helsingborg’s case 

The Helsingborg case investigated medium-scale biochar production (1250 tonnes biochar 

year-1) from urban wood waste for district heat production and the remediation of lightly 

contaminated soils. A reference scenario (S1), depicting current incineration of wood waste 

and landfilling of contaminated soils, was compared with two biochar scenarios, differing only 

by the location of the biochar treatment (S2, off-site vs S3, on-site). MFA, LCA and SFA 

methods were combined to analyse the scenarios and answer specific objectives and questions 

from stakeholders. 
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MFA 

The MFA served as a basis to understand the differences between the systems, to provide an 

overview of the modelled systems to the stakeholders, and as an input to the life cycle 

inventory. 

In terms of bioenergy generation, the pyrolysis scenarios generated 36 TJ heat year-1, 38% less 

district heat than the reference case (58 TJ heat year-1). The electricity-heated pyrolysis reactor 

consumed about 14 TJ electricity year-1. 

In terms of vehicle fuel usage, the MFA revealed that on-site biochar treatment (0.8 TJ fuel 

year-1) would provide large fuel savings compared with the off-site treatment (6.1 TJ fuel      

year-1) and reference scenario (6.9 TJ fuel year-1). In these two scenarios with higher fuel use, 

the largest sources of fuel consumption were transport of contaminated soil, remediated soil, 

backfill material, and biomass. 

The annual biochar production (1 250 tonnes biochar year-1) was calculated to represent a CDR 

flow of 2 970 tonnes CO2 year-1 (at 80% stability, with 81% carbon content). 

Comparative LCA 

The comparative LCA revealed that both biochar scenarios had lower potential environmental 

impacts than the reference in 10 out of 12 impact categories assessed (Figure 10). On-site 

remediation performed slightly better than off-site remediation, due mainly to lower fuel 

consumption. 

The biochar systems had higher impacts in the categories fossil resources and ionizing 

radiations. These impacts were mainly due to the operation of the electricity-heated pyrolysis 

reactor, its high electricity consumption, and the high share of nuclear fuel in the Swedish 

average electricity mix. Nuclear fuel is considered a fossil resource in the ILCD impact 

assessment methodology. 

The climate change impact of the biochar systems was dominated by biochar carbon 

sequestration, which was 2.3 to 4.5 times larger than direct greenhouse gas emissions from the 

systems. When excluding the biochar carbon sequestration from the accounting, the biochar 

systems still had slightly lower climate change impacts than the reference: 6% lower in the case 

of off-site treatment (S2) and 34% lower in the case of on-site treatment (S3). 

Land use impact were highest in the reference scenario (S1) mainly because of biodiesel use for 

the transportation activities performed by the waste management company (biomass transport 

to Falkenberg and disposal of contaminated soil in landfill). Biodiesel was indeed modelled as 

derived from rapeseed oil, which had higher land use requirement than fossil diesel. In 

addition, despite the lower heat production from the pyrolysis plant, which led to increased 

overall woodchip consumption in the biochar scenarios, the land use impact was not affected. 

This is due to modelling choices for the woodchips in the system expansion, which were 

assumed to be forest residues not contributing to increased land use but more intensive land 

use (for which loss of C stock was included and reflected in the climate change impact 

category). 
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Figure 10. Environmental impacts of S2 (off-site biochar treatment) and S3 (on-site biochar 
treatment), normalized to S1 (S1 = 100%, reference) with process contributions. Net impact scores 
for each scenario are listed to the right. 

The sensitivity analyses performed on type of fuel used within the waste management facility 

(biodiesel vs fossil diesel), and source of electricity (Swedish average mix vs natural-gas 

electricity) did not affect the relative ranking of the scenarios in the different impact categories. 

When only fossil diesel was used instead of biodiesel, the climate change impact increased 

slightly (by 9.7% in S1, where most biodiesel was used), alongside with increase in ionizing 

radiation, ozone layer depletion and fossils. However, fossil diesel had lower impacts than the 

biodiesel modelled in freshwater eutrophication, marine eutrophication, and land use. Switch 

to electricity from natural gas mainly affected the biochar scenarios, via electricity use for 
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pyrolysis: the climate impact from pyrolysis increased 5-fold, reaching 68% of biochar carbon 

sequestration. 

SFA 

The SFA was meant to support the evaluation of biochar amendment as a valid remediation 

technique for lightly contaminated soil, with multiple contaminants. The SFA results were 

based on experimental data collected by project partners, and extrapolated to a 100-year time 

horizon through modelling. The release of contaminants (PAHs and metal(loid)s) during the 

use phase of the biochar amended soil was compared to: (i) the release of contaminants from 

the landfilled soil; and (ii) the emissions in the rest of the life cycle (obtained from the life cycle 

inventory flows, based on ecoinvent data), without aggregation at the impact level. 

The release of PAHs to the environment was lower for the biochar-amended soil than for the 

non-amended landfilled soil. This result was insensitive to assumption on water infiltration 

rate, indicating that biochar amendment is effective at stabilising PAHs in soil. For metals and 

metalloids, results were dependent on the chemical form of the element in soil and sensitive to 

water infiltration assumptions. From a life cycle perspective, PAHs leaching from soil was 

several orders of magnitude higher than in the rest of the life cycle. On the contrary, metal 

emissions were in general higher in the rest of the life cycle than during the soil use phase. 

5.4. Uppsala’s case 

The Uppsala case investigated urban applications of biochar using comparative LCA, and 

scaled-up the LCA results for a new city district in Uppsala using dMFA. Several biomass types 

and medium-sized pyrolysis reactors (1 250 tonnes biochar year-1) were modelled (even though 

the scale of the reactor was not the focus of this study). 

Comparative LCA 

The climate change impact of all six biochar products were lower than the reference product, 

with reductions varying from 14% to 353%. For most products, biochar from wood pellets and 

willow woodchips had the lowest climate change impacts due, respectively, to the high carbon 

content per volume of biochar, and the additional soil carbon sink from willow cultivation. 

Notably, not all biochar products reached a “net-negative” climate change impact. 

When excluding the biochar carbon sequestration, most of the biochar products had a lower 

climate impact than the reference products (4% to 124%). Exceptions were for trees planted 

with wood-pellet biochar (+14%), and charcrete given that the recipe modelled had a high 

cement content (+62 to +130%). 

Large variations in the biochar C-sink term were observed whenever the product’s biochar 

content was set by volume. Wood pellet biochar had a high density (500 kg m-3) and a high 

carbon content (93.4%). At an 80% stability, this led to 1.4 tonne CO2 sequestered per cubic 

meter of biochar, which was 2.8 times more than for garden waste biochar. Concurrently, the 

climate impact of biochar production was also higher for wood pellets (340 kg CO2 m-3) than 

for the other biochars. Garden waste and logging residues had impacts in the range 68 – 134 

kg CO2 m-3. Willow, a cultivated crop, had high production impacts due to fertiliser and diesel 



43 

CHAPTER 5. RESULTS 

use, but these were outweighed by increases in soil carbon sequestration, leading to a net 

negative value of -102 kg CO2 m-3. 

For landscaping applications (tree, roof, soil), a key aspect was the peat content of the product 

because peat was the soil component that had the highest impact (233 kg CO2 m-3, while all 

other soil components had an impact in the range of 0 – 20 kg CO2 m-3). Therefore, the supply 

of other material was the main environmental hotspot for products that had a high peat 

content, such as roofs (20-25% volume) or reference planting soil (25% volume). For tree 

planting, where the constructed soil was made of macadam, compost and biochar, the main 

hotspot were transportation and disposal. For biochar-based landscaping soil, where biochar 

and compost replace peat, the main hotspots became transportation and biochar production. 

 

Figure 11. Climate change impact for 6 urban biochar products with 7 biochar supply-chains, and 
the reference products (Ref), in a low-carbon energy system. WP: wood pellet, GW: garden waste, 
LR: logging residues, WL: willow woodchips; S: syngas-heated reactor, E: electricity-heated 
reactor, M: mobile syngas-heated reactor. A cross indicates the net impact, while a dot indicate the 
net impact excluding the biochar carbon sequestration. 

For charcrete elements, the main hotspot was the production of other materials, and in 

particular cement. Despite having shown good experimental properties, further charcrete 

formulations are being developed and tested to reduce the cement content and improve the 

climate impact of the product (Vinnova 2021).  
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For biochar biofilm carrier, biochar production and transportation were the main hotspot, 

unlike for plastic carrier, where production of plastic and incineration of plastic had the same 

contribution.  

For pig iron production in blast furnaces, replacing hard coal and coke by biochar (biocoal) led 

to a 50% reduction of the climate change impact. There was little difference between the 

biochar supply-chain, except for willow due to the increases in soil C during willow cultivation.  

Resource use and toxicity impacts were also analysed, but the picture was less clear than for 

climate change impacts: biochar products could lead to increased or decreased impacts 

compared with the reference products. This was mainly influenced by the biochar type and the 

kind of other materials involved in the product. Noteworthy, the difference between a biochar 

produced in an electricity- or syngas-heated reactor was more pronounced when looking at 

these other impact categories than for climate change. 

Dynamic MFA 

At the district-level, biochar demand was estimated to 43 200 m3 (±0.8% between biochar 

types) during the 25 year of construction. This corresponds to an annual average demand of 

1 728 m3 year-1. This demand mainly arose from landscaping soil for private yards and parks 

and tree planting. Green roofs, charcrete elements, and biofilm carrier contributed to less than 

10% of the demand.  

Between 2050 and 2070, biochar demand for renovation and maintenance activities was below 

250 m3 year-1, mainly due to re-application of soil in parks and yards and the continuous 

demand for biofilm carrier. From 2070, biochar demand rose again because of the potential, 

but still uncertain, need to renovate constructed soils in tree planting. Overall, from 2050 to 

2100, biochar demand was estimated to 18 000 m3.  

 
Figure 12. (a) Annual biochar demand in cubic meters per year, by application; (b) Flow of spent 
biochar to landfill in cubic meters, by application. 

In parallel, biochar demand in the second half of the century implied a biochar flow to disposal 

or secondary use (Figure 12b). If landfilling of spent biochar masses becomes the main disposal 

option, we calculated that by the end of the century 23% of the produced biochar would 

accumulate in landfills, 20% remain in use, and 57% remain in parks and yards. 
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In terms of biomass and land requirement, the construction period would require up to 85 000 

tonnes of wood pellets, or down to 34 000 tonnes of logging residues (Table 9). The biochar 

carbon sequestration created during this 25-year period varied between 22 000 (garden waste) 

and 59 000 (wood pellet) tonnes of CO2. The total climate change mitigation potential from 

this biochar use was highest for wood pellets and lowest for garden waste (Table 9). 

Interestingly, contribution of biochar carbon sequestration to the total climate change 

mitigation benefit is above 90% for wood pellets, while it is between 47% and 60% for the other 

biomass feedstocks. This is related to the lower bulk density of these biochars: they deliver 

more side effects from material substitution but have less carbon sequestration (Table 9). 

Table 9. At-scale climate change mitigation potential for each biochar product, in Uppsala’s new 
city district, resulting from the district’s construction from 2025 to 2050. 

Biochar 

type 

Biomass 

requirement 

(103 t) 

Biochar carbon 

sink 

(103 t CO2-eq) 

Climate-change mitigation potential 

including biochar carbon sink 

(Total in 103 t CO2-eq and contributions in %) 

Total soil tree roof charcrete biofilm 

WP-S 85.3 -58.6 -63.0 76% 20% 1.8% 0.54% 1.4% 

GW-S 41.9 -21.6 -34.8 79% 17% 1.9% 0.40% 1.4% 

LR-S 33.9 -22.9 -38.9 78% 18% 1.9% 1.1% 1.4% 

WL-S 46.6 -28.0 -57.6 76% 20% 1.8% 1.2% 1.4% 

 

5.5. Biochar as a climate-smart use of biomass 

In this section, selected climate impact results from the four case studies are put on a 

comparable axis (Table 4, Figure 13). The aim was to investigate the climate-efficiency of using 

biomass in biochar applications instead of an alternative reference biomass fate. For this 

purpose, the FU was set to 1 dry tonne of biomass used, shedding light on efficiently using the 

biomass. In Figure 13, the impact values represent the net change in GHG emissions resulting 

from the implementation of the biochar system instead of the selected reference, for the 

average Swedish energy system (Figure 13a) and a natural gas powered energy system (Figure 

13b). For simplicity, contributions were grouped in 3 categories: biochar carbon sequestration, 

energy substitutions, and other system effects. Finally, as in previous figures, two net impacts 

are shown, with and without biochar carbon sequestration. If a net score is negative, it indicates 

that the biochar system has a lower climate change impact than the reference system. 

It is also important to note that comparisons across papers must be made with caution, because 

the scenarios considered different biochar production scales, biomass feedstocks, pyrolysis 

yields and efficiencies, applications, and references. 

Brief overall analysis 

Across the case studies and scenarios, some common conclusions can be drawn.  

 In a Swedish average energy system (Figure 13a), the biochar scenarios (1-27), always 

perform better than the reference when biochar carbon sequestration is included. 

When biochar carbon sequestration is excluded, some biochar scenarios do not 

outperform the reference. These exceptions are: scenarios 5-7, from the Lindeborg case 

study, where there is no biochar use phase effects, the charcrete scenarios (13, 19, 25) 
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because of the studied charcrete recipe that led to an increase in cement consumption, 

and in scenario 16, where tree planting with wood pellet biochar led to a small increase 

in GHG emissions because of the contribution of wood pellet production (see 5.4, 

Figure 11). 

 
Figure 13. Climate change mitigation potential in kg CO2-eq per tonne of biomass produced and 
used in a biochar system, compared with a reference situation, in two energy contexts. Descriptions 
of the compared systems are in Table 4. A cross indicates the net impact, while a dot indicate the 
net impact excluding biochar carbon sequestration 

 In a natural-gas energy system (Figure 13b), the energy substitution term is enlarged. 

A distinction needs to be made between scenarios with a reference energy use of the 

biomass (1-21) and those with a non-harvest of the biomass (22-27). In the former 
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scenarios (1-21), the energy substitution term largely reduces the benefits from the 

biochar system. In these cases, if biochar carbon sequestration is excluded, biochar 

implementation is never preferable. If high biochar carbon sequestration is included, 

only some scenarios lead to net reductions in GHG emissions, usually the one with large 

beneficial biochar effects. In the latter scenarios (22-27), because the choice of 

reference biomass use does not involve energy generation, the energy generated during 

pyrolysis provides a large benefit since it replaces natural gas energy. That is why it is 

important to consider also a reference bioenergy use of the biomass when assessing 

biochar systems. 

 Using biochar (or bio-coal) for decarbonising steel production (15, 21, and 27) leads to 

climate change benefits in the Swedish average energy system (around 0.5 tonne      

CO2-eq per tonne biomass). In comparison, biochar applications with C sequestration 

could lead to both higher and lower climate change benefits than steel decarbonisation. 

The higher benefits were usually obtained when other biochar effects were large. 

 Carbon sequestration varies in the range 493 – 845 kg CO2-eq per tonne of biomass, 

due to different biochar yields (20% to 36%) and biochar C content (69% to 93%) 

assumed. Here, across scenarios, biochar stability was set to 80% except for charcrete 

were it was 95%. 

 Finally, in the Swedish average energy system (Figure 13a) and among the applications 

that led to beneficial other system effects (negative value), these other system effects 

represented 9% to 111% of biochar carbon sequestration. 

Singularities worth highlighting 

Looking at the details of the scenarios and the assumptions made, further remarks can be 

made: 

 The re-calculated scenarios 1-4 in the natural gas energy system (Figure 13b) are 

comparable to the results from Paper I, in the generic energy substitution case. The 

scenarios 1-4 in the Swedish average energy system (Figure 13a) represent a slight 

improvement compared to the Stockholm-specific results in the 2040 time perspective. 

It highlights the importance of energy assumptions. 

 The scenarios from Paper II (5-7) now exhibit little difference, in the Swedish average 

energy system (Figure 13a), while they showed larger differences in Figure 8. This is a 

consequence of the FU: 1 dry tonne of biomass in Figure 13 and 1 year of heating in 

Paper II. 

 Differences in the biochar effects are observed between biochar supply-chains, in soil 

applications where biochar is used by volume, e.g. scenarios 11, 17, and 23. This is a 

consequence of variation in biochar bulk density when expressing results per mass unit 

of biomass. 

 The type of biomass processing used can have an influence on the magnitude of the 

biochar effects. Looking at wood pellet biochar (WPS, scenarios 17-21), the energy used 

in pelletizing the biomass lead to large differences in impact between the two energy 
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systems. Similarly, but not shown in Figure 13, electricity-driven pyrolysis reactor are 

less recommended if electricity comes from natural gas (Paper IV). 

 The synthesis also illustrates the difference between climate-smart and less climate-

smart applications of biochar, from the standpoint of biomass as limited resource. Such 

cases can easily be spotted by looking at the location of the two net scores displayed in 

Figure 13: both net scores should be on the negative side of the axis. In that perspective, 

the charcrete product is an example of application that requires further development 

to find a better charcrete formulation. 

5.6. Biochar effects included in LCA studies 

As part of the framework developed for assessing biochar effects (Paper V), a review of biochar 

effects commonly included in LCA was performed, based on 45 published LCAs. Table 10 is 

adapted from Paper V and highlights the effects that were included in the case studies (Paper 

I-IV), either quantitatively or discussed qualitatively. 

Table 10. Biochar effects most commonly included in a set of 45 biochar LCA studies, and the effects 
included in Paper I-IV. CDR: Carbon dioxide removal; NPP: Net primary productivity; SOC: Soil 
organic carbon; For Paper I-IV: q, d, and blanks means that the effect was included quantitatively, 
discussed but not included, or not applicable or not discussed, respectively. 

Effect description Count1 I II2 III IV 

Effects included 

CDR: Biochar carbon sequestration 43 q q q q 

Co-products: avoided heat/power from other fuel 35 q q  q q 

Fertiliser use reduction 19 q   q 

Soil N2O emission reduction 19 q    

Pyrolysis: air emissions, relative to reference biomass/land use 12 q q q q 

Agriculture: crop harvest increase 10 d    

Agriculture: biochar induced SOC change (priming, NPP increase) 7 q   d 

Agriculture: soil CH4 emissions change 7 q    

Agriculture: avoided nutrient leaching to water 5 d   d 

Reference biomass/land: land use change emissions 5 q  q q 

Agriculture: avoided limestone production and use 3 q    

Soil toxicity: reduced heavy metal mobility 2   q  

Agriculture: avoided peat use 1    q 

Agriculture: CH4/N2O/Nutrient flux change in animal husbandry 1 q    

Agriculture: soil albedo changes 1 d    

Other substitutions: clay/gravel/backfill material/landfill space 1   q q 

Sensitivity to persistence of biochar effects over time 3     
1The count is the number of occurrences of the effect in the 45 studies analysed in Paper V. If a study 

modelled both N and P fertiliser use reduction, the study is counted only once under “Agriculture: 

fertiliser use reduction”. Paper I-III are included in the count, but not Paper IV. 
2This study exclusively modelled the material and energy inputs to run a pyrolysis plant, but not the use 

of biochar. 

 

In essence, the most common biochar effect included in the literature are biochar carbon 

sequestration and energy offsets (Table 10). In addition, biochar effects are usually included in 
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LCA because they affect the climate change impact category, e.g. soil N2O emission reductions. 

The papers in the thesis expanded the scope of biochar effects modelled in terms of biochar 

use in animal husbandry (Paper I) and urban uses of biochar (Paper III and Paper IV). 
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6. Discussion and critical reflections 

The first three sections of this chapter discuss the findings of my research, critically looking at 

choices made and methodology used. Then, the following three sections provide higher-level 

reflections, including practical considerations for the biochar industry, effect of cooperation 

with stakeholders, and finally, areas of future work relevant both for the research topic and the 

research field. 

6.1. Biochar effects relativism 

Biochar is praised as a CDR technology because in addition to CDR it delivers a usable product 

with potentially many applications and pyrolysis co-products (Fuss et al. 2018). Along the case 

studies and the methodology article, we came to realise that these biochar “side-effects” to CDR 

are always relative, relative to a baseline or reference situation. Thus, we conceptualised a 

framework to assess biochar effects (Paper V). A crucial step was to make explicit the reference 

situations at each stage of the life cycle (Figure 2). Biochar effects can be measured in terms of 

climate change impact and other environmental impacts, but also in socio-economic terms. 

The case studies focused on the climate and other environmental impacts, but did not consider 

the socio-economic value of the biochar effects. However, in practice, socio-economic values 

are as relevant as environmental effects in decision-making processes. 

In the conceptualisation of biochar effects, we further distinguished between effects that 

modify an environmental process (also called biosphere effects) and effects that modify an 

economic activity or the amount of activity used (also called technosphere effects) (Paper V). 

Below, we discuss some important effects modelled in the case studies, associated modelling 

challenges, and the importance of reference situations. 

Biochar affecting environmental processes 

Change in environmental processes was only modelled in Paper I, with the use of biochar on 

large dairy farms. Biochar use affected enteric fermentation, manure-slurry decomposition in 

storage tanks, direct and indirect fertiliser-related soil emissions, and soil organic matter 

respiration. Biochar amendment also affected soil pH. The modelling was explorative rather 

than predictive, and based on rather simple methodology: emissions factors were multiplied 

by biochar-specific emission reduction factors. 

Model uncertainty 

GHG emissions from agriculture are very variable and affected by multiple conditions. For 

instance, temporal and spatial variations of nitrous oxide soil emissions are affected by 

temperature, wind, or soil moisture. Performing on-site measurement for such diffuse 

processes is not straightforward either, and costly. IPCC emission factors, which were in fact 

developed for inventory purposes at the national and international levels (Eggleston et al. 

2006), have a high model uncertainty, and may not provide accurate results for modelling 

detailed changes at the process level. In turn, relying on process-based models for soil 

processes may provide more accurate results, but requires more knowledge on the processes 

and more parameters that introduce other types of uncertainty. Knowledge on biochar effects 
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in the field is limited, and adds another layer of variability (e.g. type of biochar, biochar 

application rate). Some of the biochar effects modelled in Paper I were documented in meta-

analyses, from which quantitative data was picked based on expert opinion and relevance for 

the case. Nevertheless, keeping in mind this uncertainty, the goal of the modelling was to 

explore the potential magnitude of these on-farm effects in relation to the rest of the life cycle. 

The conclusions remain that such effects must be sought and optimised (as they can also be 

negative) and that on-farm experimentation is needed to validate biochar use as animal and 

manure additive. 

Reference 

In terms of reference situation, the contribution of biochar effects in agriculture to the climate 

impact of the studied system was shown as an avoided burden. However, it can also be 

expressed as a reduction from the emissions of the reference farm considered (e.g. the effects 

were equivalent to an 8% reduction in GHG emission per cow and per year). The implicit 

reference on which the magnitude of the biochar effects rely is the existence (today, and in the 

future) of large dairy farms with manure stored in slurry tanks (and not valorised for biogas). 

This reference may be questioned and thus affect the relative importance of biochar effects. 

Scope 

As illustrated in the case of Paper I, inclusion in LCA of biochar environmental effects is 

challenging. As argued in Paper V, this leads to a gap between the positive effects mentioned 

in non-LCA literature and the effects actually modelled in LCA studies. The same was observed 

with the use of biochar for tree planting in constructed soils is Sweden, which was discussed 

qualitatively in Paper V, and later modelled quantitatively in Paper IV. The interviewed 

stakeholders in Paper V mentioned a range of biochar environmental effects occurring during 

the use phase (e.g. reduce heat island effect, resilience to drought, or reduced tree mortality). 

However, none of them was included in the product LCA of paper IV mainly because of lack of 

knowledge or because effects were not appropriate for inclusion in the LCA (intermediate vs 

final effects). Therefore, it is important for LCA practitioner and their audience to bear in mind 

the modelling limitations of LCA – LCA aspires to be exhaustive, accurate and precise, but it 

often faces knowledge limitations. LCA can therefore be complemented with other tools that 

are less data-intensive. 

Biochar affecting other economic activities 

Depending on the biochar application, biochar systems affected the use of one or multiple 

materials such as soil products, cement and aggregates, plastic carriers, fertiliser and liming 

agents. Compared with changes in environmental processes, which are usually related to few 

impact categories, changes in product and service consumption affect all impact categories 

(Paper V). These changes are also easier to quantify than environmental change but still 

depend on a reference situation and are subject to product design variability.  

Reference situation in the case of peat 

In Paper IV, biochar use in urban greening applications (tree planting, green roof, landscaping 

soil) led to reduction in peat use. This was the largest effect, in terms of climate change impact, 

due to the high emission factor of peat production and use. In fact, GHG emission from biochar 
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production (cradle-to-gate) were in most cases higher than the production emissions from any 

other material (e.g. clay, sand, or scoria). Peat was an exception due to the modelling choice 

that assumed that if not harvested peat would not decompose, and thus not release large 

amounts GHG. However, this assumption is sometime discussed by the peat industry in 

Sweden, claiming that peat land is already drained, and that if not harvested (or not restored) 

peat would decompose anyway. Alternatively, research exists on production of peat substitutes 

cultivated on peat land, as a restoration measure (Pouliot et al. 2015). In both cases, changing 

the reference fate of peat land or the availability of other substitutes would affect here the 

relative benefits of biochar products in a comparative LCA. More generally, this is a challenge 

in LCA of bio-based systems (compared with fossil-based systems), as any bio-product may 

have multiple possible reference fates (e.g. compost, wood elements, biofuels, bioplastics) and 

several alternatives with differentiated impacts. 

Energy products 

When it comes to the use of pyrolysis gases and tars, the case studies only included their 

conversion to energy products, heat and electricity. This is one of the most accounted for 

benefit in biochar LCA studies (Paper V). However, energy co-production in pyrolysis is often 

seen as a benefit when the pyrolysis system is studied in a stand-alone perspective, or when 

compared to a non-energetic use of biomass resources. In this thesis, the biochar systems were 

most commonly compared to an alternative biomass use that involved energy production, with 

full oxidation of the biomass. In that context, biochar system suffer from an energy penalty 

rather than a benefit. This is a trade-off that can however be minimised by adjusting the 

thermochemical conversion process (Woolf et al. 2014). Besides, pyrolysis systems offer the 

possibility – although rare today in Sweden – to convert the pyrolysis gas and tars to other 

products, such as biofuel or biomaterials (Laird et al. 2009; Woolf et al. 2014). 

Novel products 

Finally, another modelling challenge lies in the novelty and the on-going development of 

biochar products. Biochar products and planting techniques on the market may have different 

designs or formulations. As seen in the case of charcrete, multiple recipes are being tested in 

the development process. This variability is a common challenge in LCA when assessing novel 

products, or so-called emerging technologies (Arvidsson et al. 2018; Hung et al. 2018), but also 

an opportunity to influence the development of the products. Performing the assessment in a 

comparative context, with at least one reference technology that can serve as a benchmark, and 

multiple design of the new product helps contextualising the results and identify important 

design choices. 

6.2. Sensitivity of biochar systems’ climate performance 

It was shown that biochar’s suitability to mitigate climate change, relative to other bioenergy 

uses of the biomass resource, depends mainly on the energy context and on the estimated 

biochar stability (Figure 13). 
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The energy context 

Energy technology choices, as what-if analyses 

Across the papers, different assumptions were made on the type of energy products consumed 

in the foreground system or in substitutions. In the synthesis (Figure 13), uniform results 

across paper were presented for a low and a high climate impact energy system. In the LCA 

research field, there is still a debate on what approach is most relevant for informing 

policymaking. These possible approaches are sometimes coined consequential (long or short 

term) or attributional, mainly depending on the choice of data, marginal (long or short term) 

and average (annual average, or daily average as in Paper II) (Ekvall and Weidema 2004; 

Schmidt and Weidema 2008; Finnveden et al. 2009; Ekvall et al. 2016; Weidema et al. 2018, 

2019). Using marginal data or taking a consequential approach has been commonly seen as a 

more accurate way of predicting the consequences of a decision, thus predicting some future 

development, and to advise policy based on that future (Plevin et al. 2014; Weidema et al. 

2019). However, this approach is limited by our ability to foresee and model future changes in 

e.g. the energy system, which depend on both technical and socio-political factors, and it 

neglects our ability to shape the future in a desired direction. Similar critiques to the dichotomy 

between consequential and attributional LCA models were synthesised by Suh and Yang 

(2014). 

The point here is that LCA does not need to be limited by these fundamentally subjective, 

unknown, open futures. Indeed, LCA can give useful information for policy when taking a 

what-if approach, or when used as a tool to identify conditions rather than giving a definite 

answer (Suh and Yang 2014; Wender et al. 2014). To me, the first role of LCA is to quantify the 

environmental performance of a product in a given system, in other words the environmental 

performance of a product-system, because the performance of the studied product cannot be 

dissociated from the system in which it is developed. Therefore, it can be informative to 

calculate LCA results in several energy contexts. It also leads to more general conclusions than 

the ones obtained from using only one set of energy assumptions. Such a general conclusion 

for biochar systems that seems to emerge from this thesis is that if current and future energy 

products (heat and electricity) can be guaranteed to have a climate impact well below the one 

from natural gas energy, then biochar systems can perform better than biomass combustion. 

Additional conditions for biochar systems to be suitable are discussed in section 6.4. In the 

current thesis, selecting alternative technologies was limited to energy technologies. However, 

streamlining technology choices to the entire foreground system of an LCA, is possible and has 

been demonstrated (Steubing et al. 2016). It can further be made mainstream via the 

development of LCA algebraic tools, where technology choice can be defined as foreground 

parameters (Jolivet 2020). 

Effect of functional unit choice 

Finally, it is important to note that the choice of FU affects the importance of energy data 

choices in comparative LCA of biochar-bioenergy systems. To illustrate, in the context of Paper 

I, where the compared bioenergy systems delivered heat and electricity from using a biomass 

resource, we choose to focus the attention on biomass resource efficiency with the FU set to 1 

tonne of biomass used. This FU implied that to make the systems comparable, the amounts of 

co-produced heat and electricity needed to be compensated by substitution. In other words, 
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the choice of both alternative heat and electricity sources played a role in the comparisons. Two 

other FUs were possible, however, potentially leading to different rankings of the scenarios: 1 

unit of district heat or 1 unit of electricity produced. With these two FUs, the ranking of the 

scenarios would be insensitive to the choice of one alternative energy source (either electricity 

or heat). Of course, with such energy-related FUs, different amount of biomass are required, 

and thus a difference in impact from biomass production and reference land use is introduced. 

Estimated biochar stabilities 

The estimated biochar carbon sink was shown to be a large contributor to the climate impact 

of biochar systems, in the appended papers as well as in previous studies (Tisserant and 

Cherubini 2019). In most biochar LCA studies, the biochar carbon sink is calculated by 

multiplying the biochar carbon content at production with a stability factor (80% in the 

appended papers). Even when other methods are used, e.g. dynamic methods to capture effects 

of progressive release of carbon (Ericsson et al. 2017), the total 100-year stability is in the same 

order of magnitude. 

However, it is important to remember that LCA studies do not demonstrate how stable biochar 

is in soils, but simply assume the stability based on best available knowledge and frame it in 

the perspective of a life cycle. In fact, estimating biochar stability is a difficult task for soil 

scientists: it requires advanced methodologies to measure biochar carbon fluxes, and long-

term experiments to be able to extrapolate results with confidence (Leng and Huang 2018; 

Leng et al. 2019). 

Today, it can be said with confidence that: 

- Several biochar stability claims have been made in the literature, ranging from several 

millennia, to centuries and even decades (Whitman et al. 2010; Spokas 2010; Ventura 

et al. 2019). 

- Biochar stability is not unique; it is a continuum depending on biomass type, pyrolysis 

conditions, and incubation conditions. 

- Biochar has significantly longer residence time in soil than its parent biomass (Budai 

et al. 2016; Rasse et al. 2017). 

- Biochar stability is inherently variable and uncertain. Yet, due to the importance of 

biochar applications, science-based estimates of biochar stability are needed to guide 

policy and the development of the industry. 

- Existing biochar stability assessments that are based on incubation experiments 

suggest that higher biochar stability is obtained under certain conditions: at higher 

pyrolysis temperatures (IPCC 2019), with lower molar H:C (Budai et al. 2013) and O:C 

ratios (Spokas 2010), and for woody feedstocks (Wang et al. 2016). These assessments 

however face limitations, as they covered different datasets and used different 

methodologies. 

Biochar LCA studies often assume by default that the biochar considered has a high stability, 

but rarely discusses whether the conditions are met for stability to be high. Therefore, it is 

important to perform sensitivity analyses on this parameter, and to display results with 

contribution analysis. In Paper I and II, biochar stability was investigated via sensitivity 

analysis. In Paper III, the inherent uncertainty of the biochar stability was discussed. Finally, 
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in Paper IV, the approach of displaying net climate change impacts both with and without 

biochar carbon sequestration was introduced. In addition, Paper IV argued that a “low-risk” 

biochar product-system should be able to outperform the reference situation in terms of 

climate change impact even without including the biochar carbon sequestration term. Biochar 

systems that meet this condition can be said to deliver climate-change impact reduction and 

additional “burden-free CDR”. 

6.3. Impact categories beyond climate change 

Besides climate change, other environmental impact categories were assessed in papers II-IV 

using the ILCD metrics. I discuss here some of the findings and limitations related to these 

impacts. 

Data comparability issue in toxicity impacts 

Life cycle inventory data for environmental stressors other than climate forcers is usually 

scarce. Here, in all papers that included the ILCD impact categories (all but Paper I), most data 

for environmental stressors were derived from the background database ecoinvent. For 

instance, the impact from pyrolysis reactor manufacturing arise from its inputs of steel and 

electricity, taken from ecoinvent, but no direct environmental exchanges were included in the 

process (i.e. as primary or foreground data).  

A noteworthy exception was pyrolysis reactor operation, for which direct environmental 

emissions were compiled from various sources (see 4.1.2), with different approaches. In Paper 

II, pyrolysis emissions were based on data from measurement at the Stockholm biochar plant, 

and scaled per unit of biomass processed. The same data was used in this paper for the 

combustion reactors to which pyrolysis was compared. This entails that pyrolysis had higher 

emissions than combustion reactors per unit of heat delivered. In Papers III and IV, pyrolysis 

emissions were based on Sørmo et al. (2020), and scaled per unit of biochar produced. Still in 

these two papers, the reference heat production activities were modelled using ecoinvent data, 

with a different data source and scope. In fact, the ecoinvent datasets had a more detailed list 

of environmental emissions than the ones reported in Sørmo et al. (2020). This entailed that 

biochar production usually led to a reduced toxicity impacts compared with combustion, at an 

equal amount of biomass consumed. The point is that part of the difference in impacts reported 

in papers III and IV may not be only due to actual differences between technologies, but also 

partly a consequence of the different data sources. As recommended in Paper II, more 

measurements need to be performed on pyrolysis reactors, at full load and part load, as it was 

performed for other commercial wood combustion reactors. This is useful both for 

transparency on the market, and for inclusion in LCA databases2. 

The same risk of data comparability issue arose in the toxicity assessment made in the SFA of 

Paper IV, when the co-authors and I compared the amount of pollutants released during the 

use phase of biochar-treated soils with the amount of the same pollutants released in the rest 

                                                        

2The ecoinvent database version 3.7 does not include any modern pyrolysis dataset. It only 
includes a process called “charcoal production” from hardwood, with a global geography, based 
on traditional charcoal production in Europe. 
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of the life cycle of the systems. Here, primary experimental data was confronted with life cycle 

inventory data from the ecoinvent database, with likely high uncertainty. These has to be 

remembered in the interpretation of the results. 

Biomass and other resource use 

Across the papers, I argued that biochar systems lead to an increase in biomass use. This was 

clearly visible at the inventory level and in MFA results. However, this increased use of biomass 

was only partly reflected in the ILCD impact category land use because of the assumed 

properties of the biomass. In papers III and IV, the forest residues did not contribute to 

increased land use impacts because they were considered as waste or residue. However, the 

forest residues contributed to a more intensive land use reflected in the climate change impact 

category by a loss of forest carbon stocks. On the other hand, wood pellet (Paper II, Paper IV) 

and willow (Paper IV) led to land use impact. Other metrics that account for biotic resource 

use would not have exhibited this difference. 

The other resources assessed by the ILCD metrics are minerals and metals, fossil and water. In 

Paper II, these impacts were always higher for the biochar systems than for the reference 

biomass. Here, the biochar did not have an explicit use phase leading to offset of other 

products. In Paper IV, where biochar had different urban applications, the impacts were either 

higher or lower than in the reference case depending on the applications. This reinforces the 

conclusion made in Paper II and across the thesis that biochar should be use for an application 

with tangible benefits. It also highlights that not all biochar applications necessarily lead to a 

reduction in environmental impacts in all impact categories. 

6.4. Practical systems considerations for the biochar industry 

At the end of a 4-year research project that had the aim to support the on-going development 

of the biochar industry in Sweden, practical recommendations had to be given for the different 

types of stakeholders involved. 

To energy utilities 

Being on the safe side 

Investing in biochar production capacity is a rather suitable climate decision if the four 

following conditions are met: 

i) in both the short- and long-term, you foresee that energy services (e.g. heat and 

electricity) will have a climate change impact well-below the one from natural gas 

energy generation (see Sections 5.1 and 5.5), 

ii) if you foresee that sustainable biomass is available in sufficient amounts, 

considering also other potential uses of biomass under development, 

iii) if you are confident that the biochar production process selected will lead to a form 

of biochar that is highly stable in soils (see Section 6.2), 

iv) if you can ensure that biochar will be used in applications that provide tangible 

socio-environmental benefits. 
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LCA, industrial ecology, and environmental systems analysis can help in determining if some 

of these conditions are met, but they cannot provide a complete answer. Knowledge from other 

research fields is needed, including future studies and policy studies. 

About woody waste biomass 

In several cities in Sweden, including Stockholm and Helsingborg, a fraction of the urban 

garden waste and industrial wood waste is valorised via incineration with energy recovery. 

Landfilling is forbidden by law 2001:1063. In that context, diverting woody waste biomass 

from combustion plants to pyrolysis plants to produce biochar reduces the overall energy 

produced (energy penalty, see Sections 5.5 and 6.1). If energy demand remains constant, 

additional fuel will be used. This additional fuel could well be non-waste biomass, i.e. primary 

biomass sourced from forests, and the overall biomass consumption would increase. However, 

as noted in the Stockholm case (Paper I), a newer plant may be more energy efficient than older 

units, partly mitigating the increase in biomass use. The point is that, at the system level, there 

is little difference between a) diverting woody waste from combustion to pyrolysis, and b) 

sourcing primary biomass for pyrolysis, in this context of woody waste already valorised via 

combustion. 

To farmers, farmer associations and advisors 

Aspiring to produce biochar  

On-farm biochar production should valorise the pyrolysis gases and tars. Commercially 

available systems today only co-produce heat, which can be useful for heating houses, 

premises, or to some extent greenhouses (see Section 5.2). Future pyrolysis technology may be 

able to generate biofuel, but it may not meet a farm’s total fuel demand, depending on farm 

size. Ideally, pyrolysis-heating systems should be considered first on farms that rely on natural 

gas or oil boilers, or if an old, inefficient technology needs to be replaced.  

When dimensioning a pyrolysis system, it is important to consider both the current and future 

energy demand, at the farm. Oversizing a plant will lead to non-optimal use of the investment 

and more difficult operation. Undersizing will lead to operation at optimal full load, the need 

for complementary energy generation, and may be a missed opportunity to produce more 

biochar with energy recovery. 

Availability of biomass is also crucial: a pyrolysis reactor consumes about twice as much 

biomass as a combustion reactor, for a given heat need. Finally, a plan needs to be made on 

how to store, manage and use, or sell, the biochar. 

Aspiring to use biochar 

The contents of this thesis is not particularly helpful in how and where to use biochar in 

agriculture. Only Paper I considered a biochar use in agriculture, with a convenient way of 

returning biochar to soils via the management of manure. Soil pH needs to be considered, since 

a low soil pH can be partly mitigated by biochar application, and a normal to high soil pH can 

limit the amount of biochar possible to amend (Paper I). As discussed in Paper I and the 

literature (Meyer et al. 2012; Carrer et al. 2018), the darkening of soil due to biochar 
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application partly cancels the benefits from biochar carbon sequestration: biochar needs to be 

incorporated properly.  

Other general considerations raised in Paper V are relevant in the context of agriculture. First, 

not all biochars are equal: biochars are produced from various biomass, in various conditions, 

resulting in very different properties. As a biochar user, it is important to be confident in the 

type of biochar used. Biomass type, processing conditions, and basic properties should be 

documented, but this information may not be directly applicable or useful for farmers. 

Therefore, trustworthy quality certificates are important tools. Second, biochar is still an 

expensive product, and some carbon credit certificates are being developed to remunerate 

farmers that apply biochar to their soils, as financial incentive is an important enabler (Otte 

and Vik 2017). However, biochar carbon sequestration should not be the sole reason of 

applying biochar to soil. It is best when tangible benefits from biochar application can be 

obtained as well. Identifying tangible benefits in agroecosystems is complex because of the 

diversity of soil systems (Paper V). Indeed, biochar can be used in various soil systems with 

their own specificities and constraints, e.g. various types of arable land, soil substrate for 

greenhouses and nurseries. The recommendation is to take a problem-solving approach: first, 

identify the limiting factors of productivity and environmental performance of a given soil-

system, and then, investigate if biochar products have interesting properties to mitigate these 

limitations. Summaries of biochar effects can be found in multiple recent reviews (Tisserant 

and Cherubini 2019; Joseph et al. 2021; Schmidt et al. 2021). 

In essence, agroecosystem is a world of infinite variability, and developing one’s own biochar 

knowledge and documenting biochar field experimentation is important for the development 

of biochar use in agriculture. Farmer associations and advisors, alongside academia, play a key 

role in this knowledge accumulation and diffusion. 

To municipalities & other public agencies 

Carbon sink in the built environment 

Sweden is leading the way in urban uses of biochar. Municipalities, Stockholm in particular, 

have started to promote biochar use in urban greenings (Stockholm Stad 2020b). Biochar is 

physically placed in various locations, e.g. on roofs, in planting beds, in underground base 

layers, and possibly in concrete elements (see Section 5.4, Paper IV) or urban contaminated 

soils for stabilisation (see Section 5.3, Paper III). This spatial distribution of sequestered 

carbon differs from liquid carbon dioxide captured and sequestered in geological reservoirs. 

During the multi-decadal lifetime of biochar products, biochar may move in the environment 

(mainly through the effect of wind or water flow), as we illustrated in the conceptual MFA of 

Paper V. Neither the significance of these urban biochar flows, nor their environmental 

consequences is known today, but observations of biochar carbon flows in agriculture exists 

(Major et al. 2010; Haefele et al. 2011; Kätterer et al. 2019). In addition, urban infrastructure 

has a limited lifetime: when end-of-life is reached, the product can be re-used, recycled, or 

eventually disposed. As illustrated with dMFA (see Section 5.4, Paper IV), this entails 

secondary flows of biochar-containing soil masses to be created in several decades from now. 

As of today, no guidelines exist on how to manage these secondary biochar flows, nor what it 

implies for carbon credit certification and verification schemes. Municipalities, and public 

agencies, may have a responsibility in planning and establishing guidelines for accountability 
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of biochar in urban environments. Here, urban metabolism studies and accounting 

frameworks can be helpful (Beloin-Saint-Pierre et al. 2017; Papageorgiou et al. 2020b). 

Market mixes and market segmentation 

The climate-change mitigation efficiency of various biochar applications and biomass types 

were compared in the cross-paper synthesis (see Section 5.5) and in Paper IV. The role of 

market sizes was illustrated in the results scaled at the district level (Paper IV). Interpretation 

of these results for practice can be difficult, and two concepts need to be stressed: market mixes 

and market segmentation. 

First, market mixes refers to the fact that a product or service can be supplied by various 

technologies, e.g. steel can be produced in blast furnaces with hard coal, but also with bio-coal, 

or even with hydrogen. It is very unlikely that only one technology will replace hard coal in 

furnaces. Rather a mix of alternatives technologies will be deployed, and the total climate 

change impact of the future steel sector will be a weighted average of the market mix. 

Therefore, the reader must bear in mind that biochar-products are not the only option to 

improve the environmental performance of current products, and that these alternative have 

different potentials. In the end, it is very likely that the market will be shared between several 

alternatives, not just one. 

Second, market segmentation refers to the fact that a specific biomass and its biochar may not 

be suitable for all applications. For instance, biochar suited for steel applications may require 

a very specific (low) ash content, while soil applications may be less sensitive to this parameter. 

In other words, not all biochars are perfectly substitutable. Therefore, the reader must bear in 

mind that despite the rankings given in comparative LCAs, it does not mean that all biochar 

can be used in the most climate-relevant application: some biochar may not be suited for it, 

and can be used for other applications. 

To manufacturers of biochar-products 

An emission factor for biochar 

When manufacturers of products containing biochar want to calculate the climate footprint of 

a product, they expect to have an emission factor for biochar expressed in kg CO2-eq per tonne 

or cubic meter of biochar3. At first, such a number for biochar is difficult to find in the thesis 

for several reasons: i) most of the case studies assessed complete biochar production and use 

systems, ii) biochar production is multi-functional and determining an impact for biochar 

requires to consider the pyrolysis co-products, the reference land or biomass use, and the 

carbon sink, if considered as a product in itself; iii) there is not one unique value as it depends 

on the biomass used, the reactor used, and the energy context.  

Nevertheless, a cradle-to-gate emission factor for biochar can be derived from Paper IV for 

different biomass and reactor types, in a given energy context and with given reference land or 

biomass use. Excluding biochar carbon sequestration, the emission factors ranged between 

                                                        

3Similar to other products and processes, e.g. 0.13 kg CO2-eq per MJ of diesel burnt, 7.3 kg 
CO2-eq per tonne of clay extracted. 
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350 to 700 kg CO2-eq tonne-1 biochar from logging residues, garden waste, or wood pellets, and 

was negative (-380 kg CO2-eq tonne-1) for willow biochar due to burdens from biomass 

cultivation being offset by increase in soil carbon stocks during cultivation. Note that these 

numbers were obtained for a given biochar yield of 25%. A higher yield would decrease the 

impact but the biochar would also have other properties. Note as well that to be converted to 

volume, the bulk density of biochar must be estimated (usually varying in the range 150 to 500 

kg m-3). 

Biochar carbon sink: to count or not to count? 

The range of emission factors presented above does not include the biochar carbon sink. I 

identify three reasons not to account for the biochar carbon sink in the footprint of a final 

product, or at least to display it separately. First, biochar stability is uncertain and variable 

between biochars (see 6.2). Second, when turned into a financial product, the biochar carbon 

sink is separated from the physical biochar product and changes ownership. In fact, multiple 

actors usually want to claim a part of the climate benefit from biochar carbon sequestration: 

the biomass producer, the biochar producer, the biochar-product manufacturer, the biochar-

product user, and the buyer of carbon credits. This can lead to double counting in many 

situations. Third, reaching the global climate target requires mitigating our current emissions 

and removing excess carbon dioxide from the atmosphere. We should not simply mitigate 

current emissions by carbon sinks. Thus, the value of showing biochar carbon sink separately 

is that it does not hide the mitigation goal that most efforts should be focused on. 

In practice, a company developing a biochar-product could present the climate footprint of its 

product – for internal or external communication if allowed – in such a fashion: “Our biochar-

based green roof has a cradle-to-grave climate impact of 55 g CO2-eq per m2, which is 25% 

lower than our previous generation of green roofs that had a higher use of peat. Besides, this 

biochar-based green roof enables the sequestration of 30 g CO2 via the biochar it contains. 

Biochar also provides other qualities to the product in terms of…” (Fictional example). 

In essence, it is worth to remember from environmental accounting theory that there are many 

ways of sharing environmental responsibility and credits and that all are subjective (Majeau-

Bettez et al. 2014; Piñero et al. 2019). None is “correct per se”, but they need to be “useful” in 

transforming our socioeconomic metabolism. Likewise, carbon credits need to be “useful” in 

financing the transition.  

6.5. Working for society, in a society 

Working for society, with stakeholders 

The formulated research aim included supporting the on-going development of the biochar 

industry in Sweden. Thus, the research was designed around case studies that were of interest 

for different stakeholders. Stakeholders have their own perspective on biochar technologies, 

their own understanding of environmental systems analysis, and their own agenda. Below, 

reflections on how stakeholders influenced the research process and how the research may 

have influenced stakeholders are compiled for each case study. 
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The Stockholm case study (Paper I) was performed at a time when Stockholm Exergi AB was 

internally discussing and planning for investment in large-scale pyrolysis plants, making the 

research questions relevant. Stockholm Exergi AB, by its size, and its human and economic 

resources, is a fast moving actor, often outpacing researchers. During the time of the case 

study, the company ordered several consultant studies, which were shared with us, and 

organised several seminars to discuss biochar applications (e.g. biochar filters, biochar in 

animal husbandry), where we could participate and even present. In addition, Stockholm 

Exergi via its head of research and development, also affiliated at KTH, enabled access to the 

district heating network model used in Paper I. The choice of emission factors for fuel and 

electricity was also suggested by Stockholm Exergi sharing reports from the Swedish 

perspective (Gode et al. 2011; Hagberg et al. 2017). Parts of the results and conclusions from 

the case study were used by the company in presentations, before final publication of the 

manuscript. This said the work attempted to keep neutrality by modelling both a generic and 

a Stockholm-specific energy situation. In addition, the emission factors used for electricity 

were the most penalising ones for biochar systems.  

The Lindeborg case study (Paper II) was performed two years after the Lindeborg farm had 

received its BioMaCon pyrolysis unit. At the time, the plant had been operating for only one 

season and a half, due to a technical failure. Operational challenges were reported during 

“warm winter days”, hinting at an improper sizing of the plant. In addition, little data was 

available on the case, such as heat demand or biochar production in the first year of operation. 

This reality directly affected the scope of the research, focusing on operation of small-scale 

reactors, applying a unit commitment model with different pyrolysis configurations, and 

modelling energy demand from weather data. The real conditions also hinted at the relevance 

of including long-term climate change effect on heating demand. Essentially, here, the real case 

helped making the research more relevant for the context. Today, the Lindeborg farm 

increased its energy demand (by building a leisure greenhouse, next to the pyrolysis unit), and 

is operating the pyrolysis unit at a higher capacity than when the case study was performed. 

The Helsingborg case study (Paper III) was performed within a RE:source funded project with 

a very specific aim (remediation of urban contaminated soil with biochar from urban wood 

waste), involving a municipal waste management company (NSR) and researchers with 

expertise in remediation. Collaboration with NSR allowed collecting primary data on the mass 

and energy flows taking place at their waste management facility. The systems perspective 

brought by MFA was of particular interest to NSR’s project manager. In turn, the LCA and SFA 

brought up new perspectives for the remediation researchers, for instance in terms of upstream 

emissions of contaminants. It must however be noted that biochar for soil remediation is only 

one of many intended applications for biochar investigated by NSR. 

The last case study, set in Uppsala, involved significantly more stakeholders than the first case 

studies. This marked a clear change between 2017 and 2020: in just three years, the number 

of private stakeholders interested in and working with biochar increased dramatically. In 

Paper IV, this collaboration allowed collecting primary data on soil composition mixes, but 

also new experimental data on charcrete production. This stakeholder interaction also had 

some effectiveness in guiding the stakeholders in their quest for more climate-friendly 

products. For instance, the charcrete calculations influenced the choice of charcrete recipe and 

the tests made by Biokolprodukter Global AB. Another example of influence were through the 
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LCA of urban soil products, and more specifically green roofs: the discussions with VegTech 

AB, but also several landscape architects, allowed to explain the concepts of reference land or 

biomass fate, the relative importance of peat in their product formulation, and different ways 

to conceptualise biochar carbon sink. Later, VegTech AB approved a budget for an EPD of its 

biochar green roof. 

Finally, the climate-planning unit of Uppsala municipality was a regular interlocutor since 

2017. The climate accounting model used by the municipality was a direct re-user of some of 

the life cycle inventory data produced in this research project (Byfors and Sundberg 2015). 

After the second case study, data on pyrolysis reactors of different scales were used to simulate 

different possible integrations of biochar production in the city’s district heating network. 

Later, with the Uppsala case study, volumes of biochar consumed in the new city district were 

included in the municipality’s scenarios. The availability of such an integrated accounting tool 

at the city level is an example of how results can be put into perspective. Here, it reminds that 

biochar is only one possible innovation, among many, that could be deployed to meet the 

climate goals of the municipality. 

Overall, interacting with the biochar industry is unavoidable, necessary, and useful for research 

in my field. It cannot be denied either that biochar actors have their own agenda, are often 

moving faster than researchers, and hold large amounts of knowledge. As a researcher trying 

to understand the complexity of biochar systems, through modelling and without primary data 

production, I necessarily rely on external data sources. However, data are uncertain, data 

choices can be discussed, and models have subjectivity. Therefore, the credo I tried to 

implement in the case studies was exhibit the variability to help the design of biochar systems. 

The open-source industrial ecology society 

A turning point in my research work was an email forwarded by a colleague after a discussion 

on available LCA modelling tools. The email referred to some software for fully parametrized 

foreground LCA models, lcopt developed by a colleague at KTH (Joyce 2017), based itself on a 

new open-source framework for LCA, brigthway2 (Mutel 2017), supported by an active 

research community. This email, and the time I spent later learning how to use and further 

develop these tools, has enabled much of the research presented in Papers II-IV. 

From me, participating in this research community took the form of a hackathon, exchanges 

on a dedicated developer mailing list, redaction of GitHub issues, and other online events. Such 

interaction between researchers (although not limited to researchers) allowed more frequent 

exchange of knowledge than during conventional scientific conferences and broader than 

within the walls of one's institution. 

For industrial ecology and LCA, which heavily rely on modelling, the sharing of data and scripts 

alongside with journal publications is encouraged by the community (Pauliuk et al. 2015b) and 

has several benefits: it makes research more transparent, easier to reproduce, but also exposes 

the research to a broader critique (Pauliuk et al. 2015b; Kuczenski 2019). The availability of 

code and data also fosters additive construction of knowledge and flexible combination of 

models. In my case, I was able to reuse previously collected LCA data on willow production in 

Excel (Hammar et al. 2014), and by importing it to brightway2, extend the scope of the LCA 

to include multiple environmental impact categories. I also combined open-source tools for 



64 

CHAPTER 6. DISCUSSION AND CRITICAL REFLECTIONS 

dMFA (Pauliuk and Heeren 2020) and unit commitment problems (Atabay 2017) to LCA 

calculations in brightway2 (Mutel 2017), without having to build these tools from scratch. 

Making research data and code publicly available is not easy, requires time and experience, 

and is sometimes legally limited (data from private companies, license from ecoinvent). After 

three years of working with various python tools for industrial ecology, I have so far mostly 

been re-using the work of others. To some extent, I have been able to share my research work. 

The model behind Paper II is available online, and to date, at least one company reached out 

to re-use parts of it. Some useful pieces of code for contribution analysis were also made 

available online. In the future, some biochar production data could also be made available in 

an easily accessible format, or even be submitted to an LCA database provider such as 

ecoinvent for broader reuse. However, parts of the biochar product recipes used in Paper IV 

were disclosed by companies with restrictions on their sharing. Finally yet importantly, I have 

been able to share biochar LCA data and code with students during supervision of BSc and MSc 

theses, which was another enriching opportunity for my own research. 

6.6. Work ahead 

Industrial ecology, towards integrated modelling of the bioeconomy 

As stated in the introduction, our ability to understand and apprehend socio-environmental 

problems is partly due to increased experience, knowledge, and ability to model the 

socioeconomic metabolism (Haberl et al. 2019). Although all models are wrong and increasing 

the complexity of models bears the risk of being misleading or unnecessary, I suggest one area 

of further development for industrial ecology methods, and LCA in particular. 

Across the case studies, questions were raised but left unanswered regarding biomass 

availability, the effects of biomass use on direct and indirect land use changes, and the 

multiplicity of legitimate uses of biomass. These questions are relevant for biochar systems, 

but also for bioenergy and the bioeconomy in general. However, tackling these questions 

requires more than a static product-system LCA. It requires in fact time-dependent models 

and integrated models. Time-dependent or dynamic models are useful because they allow 

making stocks and stock changes over time explicit (e.g. stock of standing biomass, soil carbon 

stocks). Models with an explicit time dimension are also useful for modelling agroecosystems 

because their impacts result from continuous management over time (e.g. crop rotations). 

Besides, advanced climate change impact metrics can then also be used (Ericsson et al. 2013). 

Integrated models are useful in assessing the bioeconomy because they are “at-scale” and 

consider multiple final services (e.g. supply of thermal comfort, transportation, electricity, and 

urban infrastructure at the scale of a city). The scale allows including the availability of multiple 

limited biomass resources, with different impacts, to meet multiple final services. Recent 

developments in dMFA (Aryapratama and Pauliuk 2019; Pauliuk and Heeren 2020), dynamic 

life cycle inventory (Cardellini et al. 2018; Mendoza Beltran et al. 2018; Albers et al. 2020; 

Beloin-Saint-Pierre et al. 2020; Pigné et al. 2020) and impact assessment (Ericsson et al. 2013; 

Othoniel et al. 2019) could be integrated to perform such at-scale assessment of the 

bioeconomy. The main challenge is to develop a tool that i) is widely usable, ii) for which input 

data are available, iii) can communicate with models from other domains (co-simulation), and 

iv) allow for optimisation of e.g. resource use and technology choices under socio-
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environmental constraints. Optimisation is an important aspect because it makes the model 

“in theory” more technology agnostic or neutral – any new technology can be represented in 

the model’s structure, and its relevance relative to other technologies available can be assessed 

at-scale according to the optimisation constraints. This echoes bringing industrial ecology 

aspects into global IAMs (Pauliuk et al. 2017a), and with the fact that “sustainability” is a 

system property (i.e. a product cannot be characterised as “sustainable”). 

The biochar industry, in Sweden and beyond 

Biochar stability 

As discussed in section 6.2, biochar stability is uncertain and variable. While the biochar 

industry has developed rapidly in the past few years, knowledge on biochar stability did not 

follow the same pace. In the biochar industry, stability is sometimes overlooked by referring to 

early research that stated that biochar had residence times of centuries to millennia (Glaser et 

al. 2001; Whitman et al. 2010). However, some field experiments also observed biochar with 

decadal residence times (Ventura et al. 2019). The new inventory guidelines from the IPCC 

have included biochar stability assessment in an appendix rather than in the main chapters 

(IPCC 2019). This can be interpreted as an illustration that biochar is important, but that 

biochar stability estimates need to be refined. It is worth noting that previous biochar stability 

assessments (Spokas 2010; Budai et al. 2013; Wang et al. 2016; IPCC 2019) have used different 

datasets, different methodologies, and reached different conclusions, without sharing their 

complete datasets and analysis code. Re-analysis of existing biochar stability data using 

transparent and open data analysis pipelines is an important area of further work. New data 

are also needed, from both long-term experiments (>3 years) and from experiments 

representative of the diversity of biochars and soil conditions emerging in the market today. 

New biochar products & cascading uses 

In the short- to medium-term, new biochar products will be developed, especially for urban 

areas and high-tech applications (e.g. batteries, advanced materials, off-site wastewater filters, 

asphalt). The environmental relevance of such products need to be assessed continuously, to 

guide product development. It can build on the framework developed in Paper V and the 

experience gained form the case studies. An area of improvement, here, is to perform 

comparative LCAs with multiple reference or alternative products, and multiple supply-chain 

choices. This allows to include a better overview of current market mixes and different benefits 

and trade-offs of a biochar product. For instance, biochar filters for off-site wastewater 

treatment can be compared to sand filters, but also to alternative technologies under 

development. 

Another area worth investigating is the cascading use of biochar after a first use in urban and 

high-tech applications. In most cases, the fate of biochar is today unknown because the 

products are new and have long lifetimes. If spent biochar is contaminated, it may be 

incinerated as hazardous waste, but it would then lose its carbon sink. Otherwise, spent biochar 

can be landfilled. In the best case, spent biochar can be reused in secondary applications. The 

feasibility of these alternatives and the management of spent biochar flows requires more 

research, preparing the future.  
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Biochar in agriculture 

In the longer term, biochar is expected to reach the agricultural sector even in temperate areas 

through the development of e.g. co-amendments and biochar-fertilisers that could provide 

direct tangible benefits. Agriculture is also a sector where large quantities of biochar can 

theoretically be used. Biochar effects in agriculture are complex and ought to be studied in a 

dynamic perspective, including crop rotations, soil carbon and nitrogen dynamics, and other 

geophysical effects such as albedo changes. This work should be seen as an effort to include 

biochar in existing dynamic models for agriculture, rather than the development of an 

agricultural dynamic model for biochar. 

Another aspect (discussed in Paper I) is the transfer of nutrients from forest to agricultural 

field, when biochar is produced from forest biomass. Indeed, forest biomass is an important 

feedstock for biochar production and bioenergy in Sweden. In the case of bioenergy, returning 

ashes to forest field is investigated and even implemented to mitigate nutrient depletion of 

forest soil. However, biochar derived and diverted from forests does not allow circularity of 

nutrient flows. Estimating the magnitude of nutrient diversion and developing mitigation 

strategies is an area of future work, relevant for large-scale biochar production in Sweden. 
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7. Conclusions 

In terms of biochar systems, this thesis showed that: 

 From a climate change mitigation perspective, biochar systems can outperform 

conventional bioenergy systems if decarbonised heat and electricity is available, and if 

biochar stability is high.  

 The climate benefits of using biochar as a material product improved the performance 

of biochar systems, but was usually of lower importance than biochar carbon 

sequestration. These effects were also application and context dependent: substitution 

of other high impact materials (peat, fossil plastic) or mitigation of agricultural 

greenhouse gas emissions (methane, nitrous oxide) had larger contributions.  

 There are environmental burden shifts between sectors and impact categories when 

deploying biochar systems: biochar led to increased impacts from biomass production 

and conversion, but also reduction of impacts in other sectors, e.g. from peat 

production if biochar substitutes peat. In terms of resource depletion, human toxicity, 

and ecosystem toxicity, biochar systems could lead to either increased or decreased 

potential impacts. It essentially depended on the type of biomass, the thermochemical 

conversion process, and the reference situations. Toxicity results are however 

uncertain.  

 Differences in the biochar supply-chains can lead to important differences in the 

environmental performance of biochar systems. It can be due to the type of the biomass, 

the pyrolysis technology used, or the properties of the biochar. In addition, those 

differences in impact can be more pronounced in resource and toxicity impact 

categories than climate change. 

 Biochar production at large-scale can be used as a base-load source of heat in district 

heating networks, replacing older, less-efficient biomass-based boilers. Despite 

efficiency gains, the total biomass consumption at the city-level increased for a constant 

heat demand in Stockholm’s context. 

 Biochar production at small-scale, as part of on-farm heating systems, can also be used 

as a base-load heat source, and ought to be complemented with heat pumps or other, 

passive, heating technologies, for improved environmental performance. Proper 

dimensioning of on-farm heating systems is important for technical operation, 

economy, emissions and resource efficiency. Overall, pyrolysis solutions lead to a 

doubling of biomass consumption compared with combustion solutions. Increase in 

biomass throughput needs to be justified by a biochar use that provides tangible 

benefits. 

 Biochar use for remediation of contaminated soils appeared as a promising alternative 

to landfilling of soils, from an environmental perspective. However, safe applications 

need to be further assessed from risk and regulatory perspectives. 
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 The systematic assessment of biochar effects is context-dependent and requires making 

reference situations explicit. The gap between biochar effects in the public discourse 

and effects actually modelled in LCA can be related to variability of the effect, lack of 

knowledge or data, or inadequate modelling framework. The framework developed can 

be used to screen potential biochar effects when starting a new biochar project. 

In terms of industrial ecology assessment, in this thesis, I:  

 Illustrated the use of unit commitment models to augment the LCA inventories of 

biochar systems with specific sets of technosphere coefficients for heat supply mixes 

and for including daily average electricity mixes for biochar systems. 

 Combined SFA and LCA to provide a more detailed analysis of toxicity-related impacts 

in the specific case of biochar use for soil remediation.  

 Combined LCA and dMFA to provide city-scale insights on the use of biochar in urban 

environments over the course of the century. 

 Illustrated the importance of having flexible models that can represent different energy 

contexts, as energy assumptions can change the conclusions of an assessment. 

 Highlighted limitations of LCA to represent various kinds of environmental effects, in 

the case of biochar systems, e.g. distinguishing between intermediate and final effects, 

biodiversity impacts, local climatic effects, or resilience and adaptation effects. 
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