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ABSTRACT: Rice (Oryza sativa L.) production in Ghana confronts multifaceted challenges, including progressive soil fertility decline,
increasingly erratic rainfall patterns, suboptimal water management infrastructure, and persistent dependence on costly imported fertilizers.
Biochar—a carbon-rich, porous material produced through pyrolysis of organic biomass under oxygen-limited conditions—has emerged as a
promising sustainable soil amendment with demonstrated potential to address these interconnected constraints. This comprehensive review
synthesizes global research on biochar applications in rice cultivation systems, with particular emphasis on mechanistic understanding, agronomic
outcomes, and contextual relevance to Ghanaian agricultural systems. Recent meta-analyses encompassing over 150 field trials demonstrate that
biochar consistently improves soil organic carbon (SOC) content by 15-50%, cation exchange capacity (CEC) by 20-40%, water retention by 10-
30%, and nutrient use efficiency by 15-25% across diverse paddy environments (Jeffery et al., 2017; Liu et al., 2013; Ye et al., 2020; Yuan et al.,
2024). Tropical field studies report yield increases ranging from 10% to 30% when biochar is synergistically integrated with mineral fertilizers
or organic amendments, alongside methane emission reductions of 15-30% and substantial decreases in nutrient leaching (Somboon et al., 2024;
Park et al., 2023; Zhang et al., 2023). However, agronomic outcomes exhibit substantial variability contingent upon feedstock type, pyrolysis
conditions (temperature, residence time), application rates, soil physicochemical properties, and climatic factors (Lehmann & Joseph, 2015; He
et al., 2023; Qi et al., 2024). Ghana-specific research remains critically limited, with only preliminary upland rice trials and scattered greenhouse
studies documented (MacCarthy et al., 2020; Frimpong-Manso et al., 2022; Aboagye et al., 2022). Critical knowledge gaps include long-term
field performance under Ghanaian pedoclimatic conditions, economic feasibility for resource-constrained smallholder farmers, optimal integration
protocols for locally available feedstocks, and policy frameworks to facilitate adoption. This review identifies priority research imperatives: multi-
season pilot trials across Ghana's distinct agro-ecological zones, rigorous cost-benefit analyses of decentralized biochar production systems,
synergistic interactions with microbial inoculants and organic amendments, environmental life cycle assessments, and evidence-based policy
frameworks to support sustainable adoption. Biochar offers a viable pathway to enhance rice productivity, improve resource-use efficiency, and
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contribute meaningfully to climate change mitigation in Ghana, provided that implementation is guided by locally calibrated research and
integrated soil fertility management strategies embedded within broader agroecological frameworks.

KEYWORDS: Biochar, soil fertility, nutrient management, climate change adaptation, pyrolysis, carbon sequestration

1. INTRODUCTION

1.1 Rice Production in Ghana: Context and Challenges

Rice has emerged as a strategic food security crop in West Africa, with per capita consumption increasing by over 50% during the past two decades
(Demont & Ndour, 2015; Bam et al., 2021). In Ghana specifically, rice consumption has outpaced domestic production capacity, necessitating
substantial imports that drain foreign exchange reserves and expose the nation to volatile international market prices (Angelucci et al., 2013).
Despite favorable agro-ecological conditions in the northern savanna, coastal plains, and inland valleys, average rice yields in Ghana remain
substantially below achievable potential yields of 5-7 t/ha commonly observed in Asian systems (Bam et al., 2021; MacCarthy et al., 2020). This
persistent yield gap reflects multiple interacting constraints including declining soil fertility, inadequate water management infrastructure, limited
access to quality inputs, and suboptimal agronomic practices (Frimpong-Manso et al., 2022; Aboagye et al., 2022).

Soil fertility decline represents a particularly critical constraint across Ghana's major rice-producing regions. Continuous cropping without
adequate nutrient replenishment has depleted soil organic matter reserves, reduced cation exchange capacity, and acidified soils in many production
landscapes (MacCarthy et al., 2020; Partey et al., 2016). The inherently low nutrient capital of many tropical soils, combined with high weathering
rates and leaching losses under intense rainfall regimes, exacerbates these fertility challenges (Sanchez, 2019). While mineral fertilizers can address
nutrient deficiencies, their prohibitive costs and limited availability constrain adoption among resource-poor smallholder farmers who constitute
the majority of Ghana's rice producers (Angelucci et al., 2013). Furthermore, exclusive reliance on mineral fertilizers without complementary
organic matter management fails to address fundamental soil health parameters including water retention, biological activity, and structural stability
(Vanlauwe et al., 2015).

Water management presents an additional major constraint, particularly in rain-fed lowland and inland valley systems that dominate Ghana's rice
production landscape. Erratic rainfall patterns, prolonged mid-season dry spells, and inadequate irrigation infrastructure result in frequent water
stress that substantially limits yield potential (Bam et al., 2021). Even in irrigated systems, inefficient water use and poor drainage infrastructure
contribute to suboptimal crop performance. The alternate wetting and drying (AWD) irrigation technique has shown promise for improving water
use efficiency and reducing methane emissions, but adoption remains limited due to technical knowledge gaps and infrastructure constraints
(Haque et al., 2022; Materu et al., 2023). Climate change projections indicate increasing rainfall variability and more frequent extreme weather
events, further intensifying water management challenges and underscoring the need for climate-resilient production strategies (Sultan et al., 2013).
1.2 Biochar: Definition, Production, and Properties

Biochar is a carbon-rich, porous solid material produced through thermal decomposition of organic biomass under oxygen-limited or oxygen-free
conditions, a process termed pyrolysis (Lehmann & Joseph, 2015). Unlike the complete combustion that produces ash, pyrolysis converts biomass
into a stable carbonaceous material with substantially different physicochemical properties than the original feedstock. The pyrolysis process
typically occurs at temperatures ranging from 300°C to 700°C, with residence times from minutes to several hours depending on the specific
technology and desired biochar characteristics (Zhao et al., 2018; Tomczyk et al., 2020). During pyrolysis, volatile compounds including water,
condensable organic vapors, and non-condensable gases are released, leaving behind a carbon-enriched solid residue with enhanced aromatic
structure and increased surface area (Weber & Quicker, 2018).

The physicochemical properties of biochar vary substantially depending on feedstock composition, pyrolysis temperature, heating rate, and
residence time (Brewer et al., 2009; Mukherjee et al., 2011; Singh et al., 2010). Feedstock characteristics including lignin content, cellulose-to-
hemicellulose ratio, and mineral composition fundamentally influence the properties of the resulting biochar. Pyrolysis temperature exerts
particularly strong control over biochar properties, with higher temperatures generally producing biochars with greater carbon content, larger
surface area, higher pH, and increased aromaticity but lower yield and reduced functionality for certain applications (Novak et al., 2009; Zhao et
al., 2018). Lower-temperature biochars typically retain more functional groups on their surfaces, potentially enhancing nutrient retention capacity
and microbial colonization, while higher-temperature biochars exhibit greater recalcitrance and long-term stability in soils (Kliipfel et al., 2014;
Singh et al., 2010).

Biochar's distinctive properties make it particularly valuable as a soil amendment in tropical agricultural systems. Its highly porous structure, with
surface areas ranging from 50 to over 500 m?/g depending on production conditions, provides extensive habitat for beneficial soil microorganisms
and enhances water retention capacity (Lehmann et al., 2011; Quilliam et al., 2013). The predominantly aromatic carbon structure confers
exceptional stability, with mean residence times in soil ranging from hundreds to thousands of years, enabling long-term carbon sequestration
alongside agronomic benefits (Lehmann et al., 2015; Singh et al., 2012). Biochar's cation exchange capacity, often enhanced through aging and
oxidation processes in soil, improves nutrient retention and reduces leaching losses (Cheng et al., 2008; Liang et al., 2006). The alkaline pH of
most biochars, resulting from concentration of mineral elements during pyrolysis, provides liming effects particularly beneficial in acidic tropical
soils (Yuan et al., 2011; Fidel et al., 2017). These multifunctional properties position biochar as a promising component of integrated soil fertility
management strategies, particularly in resource-constrained tropical agricultural systems where soil degradation and nutrient depletion constrain
productivity (Glaser et al., 2002; Lehmann et al., 2003).

Recent advances in biochar science have expanded beyond simple pyrolysis to include activation, functionalization, and engineering of biochar
materials with enhanced or targeted properties. Physical activation through steam or CO- treatment can substantially increase surface area and pore
volume, while chemical activation using acids, bases, or metal salts can introduce specific functional groups or catalytic properties (Ahmad et al.,
2014). Nutrient enrichment during or after pyrolysis enables production of biochar-based fertilizers that combine slow-release nutrient delivery
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with the soil conditioning benefits of biochar (Firnass et al., 2023; Ramos et al., 2022). Magnetic biochar, produced through incorporation of iron
oxides, offers potential for targeted contaminant removal or precision application technologies. These emerging approaches suggest continued
evolution of biochar technologies, though economic feasibility and practical applicability in smallholder African contexts remain to be
demonstrated (Roberts et al., 2010; Woolf et al., 2010).

Table 1: Summary of Major Meta-Analyses on Biochar Effects in Rice Systems

Total Rice Yield Key Moderators Geographic
Study No. of Studies Observations Response (%) 95% CI Identified Focus
Jeffery 114 371 +14.2 10.8-17.6 Application rate, soil Global
et al pH, soil texture, N
(2017) fertilizer
Liu et 154 489 +11.8 8.3-15.3 Paddy vs  upland, Asia-
al. climate zone, biochar focused
(2013) type
Yuan et 154 412 +18.3* 14.7-21.9 N fertilizer synergy, Paddy &
al. application rate, soil upland
(2024) type
Zhang 267 1,475 +12.7 9.4-16.0 Climate, soil acidity, N Global
et al rate, biochar C content
(2023)
Ye et al. 89 256 +10.3 6.9-13.7 Fertilizer combination, Global
(2020) soil fertility, crop type
Crane- 78 198 +11.5 7.2-15.8 Soil  type, climate, Global
Droesch application rate
et al
(2013)

Combined biochar + N fertilizer vs N fertilizer alone

Key findings:

e  Consistent positive yield responses across all meta-analyses (10-18% average)

e Larger effects in acidic soils (pH <5.5): 15-22% increase

e  Larger effects in coarse-textured soils: 18-25% increase

e  Synergistic effects with N fertilizer: 18-25% vs 7-12% alone

e Tropical/subtropical systems: 13-18% vs temperate 8-12%
1.3 Objectives and Scope of This Review
This review synthesizes current scientific understanding of biochar applications in rice production systems, with particular emphasis on relevance
to Ghanaian agricultural contexts and identification of critical research priorities. The review addresses four primary objectives. First, we examine
the mechanistic basis for biochar effects on soil physical, chemical, and biological properties, drawing on both fundamental research and field
studies to elucidate how biochar influences soil functioning in paddy environments. Second, we evaluate agronomic outcomes across diverse rice
production systems, synthesizing meta-analytical evidence alongside regional field studies to assess yield responses, nutrient use efficiency, and
interactions with management practices. Third, we analyze environmental implications including greenhouse gas emissions, carbon sequestration
potential, water quality, and heavy metal immobilization, considering both benefits and potential trade-offs. Fourth, we assess economic feasibility,
adoption barriers, and enabling conditions for biochar implementation in smallholder farming systems, with specific attention to Ghana's
socioeconomic and institutional contexts.
The review encompasses peer-reviewed literature published primarily between 2012 and 2025, with selective inclusion of foundational earlier
studies where appropriate. We emphasize field studies conducted under realistic production conditions, while acknowledging insights from
controlled experiments where they illuminate mechanisms or inform field applications. Geographic coverage spans global rice production regions,
with particular attention to tropical and subtropical systems most relevant to Ghanaian conditions. We include studies across diverse rice production
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systems including irrigated lowland, rain-fed lowland, and upland systems, recognizing that biochar effects may vary substantially across these
contrasting environments. The review considers multiple biochar feedstocks including rice residues, other agricultural wastes, and woody biomass,
evaluating how feedstock selection influences outcomes and feasibility in different contexts.

This review adopts a critical perspective, explicitly acknowledging uncertainties, knowledge gaps, and debates within the biochar research
community. We evaluate evidence quality, identify methodological limitations, and highlight areas where current understanding remains
insufficient to support confident recommendations. Rather than advocating uncritical adoption of biochar technology, we aim to provide balanced
assessment that enables informed decision-making by researchers, policymakers, development practitioners, and farmers. The review concludes
with specific research priorities for Ghana, considering both fundamental knowledge gaps and practical implementation challenges that must be
addressed to realize biochar's potential for enhancing rice production sustainability and food security in West African contexts.

Biochar Production Pathway and Key Properties

Feodstock Types Pyrolysis Conditions 1 BRiochar Product
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Figure 1. Conceptual framework of biochar production pathway and key properties influencing rice paddy soil functions.

The diagram illustrates the transformation from diverse feedstocks (rice straw/husk, wood biomass, crop residues) through pyrolysis (400—600°C,
oxygen-limited conditions) to biochar products with distinct physicochemical characteristics. Key properties—surface area and porosity, pH and
cation exchange capacity (CEC), carbon stability, and nutrient content—determine biochar's effects on soil water holding capacity, nutrient
retention, leaching reduction, and microbial activity enhancement in rice cultivation systems. Arrows indicate the production flow, while color-
coded boxes represent different stages and property categories. SOC = soil organic carbon; C = carbon sequestration.

2. MECHANISMS: HOW BIOCHAR INFLUENCES SOIL PROPERTIES AND FUNCTIONS

2.1 Effects on Soil Physical Properties

Biochar amendment substantially modifies soil physical properties through multiple complementary mechanisms, with particularly pronounced
effects in tropical soils characterized by low organic matter content and poor structural stability. The highly porous structure of biochar, featuring
both internal porosity within individual biochar particles and inter-particle porosity in biochar-amended soil matrices, fundamentally alters soil
hydraulic properties and gas exchange characteristics (Blanco-Canqui, 2017; Omondi et al., 2016). Meta-analytical synthesis of 46 field studies
demonstrates that biochar application consistently reduces soil bulk density by 3-8%, with larger effects at higher application rates and in coarse-
textured soils where biochar's low particle density exerts greater influence on overall soil physical properties (Omondi et al., 2016; Laird et al.,
2010). This bulk density reduction translates to increased total porosity, improved soil aeration, and enhanced conditions for root proliferation and
microbial activity.

Water retention capacity represents one of the most consistent and agronomically significant physical effects of biochar amendment. The extensive
internal pore network within biochar particles, combined with hydrophilic functional groups on biochar surfaces, enables substantial water storage
within the biochar matrix itself (Hardie et al., 2014; Gray et al., 2014). Additionally, biochar particles modify soil pore size distribution, increasing
the proportion of mesopores and micropores that retain plant-available water while maintaining adequate macroporosity for drainage and aeration
(Abel et al., 2013; Kinney et al., 2012). Systematic review of water retention studies indicates that biochar amendment increases plant-available
water capacity by 10-30% on average, with particularly large effects in sandy soils where water retention is inherently limited (Razzaghi et al.,
2020; Jeffery et al., 2015). These water retention benefits translate directly to improved drought resilience, a critical consideration for rain-fed rice
systems in Ghana where mid-season dry spells frequently constrain yields.

Biochar amendment enhances soil aggregation and structural stability through multiple interacting processes. Biochar particles serve as nucleation
sites for aggregate formation, with their rough surfaces and abundant functional groups promoting binding with clay particles and organic matter
(Ajayi & Horn, 2016). The hydrophobic nature of some biochar surfaces, particularly in fresh high-temperature biochars, can promote aggregate
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stability by reducing wetting-induced slaking. Over time, biochar particles become progressively incorporated into stable soil aggregates through
physical enmeshment, chemical bonding, and biological processes including fungal hyphal networks and microbial exopolysaccharide production
(Burrell et al., 2016). Enhanced aggregation improves soil structural stability, reduces erosion susceptibility, and creates favorable
microenvironments for microbial activity and nutrient cycling. In paddy soils specifically, improved aggregation can reduce soil compaction during
puddling operations and enhance drainage during field drying phases, potentially facilitating adoption of water-saving practices such as alternate
wetting and drying (Herath et al., 2013).

The persistence of biochar's physical effects represents an important consideration for long-term soil management. Unlike readily decomposable
organic amendments whose effects diminish within one to three growing seasons, biochar's recalcitrant structure maintains physical benefits over
multiple years to decades (Burrell et al., 2016; Kuzyakov et al., 2014). Long-term field experiments document sustained improvements in water
retention, bulk density, and aggregation five to ten years after initial biochar application, though effects may gradually attenuate as biochar particles
fragment and become more thoroughly integrated into the soil matrix (Glaser et al., 2002). This longevity of physical effects enhances the economic
attractiveness of biochar by spreading initial application costs over extended periods, though it also necessitates careful initial application decisions
since physical effects cannot be readily reversed if outcomes prove suboptimal.

Table 2: Biochar Effects on Soil Physical Properties (Meta-Analysis Summary)
Property Average Change (%) Range (%) No. of Studies Key Moderators Confidence Level

Bulk -3to-8 -15to +2 46 Application rate, soil texture High
density
Total +5 to +12 +2 to +25 38 Biochar properties, soil type High
porosity
Plant- +10 to +30 +5 to +55 52 Soil texture, biochar porosity High
available
water
Water +8to +18 +3 to +35 48 Biochar rate, soil texture High
retention
(field
capacity)
Saturated +5 to +25 -10 to +60 34 Soil texture, biochar particle size Moderate
hydraulic
conductivity
Aggregate +15 to +35 +5to +70 28 Time since application, soil type Moderate
stability

Notes:

e  Effects most pronounced in sandy soils

e Benefits persist >5 years in long-term studies
e Application rates: typically 10-20 t/ha
e Source: Omondi et al. (2016), Blanco-Canqui (2017), Razzaghi et al. (2020)

2.2 Effects on Soil Chemical Properties

Biochar amendment exerts profound and multifaceted influences on soil chemical properties, with particularly significant implications for nutrient
availability, pH buffering, and cation retention capacity. The alkaline pH characteristic of most biochars, typically ranging from 7.5 to 10.5
depending on feedstock and pyrolysis conditions, provides immediate liming effects upon soil incorporation (Yuan et al., 2011; Fidel et al., 2017).
This alkalinity derives from concentration of mineral elements during pyrolysis and formation of alkaline functional groups including carbonates,
hydroxides, and base cations associated with biochar surfaces. Meta-analysis encompassing 46 field studies demonstrates that biochar application
increases soil pH by 0.2-1.0 units on average, with larger effects in acidic soils and at higher application rates (Guo et al., 2020). For acidic tropical
soils where aluminum and manganese toxicity frequently limit crop growth, biochar's liming effect can substantially improve growing conditions
by reducing toxic metal solubility and enhancing nutrient availability (Dai et al., 2017; Qian et al., 2013).

Cation exchange capacity (CEC) represents another critical chemical property substantially enhanced by biochar amendment. Fresh biochar
typically exhibits relatively low CEC compared to soil organic matter, but progressive oxidation of biochar surfaces through both abiotic and biotic
processes generates carboxylic acid and phenolic functional groups that dramatically increase negative surface charge and cation retention capacity
(Cheng et al., 2008; Cheng et al., 2006). This aging process, occurring over months to years following soil incorporation, can increase biochar
CEC by several-fold, with aged biochars eventually exhibiting CEC values comparable to or exceeding those of soil humic substances (Liang et
al., 2006). Enhanced CEC improves retention of nutrient cations including potassium, calcium, magnesium, and ammonium, reducing leaching
losses and improving nutrient use efficiency. In highly weathered tropical soils characterized by low native CEC, biochar amendment can
substantially enhance nutrient retention capacity, enabling more efficient fertilizer utilization and reducing environmental losses to groundwater
and surface water (Van Zwieten et al., 2010).
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Soil organic carbon (SOC) content increases directly and substantially following biochar application, with the magnitude of increase proportional
to application rate and biochar carbon content. Biochar's high carbon content, typically 50-90% depending on pyrolysis conditions, and exceptional
stability result in substantial and persistent SOC increases that contrast sharply with the transient effects of conventional organic amendments (Bai
et al., 2019). Meta-analytical synthesis indicates that biochar application increases SOC by 15-50% on average, with effects persisting for decades
due to biochar's recalcitrance to microbial decomposition (Wang et al., 2016; Zimmerman, 2010). This SOC increase provides multiple benefits
including improved soil structure, enhanced water retention, increased nutrient storage capacity, and long-term carbon sequestration contributing
to climate change mitigation. However, biochar effects on native soil organic matter dynamics remain incompletely understood, with evidence for
both positive priming effects that accelerate native SOC decomposition and negative priming effects that protect native SOC from decomposition
(Hamer et al., 2004; Kuzyakov et al., 2014). The net effect on total soil carbon stocks depends on the balance between biochar-C additions, biochar
decomposition rates, and priming effects on native SOC, with most studies indicating substantial net carbon gains despite some positive priming
(Singh et al., 2012; Zimmerman et al., 2011).

Biochar influences nutrient availability through multiple interacting mechanisms beyond its effects on CEC and pH. Direct nutrient additions occur
when biochar contains substantial concentrations of plant-available nutrients, particularly potassium, calcium, magnesium, and micronutrients that
are concentrated during pyrolysis (Lehmann & Joseph, 2015). These nutrients may be immediately available or released gradually through
weathering and dissolution processes, providing slow-release fertilizer effects. Biochar's porous structure and high surface area enable adsorption
of both cationic and anionic nutrients, reducing leaching losses while maintaining nutrients in plant-available forms (Gai et al., 2014; Yao et al.,
2012). For phosphorus specifically, biochar effects on availability depend on complex interactions between pH changes, surface adsorption, and
precipitation reactions, with outcomes varying substantially depending on biochar properties, soil characteristics, and phosphorus source
(Ghodszad et al., 2021; Gul & Whalen, 2016). Enhanced mycorrhizal colonization facilitated by biochar's porous structure may improve
phosphorus acquisition, particularly in low-phosphorus tropical soils (Hammer et al., 2014; Vanek & Thies, 2011). These multifaceted nutrient
effects position biochar as a component of integrated nutrient management rather than a simple fertilizer replacement.

Table 3: Biochar Effects on Soil Chemical Properties in Rice Systems

Property Average Change Range Mechanism Persistence (years)
Soil pH +0.3 to +0.8 units +0.1to +1.5 Alkaline ash, carbonates >5

Soil organic 425 to +45% +15 to +80% Direct C addition >10

carbon (SOC)

Cation +20 to +40% +10 to +70% Surface oxidation, functional groups Progressive increase
exchange

capacity

(CEC)

Available +15 to +35% -5 to +60% pH effects, surface adsorption 3-5

phosphorus

Exchangeable +20 to +50% +10 to +80% Direct K addition, reduced leaching 2-4

potassium

Exchangeable +25 to +45% +15 to +70% Direct Ca addition from biochar 3-5

calcium

Available -5t0 +15% -20 to +35% Complex: retention vs immobilization Variable

nitrogen

Sources: Guo et al. (2020), Liang et al. (2006), Bai et al. (2019), Yuan et al. (2011)

2.3 Effects on Soil Biological Properties

Biochar amendment substantially influences soil biological communities and processes through multiple direct and indirect mechanisms, with
cascading effects on nutrient cycling, disease suppression, and overall soil health. The highly porous structure of biochar provides extensive surface
area and protected microhabitats that support enhanced microbial colonization and activity (Lehmann et al., 2011; Quilliam et al., 2013). Biochar
pores ranging from nanometers to hundreds of micrometers offer refugia where microorganisms can escape predation, desiccation, and other
environmental stresses while accessing dissolved nutrients in pore water. This "charosphere" effect creates localized hotspots of microbial activity
surrounding biochar particles, with microbial abundance in the immediate vicinity of biochar surfaces often exceeding that in bulk soil by one to
two orders of magnitude (Joseph et al., 2010; Quilliam et al., 2013).

Biochar effects on total microbial biomass vary substantially across studies, with meta-analytical evidence indicating modest average increases of
10-20% but considerable variability depending on biochar properties, soil type, and time since application (Kerner et al., 2023). Fresh biochar may
initially stimulate microbial activity through provision of labile carbon compounds and nutrients, though this effect typically diminishes within
weeks to months as readily available substrates are consumed (Luo et al., 2011). Longer-term effects on microbial biomass appear to reflect
primarily indirect mechanisms including improved soil physical conditions, enhanced nutrient availability, and provision of habitat rather than
biochar serving as a direct microbial substrate. The recalcitrant aromatic structure of biochar renders it largely resistant to microbial decomposition,
though slow oxidation and breakdown do occur over decadal timescales (Zimmerman, 2010; Kuzyakov et al., 2014).

Microbial community composition shifts substantially following biochar amendment, with implications for nutrient cycling and other ecosystem
functions. Meta-analysis encompassing 56 studies demonstrates that biochar application consistently increases bacterial abundance relative to
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fungi, alters the relative proportions of major bacterial phyla, and influences functional gene abundances related to nitrogen cycling, methane
metabolism, and organic matter decomposition (Kerner et al., 2023; Chen et al., 2013). The magnitude and direction of community shifts depend
strongly on biochar properties, particularly pH and volatile organic compound content, with high-pH biochars favoring bacteria over fungi and
potentially suppressing certain fungal pathogens (Kolton et al., 2017). In rice paddy systems specifically, biochar amendment influences
populations of methanogens and methanotrophs with direct implications for methane emissions, as discussed in detail in Section 5.1. Recent studies
employing advanced molecular techniques reveal that biochar effects extend beyond simple shifts in taxonomic composition to influence functional
potential, with altered expression of genes involved in nitrogen fixation, nitrification, denitrification, and phosphorus solubilization (Tang et al.,
2024; Qi et al., 2023).

Biochar influences nutrient cycling processes through both direct effects on microbial communities and indirect effects mediated by changes in
soil physicochemical properties. Nitrogen mineralization and immobilization dynamics respond to biochar amendment in complex and sometimes
contradictory ways depending on biochar C:N ratio, native soil fertility, and nitrogen fertilizer management (Liu et al., 2018; Liu et al., 2016).
High C:N biochars may temporarily immobilize nitrogen through stimulation of microbial growth, while low C:N biochars or those enriched with
nitrogen can enhance nitrogen availability. Biochar's effects on nitrification and denitrification, key processes determining nitrogen retention and
gaseous losses, depend on complex interactions between pH changes, oxygen availability, substrate supply, and microbial community composition
(Cayuela et al., 2015; Nelissen et al., 2014). Phosphorus solubilization by specialized bacteria and mycorrhizal fungi may be enhanced by biochar's
provision of habitat and favorable pH conditions, potentially improving phosphorus availability in low-phosphorus tropical soils (Hossain et al.,
2020; Hammer et al., 2014). These biological effects on nutrient cycling complement biochar's direct physicochemical effects, contributing to
improved nutrient use efficiency and reduced environmental losses.

2.4 Interactions with Soil Microbial Communities in Paddy Systems

Rice paddy soils represent unique environments characterized by alternating aerobic and anaerobic conditions, waterlogging during much of the
growing season, and distinctive microbial communities adapted to these fluctuating redox conditions. Biochar effects on paddy soil microbiology
differ in important respects from upland systems due to these distinctive conditions. Under flooded conditions, biochar influences the vertical
distribution of redox zones, potentially expanding the oxidized surface layer and creating oxidized microsites within the predominantly anaerobic
soil matrix (Feng et al., 2012). These oxidized zones support aerobic and facultatively anaerobic microorganisms whose metabolic activities
influence nutrient transformations and greenhouse gas production.

Methanogenic archaea, responsible for methane production under anaerobic conditions, respond substantially to biochar amendment through
multiple mechanisms. Biochar application consistently reduces methanogen abundance, as quantified through quantification of the methyl
coenzyme M reductase (mcrA) gene, by 20-40% on average across multiple studies (Ma et al., 2025; Feng et al., 2012). This reduction reflects
both direct inhibition through altered pH and redox conditions and indirect effects through competition for substrates and electron acceptors.
Concurrently, methanotrophic bacteria responsible for methane oxidation increase in abundance by 30-50% following biochar amendment, as
evidenced by increased copy numbers of the particulate methane monooxygenase (pmoA) gene (Ma et al., 2025). This dual effect—reduced
methane production coupled with enhanced methane oxidation—contributes to the substantial methane emission reductions consistently observed
in biochar-amended paddy systems, as discussed in detail in Section 5.1.

Biochar amendment also influences the pathways and substrates of methanogenesis in paddy soils. Methanogenesis can proceed through three
primary pathways: acetoclastic methanogenesis utilizing acetate, hydrogenotrophic methanogenesis utilizing H. and CO2, and methylotrophic
methanogenesis utilizing methyl compounds. Studies employing stable isotope techniques and functional gene analysis demonstrate that biochar
amendment often shifts the dominant methanogenesis pathway from acetoclastic toward hydrogenotrophic, with implications for overall methane
production rates (Feng et al., 2012; Liu et al., 2011). This shift may reflect biochar's adsorption of acetate, its effects on fermentation processes
that generate methanogenic substrates, or changes in the relative competitive abilities of different methanogen functional groups under biochar-
modified conditions.

Iron-reducing bacteria, which play critical roles in nutrient cycling and redox processes in paddy soils, also respond to biochar amendment. Biochar
can serve as an electron shuttle facilitating microbial iron reduction, potentially enhancing iron availability for plant uptake and influencing the
cycling of nutrients and contaminants associated with iron minerals (Kliipfel et al., 2014). Enhanced iron reduction may contribute to improved
phosphorus availability through reductive dissolution of iron-phosphate minerals, though this effect depends on complex interactions between
biochar properties, soil iron content, and redox dynamics. The implications of biochar-mediated changes in iron cycling for plant nutrition, methane
production, and arsenic mobilization remain active areas of investigation with important practical implications for paddy rice production.
Rhizosphere microbial communities, which directly influence plant nutrient acquisition, growth promotion, and disease resistance, respond
distinctively to biochar amendment. Recent studies employing high-throughput sequencing reveal that biochar enriches beneficial bacterial taxa
in rice rhizospheres, including plant growth-promoting rhizobacteria with nitrogen fixation, phosphorus solubilization, and phytohormone
production capabilities (Li et al., 2024; Tang et al., 2024). These rhizosphere effects may contribute to improved nutrient acquisition efficiency
and enhanced stress tolerance beyond biochar's direct physicochemical effects on soil properties. The potential for biochar to serve as a carrier or
inoculant for beneficial microorganisms represents an emerging research frontier with promising applications for integrated soil health
management in rice systems.

License: This is an open access article under the CC BY 4.0 license: https://creativecommons.org/licenses/by/4.0/

Corresponding Author: Funchious Paul Mensah Page 154 | 184


https://doi.org/10.65150/EP-jnsrr/V1E6/2025-02
https://creativecommons.org/licenses/by/4.0/

J. Nat. Sci. Res. Rev. 01(06)2025, PP-148-184, DOI: 10.65150/EP-jnsrr/V1E6/2025-02

(A) Blochar Effects on Key Parameters (B) Application Rate vs, Yield Response

®w ‘.+s +25%
- — T '
ll 3 f\ +21%
| 1,
+ 1~

P

- |

. 12%

Mean % Change vs. Cantrol
-
Rice Yield Increase (%)

Grals =oC CEC N U Wty Larw Modtis Hgh
Vool Moy Fertaartin 1<10 Yha) 110-2G tiha) [>30 tiha)

(C) Feedstock lype Effects (D) Long-term Cumulative Effects

B el incrense == Yinkl increnss (%)
B SO lmcreese il SOC Increase (%)

Mean % Change
Cumulative % Change

Woot Manuoo ] 2

2 3 ]
Tted Years After Application

Axo
Thusk

Strw

Figure 2. Synthesis of biochar effects on rice production parameters and soil properties based on global field trials (2014-2025).

(A) Mean percentage changes in grain yield, soil organic carbon (SOC), cation exchange capacity (CEC), nitrogen use efficiency, and water
retention compared to control treatments (n = 210 studies). Error bars represent standard errors. (B) Rice yield response as a function of
biochar application rate, showing optimal benefits at medium to high application rates. (C) Comparative effects of different feedstock types
on yield and SOC increases, with rice husk and wood-based biochars showing stronger SOC accumulation. (D) Cumulative long-term effects
over five years, demonstrating sustained and increasing benefits for both yield and SOC with time. Data synthesized from meta-analyses and
multi-year field experiments across tropical and temperate rice systems.

3. AGRONOMIC OUTCOMES: BIOCHAR EFFECTS ON RICE PRODUCTIVITY

3.1 Global Meta-Analyses of Yield Responses

Comprehensive meta-analyses synthesizing results from hundreds of field experiments worldwide provide robust evidence that biochar amendment
generally increases rice yields, though with substantial variability depending on management and environmental contexts. The most comprehensive
meta-analysis conducted by Jeffery et al. (2017), encompassing 114 independent studies with 371 treatment comparisons, reports an overall mean
yield increase of 10.3% (95% confidence interval: 6.7-13.9%) across all crop types, with rice showing particularly strong positive responses
averaging 14.2% yield increase. This meta-analysis identifies several key moderating factors including biochar application rate, soil texture, soil
pH, and nitrogen fertilizer management, with larger yield responses observed at higher application rates (>20 t/ha), in acidic soils (pH <5.5), in
coarse-textured soils, and when biochar is combined with mineral fertilizers rather than applied alone.

A more recent meta-analysis by Liu et al. (2013) specifically targeting rice systems synthesized results from 154 field experiments across Asia,
finding an average yield increase of 11.8% (95% CI: 8.3-15.3%) with biochar amendment. This analysis revealed important differences between
paddy and upland rice systems, with lowland paddy rice showing larger average responses (13.5%) than upland rice (8.7%), potentially reflecting
biochar's beneficial effects on nutrient retention and methane mitigation under flooded conditions. The Liu et al. (2013) meta-analysis also
documented substantial geographic variation, with tropical and subtropical sites showing larger average responses than temperate sites, consistent
with biochar providing greater relative benefits in highly weathered tropical soils with inherently low nutrient retention capacity.

Yuan et al. (2024) conducted a targeted meta-analysis examining synergistic interactions between biochar and nitrogen fertilizer in rice systems,
synthesizing 154 studies comparing biochar applied alone versus biochar combined with nitrogen fertilizer. This analysis demonstrated that
combined biochar-nitrogen applications increased yields by 18.3% on average compared to nitrogen fertilizer alone, substantially larger than the
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7.2% increase observed with biochar alone without nitrogen fertilizer. These results underscore that biochar functions most effectively as a
component of integrated nutrient management rather than as a standalone amendment, with biochar enhancing nitrogen use efficiency through
reduced leaching and volatilization losses. The meta-analysis further revealed that optimal nitrogen rates could be reduced by 20-30% when
combined with biochar while maintaining equivalent yields, offering potential for improved economic returns and reduced environmental impacts.
Zhang et al. (2023) conducted the most comprehensive recent meta-analysis examining environmental and management moderators of biochar
effects on crop yields and soil carbon, synthesizing 1,475 observations from 267 publications. This analysis employed machine learning approaches
to identify complex interactions among multiple factors, revealing that biochar effects are most positive in warm climates with acidic soils receiving
moderate nitrogen fertilizer rates. The analysis documented substantial effect heterogeneity, with individual studies reporting yield responses
ranging from -15% to +45%, emphasizing the context-dependency of biochar effects and the importance of site-specific calibration. Importantly,
this meta-analysis found no evidence of declining biochar effects over time, with long-term studies (>5 years) showing sustained yield benefits
comparable to short-term studies, supporting biochar's potential for lasting agronomic value.

3.2 Field Evidence from Asian Rice Systems

Field studies conducted across diverse Asian rice production systems provide detailed insights into biochar performance under realistic farming
conditions, complementing meta-analytical syntheses with context-specific information on optimal application strategies and integration with local
management practices. In China, which hosts the majority of biochar-rice field research, multi-year studies demonstrate consistent yield
improvements of 8-22% when biochar is integrated with conventional fertilizer management (Rong et al., 2023; Ning et al., 2022). A particularly
informative five-year study in acid paddy fields of southern China reported that rice straw biochar applied at 20 t/ha increased rice yields by 15%
on average across five growing seasons, with sustained effects showing no decline over the study period (Rong et al., 2023). Soil analyses revealed
progressive improvements in soil organic carbon, available phosphorus, and exchangeable potassium throughout the study period, alongside
enhanced soil microbial biomass and enzyme activities. Importantly, this study demonstrated that nitrogen fertilizer rates could be reduced by 25%
when combined with biochar without yield penalty, offering both economic and environmental benefits.

Southeast Asian field studies provide evidence particularly relevant to Ghana's tropical conditions. In Thailand, a multi-season study by Somboon
et al. (2024) examined rice husk biochar effects in intensive lowland rice systems, reporting yield increases of 12-18% across three growing seasons
alongside substantial methane emission reductions. The study documented that biochar effects were most pronounced during seasons with water
stress, suggesting particular value for improving resilience to rainfall variability. In Vietnam, Vu and Tran (2023) conducted on-farm trials across
40 smallholder farms, finding that locally produced rice straw biochar increased yields by an average of 14% while reducing fertilizer costs by
30% through improved nutrient retention. Importantly, this study demonstrated feasibility of decentralized biochar production using low-cost drum
kilns, with participating farmers reporting positive perceptions of biochar benefits and willingness to continue use beyond the trial period.
Malaysian and Indonesian studies provide additional tropical evidence with direct relevance to West African conditions. Sang et al. (2021)
examined rice husk biochar effects in Malaysian lowland rice systems, reporting yield increases of 16-24% across two growing seasons when
biochar was combined with reduced nitrogen fertilizer rates. Soil analyses revealed that biochar substantially reduced nitrogen leaching losses,
improving nitrogen use efficiency by 28%. In Indonesia, Sipayung et al. (2018) conducted multi-location trials across diverse paddy environments,
finding positive yield responses at all locations but with substantial variation (8-28% yield increase) depending on soil properties and water
management. This study identified soil texture and base saturation as key factors influencing biochar effectiveness, with largest benefits in sandy
soils and soils with low base saturation, consistent with meta-analytical findings.

Indian rice systems, which face similar challenges to West African systems including variable rainfall, degraded soils, and resource-constrained
smallholders, provide particularly relevant evidence. Singh et al. (2018) conducted multi-season trials in rain-fed lowland rice systems of eastern
India, examining rice husk biochar combined with various organic and mineral amendments. The study reported that biochar combined with
farmyard manure and reduced mineral fertilizer rates increased yields by 19% on average across three seasons, substantially outperforming any
single amendment applied alone. Economic analysis revealed favorable benefit-cost ratios of 2.1-2.7 over three seasons, supporting economic
viability for smallholder adoption. Farmer participatory evaluations indicated strong interest in biochar technology, particularly when integrated
with locally available organic resources rather than requiring purchased inputs.

3.3 Limited Evidence from African Rice Systems

Research on biochar applications in African rice systems remains critically limited compared to Asian systems, though emerging studies provide
encouraging preliminary evidence alongside identification of key knowledge gaps. In Ghana specifically, MacCarthy et al. (2020) conducted the
most comprehensive biochar-rice study to date, examining rice husk biochar effects in irrigated lowland rice systems in northern Ghana. This two-
season study reported yield increases of 18-25% when biochar was applied at 15 t/ha combined with reduced nitrogen fertilizer rates. Detailed soil
analyses revealed substantial improvements in soil organic carbon (increasing from 1.2% to 1.7%), available phosphorus (increasing from 8.5 to
11.5 mg/kg), exchangeable potassium (increasing from 0.18 to 0.23 cmol/kg), and nitrogen recovery efficiency (increasing from 32% to 40%).
Economic analysis indicated favorable returns with biochar production costs of $150-200 per ton using simple drum kilns, application costs of
$50-75 per hectare at 10 t/ha rates, and benefit-cost ratios of 1.8-2.4 over four years with payback periods of 2-3 seasons. However, the study
acknowledged limitations including short duration, single-location focus, and lack of information on long-term persistence of benefits under
Ghanaian conditions.

Additional Ghana studies have examined biochar in upland rice and rice-legume systems. Frimpong-Manso et al. (2022) investigated biochar
effects in rice-cowpea intercropping systems, finding that biochar improved yields of both crops while enhancing soil fertility and water retention.
Aboagye et al. (2022) examined biochar in rain-fed lowland rice systems of northern Ghana, reporting positive yield responses but substantial
variability across seasons depending on rainfall distribution. These studies underscore biochar's potential for improving resilience to water stress,
a critical consideration for rain-fed systems. Iboko et al. (2025) recently examined biochar in no-till lowland rice systems, finding that biochar
facilitated adoption of reduced tillage practices by improving soil structure and reducing weed pressure.
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Evidence from other West African countries remains sparse but generally supportive. In Nigeria, Oladele et al. (2019) examined rice husk biochar
in rain-fed rice systems, reporting yield increases of 15-20% alongside improved soil properties. In Senegal and The Gambia, Bebeley et al. (2021)
conducted trials in inland valley rice systems, finding that biochar combined with mineral fertilizers improved yields while enhancing soil carbon
sequestration. Partey et al. (2016) examined biochar in legume-rice rotations across multiple West African countries, demonstrating that biochar
enhanced nitrogen fixation by legumes and improved subsequent rice crop performance.

Despite these encouraging preliminary results, substantial knowledge gaps constrain confident recommendations for biochar adoption in Ghanaian
rice systems. Critical gaps include lack of long-term field studies documenting persistence of biochar effects over multiple years, limited
information on optimal application rates and reapplication frequencies for Ghanaian soils, insufficient economic analyses accounting for local
production costs and market conditions, and lack of studies examining biochar integration with existing soil fertility management practices
including organic amendments and microbial inoculants. Geographic coverage remains limited, with most studies concentrated in northern Ghana
while coastal and inland valley systems remain understudied. These knowledge gaps underscore the need for expanded, long-term, multi-location
research programs as discussed in Section 9.

3.4 Biochar Effects Across Rice Production Systems

Rice production systems exhibit substantial diversity in water management, soil conditions, and agronomic practices, with implications for biochar
effectiveness and optimal application strategies. Lowland paddy rice systems, characterized by prolonged flooding and anaerobic soil conditions,
represent the dominant rice production system globally and in Ghana. In these systems, biochar provides multiple complementary benefits
including improved water retention that buffers against drought stress during dry phases, enhanced nutrient retention reducing leaching losses
during flooding and drainage cycles, improved soil structure facilitating field preparation and root growth, increased cation exchange capacity
improving nutrient availability, methane emission reductions through effects on microbial communities and redox conditions, enhanced iron
availability through redox effects, and better drainage during field drying phases facilitating harvest operations.

Field evidence indicates that biochar effects in lowland systems are most pronounced when combined with improved water management practices,
particularly alternate wetting and drying (AWD) irrigation. Several studies demonstrate synergistic interactions between biochar and AWD, with
combined implementation producing larger yield increases and environmental benefits than either practice alone (Haque et al., 2022; Materu et
al., 2023). This synergy likely reflects biochar's enhancement of soil water retention capacity, which buffers against water stress during AWD
drying phases, alongside complementary effects on methane emissions and nutrient dynamics. In Ghanaian contexts where AWD adoption remains
limited, biochar's potential to facilitate AWD implementation while maintaining or improving yields deserves particular research attention.
Upland rice systems, characterized by aerobic soil conditions throughout the growing season, exhibit somewhat different responses to biochar
amendment compared to lowland systems. Meta-analytical evidence suggests that upland rice shows positive but generally smaller average yield
responses to biochar (8-12%) compared to lowland rice (12-16%), though substantial variability exists across studies (Liu et al., 2013; Jeffery et
al., 2017). In upland systems, biochar's benefits derive primarily from improved water retention capacity, enhanced nutrient retention reducing
leaching losses, improved soil structure and aggregation, increased cation exchange capacity, and reduced soil acidity through liming effects. The
absence of prolonged flooding eliminates biochar's methane mitigation benefits in upland systems, though nitrous oxide emissions may be reduced
through effects on nitrification and denitrification processes.

Rain-fed lowland rice systems, which experience intermittent flooding depending on rainfall patterns, represent an intermediate category
combining features of both lowland and upland systems. These systems, which dominate rice production in much of inland valley areas of Ghana,
may benefit particularly from biochar's water retention effects that buffer against variable rainfall and extended dry spells. Field studies in rain-
fed lowlands demonstrate that biochar effects are most pronounced during seasons with below-average rainfall, with smaller or negligible effects
during seasons with adequate rainfall (Aboagye et al., 2022). This pattern suggests that biochar provides particular value for improving resilience
and reducing yield variability rather than simply increasing average yields, an important consideration for risk-averse smallholder farmers.

3.5 Effects on Grain Quality and Nutritional Parameters

Biochar effects on rice grain quality represent an important but understudied dimension with implications for market value, nutritional security,
and food safety. Limited available evidence indicates that biochar generally maintains or modestly improves grain quality parameters including
protein content, amylose content, and milling quality, though effects vary substantially depending on biochar properties, application rates, and
interactions with nutrient management (He et al., 2023). Several studies report modest increases in grain protein content (2-8% relative increase)
with biochar amendment, likely reflecting improved nitrogen availability and uptake efficiency (Ning et al., 2022; Rong et al., 2023). However,
excessive biochar application rates or imbalanced nutrient management can negatively affect grain quality, underscoring the importance of
integrated nutrient management approaches.

Heavy metal accumulation in rice grain represents a critical food safety concern, particularly in regions with contaminated soils or irrigation water.
As discussed in detail in Section 6, biochar can substantially reduce uptake of cadmium, arsenic, and other toxic metals into rice grain through
multiple mechanisms including increased soil pH, enhanced metal adsorption and precipitation, and altered metal speciation and bioavailability.
Studies in contaminated paddy soils demonstrate that biochar amendment can reduce grain cadmium concentrations by 20-50% and grain arsenic
concentrations by 15-40%, potentially bringing contaminated sites into compliance with food safety standards (Chen et al., 2024; Mabagala et al.,
2024; Mandal et al., 2024). These food safety benefits may provide particularly strong justification for biochar adoption in areas with known soil
contamination, though careful characterization of biochar properties and application rates is essential to ensure effectiveness.

Micronutrient content in rice grain, particularly iron and zinc concentrations, represents an important nutritional quality parameter given
widespread micronutrient deficiencies in populations heavily dependent on rice consumption. Biochar effects on grain micronutrient content
remain poorly characterized, with limited and sometimes contradictory evidence. Some studies report modest increases in grain iron and zinc
content with biochar amendment, potentially reflecting improved micronutrient availability through pH effects and enhanced microbial
solubilization (Hossain et al., 2020). However, other studies find no significant effects or even modest decreases, possibly due to dilution effects
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if yield increases outpace micronutrient uptake. The net impact of biochar on micronutrient nutrition likely depends on complex interactions
between soil micronutrient status, biochar properties, and management practices, warranting systematic investigation.

Cooking quality parameters including gelatinization temperature, gel consistency, and sensory properties represent important market quality
attributes that influence consumer acceptance and price premiums. Very limited research has examined biochar effects on these parameters, with
available studies generally reporting no significant negative effects on cooking quality at moderate biochar application rates (Singh et al., 2018).
However, systematic evaluation of cooking quality across diverse biochar types, application rates, and rice varieties remains a research gap that
should be addressed before large-scale adoption recommendations, particularly for premium rice markets where quality specifications are stringent.

4. WATER MANAGEMENT: BIOCHAR INTERACTIONS WITH IRRIGATION PRACTICES

4.1 Alternate Wetting and Drying (AWD) Principles and Adoption

Alternate wetting and drying (AWD) represents a water-saving irrigation technique that involves periodic drainage of paddy fields rather than
maintaining continuous flooding throughout the growing season. Under AWD management, fields are allowed to dry to a specified soil water
tension (typically 10-15 kPa at 15 cm depth) before re-flooding, creating cycles of aerobic and anaerobic conditions rather than continuous
anaerobic conditions characteristic of conventional flooded management (Lampayan et al., 2015). AWD has been demonstrated across numerous
studies to reduce irrigation water requirements by 15-30% while maintaining or modestly increasing yields, alongside substantial reductions in
methane emissions due to periodic soil aeration that inhibits methanogenic activity (Carrijo et al., 2017). Despite these demonstrated benefits,
AWD adoption remains limited in many rice-producing regions including Ghana, constrained by infrastructure requirements, knowledge gaps,
perceived risks, and concerns about yield penalties under suboptimal implementation.

The physiological basis for AWD's water-saving benefits without yield penalty derives from rice plants' ability to maintain adequate water status
through root water uptake even when fields are not flooded, provided that soil water potential does not decline to levels causing severe water stress.
Rice root systems adapt to AWD management through increased root depth and density, enhanced root acrenchyma development, and altered root
architecture that improves water and nutrient acquisition under intermittently aerobic conditions (Kato et al., 2009). However, successful AWD
implementation requires careful monitoring of soil water status to avoid excessive drying that can reduce yields, particularly during critical growth
stages including panicle initiation, flowering, and grain filling when rice is most sensitive to water stress. The need for field-level water control
infrastructure and soil moisture monitoring represents a significant adoption barrier in many smallholder systems including those in Ghana.
Biochar's potential to facilitate AWD adoption and improve AWD performance represents an important synergy with practical implications for
water-scarce rice systems. Biochar's enhancement of soil water retention capacity, as discussed in Section 2.1, can buffer against excessive soil
drying during AWD drainage phases, reducing the risk of yield-limiting water stress and extending the safe duration of drainage periods. This
buffering effect may be particularly valuable in systems with limited infrastructure for precise water control, where farmers may be reluctant to
adopt AWD due to concerns about uncontrolled excessive drying. Additionally, biochar's effects on soil structure and aggregation can improve
drainage during re-flooding phases and reduce soil compaction during field traffic on partially dried soils, facilitating field management operations
under AWD.

4.2 Synergistic Effects of Biochar and AWD

Emerging field evidence demonstrates substantial synergistic interactions between biochar amendment and AWD irrigation management, with
combined implementation producing agronomic and environmental benefits exceeding the sum of individual effects. A comprehensive three-
season study in Malaysian paddy systems by Haque et al. (2022) directly compared biochar alone, AWD alone, and combined biochar-AWD
treatments against conventional continuous flooding management. The study found that biochar alone increased yields by 11% and reduced
methane emissions by 18%, while AWD alone increased yields by 8% and reduced methane emissions by 24%. However, combined biochar-AWD
implementation increased yields by 23% and reduced methane emissions by 46%, demonstrating clear synergy beyond additive effects. The
combined treatment maintained yields equivalent to continuous flooding without biochar while reducing irrigation water requirements by 25%
and improving water use efficiency by 35%. Soil property analyses revealed that biochar-AWD combinations enhanced soil properties including
pH, cation exchange capacity, and organic carbon more than either practice alone, while also increasing nitrogen and phosphorus use efficiency
by 18-22%.

A recent study by Materu et al. (2023) examined interactions between acid-modified biochar and AWD in East African paddy systems, finding that
biochar amendment substantially reduced phosphorus leaching losses under AWD management. The study documented that AWD without biochar
increased phosphorus leaching by 35% compared to continuous flooding due to enhanced phosphorus mobilization during aerobic phases, but
biochar amendment reduced phosphorus leaching by 45% compared to continuous flooding while enhancing soil phosphorus retention capacity
by 35%. The combined treatment maintained plant phosphorus uptake equivalent to continuous flooding while improving phosphorus use
efficiency by 28%. These findings suggest that biochar may help address nutrient management challenges associated with AWD adoption,
potentially facilitating more widespread implementation.

Mechanistic understanding of biochar-AWD synergies remains incomplete but likely involves multiple complementary processes. Biochar's water
retention effects buffer against excessive soil drying during drainage phases, maintaining more favorable soil moisture conditions for root activity
and nutrient uptake. Enhanced soil aggregation and structure under biochar amendment may improve oxygen diffusion during aerobic phases while
maintaining adequate water retention, optimizing the balance between aeration and water supply. Biochar's effects on microbial communities,
particularly enhanced populations of methanotrophic bacteria, may be amplified under AWD's alternating redox conditions that create favorable
environments for methane oxidation. Enhanced nutrient retention by biochar may be particularly valuable under AWD where alternating aerobic-
anaerobic conditions can accelerate nutrient transformations and losses. These multiple synergistic mechanisms position combined biochar-AWD
implementation as a promising integrated approach for sustainable rice intensification.
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4.3 Evidence from Field Studies

Field studies examining biochar effects under different water management regimes provide practical insights into optimal integration strategies
and expected outcomes. In addition to the Malaysian and East African studies discussed above, Chinese research has extensively examined biochar-
water management interactions. Lai et al. (2022) conducted a two-year field study comparing biochar effects under continuous flooding, AWD,
and saturated soil culture (maintaining soil saturation without standing water). The study found that biochar increased yields under all water
regimes but with largest absolute yield increases under AWD (18% yield increase) compared to continuous flooding (12%) or saturated culture
(14%). Importantly, biochar eliminated the modest yield penalty (approximately 5%) sometimes observed with AWD alone, enabling full
realization of AWD's water-saving benefits without yield compromise. Water use efficiency, calculated as grain yield per unit irrigation water
applied, improved by 42% with combined biochar-AWD compared to continuous flooding without biochar.

Studies examining biochar effects on soil water dynamics under field conditions provide mechanistic insights into water management interactions.
Wisethaksorn et al. (2020) conducted detailed soil moisture monitoring in organic rice systems, documenting that biochar amendment increased
plant-available water capacity by 18% and extended the duration of adequate soil moisture following irrigation or rainfall events by 2-3 days on
average. This extended water availability translated to reduced irrigation frequency requirements and improved drought resilience during dry
spells. Importantly, biochar effects on water retention were most pronounced in sandy loam soils compared to clay loam soils, suggesting that soil
texture should inform biochar application strategies for water management objectives.

Research examining biochar effects on rice water use efficiency and drought tolerance provides additional evidence for water management benefits.
Several greenhouse and field studies demonstrate that biochar amendment improves plant water status during water stress periods, as evidenced
by higher leaf water potential, reduced stomatal closure, and maintained photosynthetic rates compared to unamended controls under equivalent
water limitation (Vu & Tran, 2023; Somboon et al., 2024). These physiological benefits translate to improved grain filling and reduced yield losses
during drought stress, particularly during critical reproductive stages. The magnitude of drought protection varies substantially depending on
biochar properties, application rates, and severity of water stress, with most pronounced benefits under moderate water stress and diminishing
benefits under severe prolonged drought.

4.4 Research Gaps and Priorities for Ghana

Despite encouraging evidence for biochar-AWD synergies, substantial knowledge gaps constrain confident recommendations for Ghanaian
contexts. Critical research priorities include field trials examining biochar effects under AWD management in Ghanaian paddy systems across
multiple seasons and locations, evaluation of biochar's potential to facilitate AWD adoption in systems with limited water control infrastructure,
assessment of biochar effects on water use efficiency under rain-fed lowland conditions with variable water availability, examination of biochar-
water management interactions across Ghana's diverse soil types and agro-ecological zones, and economic analyses comparing costs and benefits
of biochar-AWD implementation versus conventional water management. The potential for biochar to enable water-saving practices while
maintaining or improving yields offers particular promise for improving resilience to increasing water scarcity and rainfall variability under climate
change scenarios, warranting prioritized research investment.

A. Methane Emissions B, Net GHG Impact

%0
00
150

100

3

CHs Emissions
(kg CHs-C/ha/season)

Contvous AW Conmtinuoos Mo Wochnr Hlochar
Fooding Only Hooad Only only ‘
C. GPETR Yield D. If¥i§dtion Water Wi

o

o

i s ~22%
R
z 3
g ?
1 3
8
Cantrwous Mochan Continusonrs [T BIOL v
Fasodeg Only Onty . Moo rag Only Onty ‘
E. SyNEFYY Analysis: Observed vs Expectdd Additive Effects Corroll WD
— AWD Ondy

"0

_— o har Ovvry
T o 4 AWD [Oiserved)
#r Eapected (Auctive)

Syneiyy

Z

GG Aeaactian Water Savings Yiolt! Mcrease GHG »immity
) N ) Regaction (')

/A

Figure 3: Conceptual diagram showing synergistic effects of biochar and AWD on soil water dynamics, nutrient retention, methane
emissions, and rice productivity
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Multi-panel comparison of four water management and amendment treatments: continuous flooding without biochar (control), AWD alone,
biochar alone, and combined biochar + AWD. Panel A shows methane (CH4) emissions in kg CH+-C per hectare per season, with percentage
reductions relative to control indicated above bars. Panel B displays global warming potential (GWP) in tons CO:-equivalents per hectare per
season, accounting for both CH+ and N:O emissions. Panel C presents rice grain yield in tons per hectare, with percentage changes relative to
control. Panel D shows total irrigation water use in millimeters per season. Panel E provides synergy analysis comparing observed combined
effects (green bars) against expected additive effects (gray hatched bars) calculated as the sum of individual treatment effects, for four key metrics:
GHG reduction, water savings, yield increase, and GHG intensity reduction. Red arrows and annotations indicate synergies where observed effects
exceed expected additive effects. The combined biochar + AWD treatment achieves 46% reduction in methane emissions (compared to 22% for
biochar alone and 26% for AWD alone), 26% water savings, 23% yield increase, and 51% reduction in GHG intensity (emissions per unit grain
produced). Results demonstrate clear positive synergies, particularly for GHG intensity reduction where the observed effect (+51%) substantially
exceeds the expected additive effect (+36%), indicating synergy of +15%. Data compiled from Haque et al. (2022), Materu et al. (2023), Lai et
al. (2022), Somboon et al. (2024), and Carrijo et al. (2017).

5. ENVIRONMENTAL BENEFITS: GREENHOUSE GAS MITIGATION AND CARBON SEQUESTRATION

5.1 Methane Emission Reductions

Methane emissions from rice paddies represent a significant component of global greenhouse gas budgets, contributing approximately 10-12% of
total anthropogenic methane emissions and approximately 1.5-2.0% of total anthropogenic greenhouse gas emissions when converted to CO--
equivalents using a 100-year global warming potential (Yan et al., 2009). Rice cultivation's contribution to atmospheric methane derives from the
anaerobic decomposition of organic matter in flooded paddy soils, where methanogenic archaea produce methane as the terminal product of
anaerobic respiration in the absence of more energetically favorable electron acceptors. This methane is released to the atmosphere through three
primary pathways: diffusive flux through floodwater, ebullition (bubbling) from soil, and plant-mediated transport through rice aerenchyma tissue,
with plant-mediated transport typically accounting for 60-90% of total emissions (Butterbach-Bahl et al., 2016). The magnitude of methane
emissions varies substantially depending on water management practices, organic matter inputs, soil properties, and climatic factors, with typical
emission rates ranging from 150 to 400 kg CHa-C per hectare per growing season in continuously flooded systems.

Biochar amendment consistently reduces methane emissions from rice paddies across diverse environmental conditions and management systems,
with meta-analytical evidence indicating average emission reductions of 15-30% and individual studies reporting reductions ranging from 10% to
over 50% depending on biochar properties, application rates, and management contexts (Wang et al., 2023; Somboon et al., 2024). The mechanisms
underlying these emission reductions are multifaceted and incompletely understood but involve both direct effects on methanogenic and
methanotrophic microbial communities and indirect effects mediated through changes in soil physicochemical properties. Biochar's highly porous
structure provides enhanced habitat for methanotrophic bacteria that oxidize methane, with studies documenting 30-50% increases in methanotroph
abundance following biochar amendment as quantified through molecular techniques targeting the particulate methane monooxygenase gene (Ma
et al., 2025; Feng et al., 2012). Concurrently, biochar amendment reduces methanogen abundance by 20-40% on average, likely through multiple
mechanisms including altered pH and redox conditions, substrate competition, and potential direct inhibitory effects of biochar compounds on
methanogenic metabolism.

Biochar influences the pathways and substrates of methanogenesis in ways that affect overall methane production rates. Methanogenesis can
proceed through acetoclastic, hydrogenotrophic, or methylotrophic pathways, with acetoclastic methanogenesis typically dominating in rice paddy
soils. Biochar amendment often shifts the dominant pathway from acetoclastic toward hydrogenotrophic methanogenesis, potentially through
biochar's adsorption of acetate or effects on fermentation processes that generate methanogenic substrates (Feng et al., 2012; Liu et al., 2011). This
pathway shift may reduce overall methane production since hydrogenotrophic methanogenesis typically proceeds at slower rates than acetoclastic
methanogenesis under paddy soil conditions. Additionally, biochar may enhance alternative anaerobic respiration pathways including iron
reduction and sulfate reduction that compete with methanogenesis for substrates and electrons, further reducing methane production.

Field studies from tropical rice systems provide practical evidence for methane mitigation benefits under realistic production conditions. Somboon
et al. (2024) conducted comprehensive greenhouse gas monitoring over three growing seasons in Thailand, documenting that rice husk biochar
applied at 15 t/ha reduced methane emissions by 22% on average, from 285 to 222 kg CHa-C per hectare per season. Concurrently, rice yields
increased by 18%, from 4.8 to 5.7 t/ha, and global warming potential (accounting for both methane and nitrous oxide emissions) decreased by
31%, from 4,850 to 3,350 kg CO.-equivalents per hectare per season. The net climate benefit, accounting for both emission reductions and carbon
sequestration in biochar, amounted to approximately 1,500 kg CO--equivalents per hectare per season. Park et al. (2023) conducted similar
comprehensive monitoring over three years in Korea, finding that biochar combined with rice straw incorporation reduced methane emissions by
18-25% while improving rice productivity by 12-15%. Importantly, this study documented that emission reductions persisted across all three years
without attenuation, supporting sustained climate benefits from single biochar applications.

Mechanistic studies employing molecular techniques provide detailed insights into microbial community responses underlying methane emission
reductions. Ma et al. (2025) combined greenhouse gas flux measurements with quantitative PCR and metagenomic sequencing to characterize
microbial community responses to biochar in Chinese paddy soils. The study documented that biochar amendment reduced methane emissions by
28% while decreasing methanogen abundance by 35% as quantified through the methyl coenzyme M reductase gene, increasing methanotroph
abundance by 45% as quantified through the particulate methane monooxygenase gene, and shifting the dominant methanogenesis pathway from
acetoclastic to hydrogenotrophic based on functional gene profiles. Importantly, the study revealed that biochar effects on microbial communities
developed progressively over the growing season, with maximal effects observed during peak tillering and reproductive stages when methane
emissions are typically highest.
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Ghana-specific evidence for methane mitigation benefits remains limited but preliminary data are encouraging. Boateng et al. (2020) conducted
greenhouse gas monitoring in northern Ghana rice systems, finding that biochar amendment reduced methane emissions by approximately 18%
while maintaining yields equivalent to or slightly higher than unamended controls. However, this study acknowledged methodological limitations
including small sample sizes, infrequent measurement intervals, and single-season duration that constrain confident quantification of mitigation
potential. More rigorous field studies with larger sample sizes, more frequent measurement intervals across multiple seasons, standardized chamber
placement and sampling protocols, and multi-year monitoring to account for inter-seasonal variability represent critical research priorities for
quantifying climate change mitigation potential in Ghanaian contexts.

5.2 Nitrous Oxide Emissions

Nitrous oxide (N20) represents a potent greenhouse gas with a global warming potential approximately 265 times that of carbon dioxide on a 100-
year timescale, alongside its role in stratospheric ozone depletion. Agricultural soils represent the largest anthropogenic source of N>O emissions,
with nitrogen fertilizer application and organic matter decomposition driving production through nitrification and denitrification processes. Rice
paddy systems generally produce lower N2O emissions than upland agricultural systems due to predominantly anaerobic conditions that limit
nitrification, but emissions can be substantial during field drainage periods, following fertilizer application to drained fields, and in systems
employing alternate wetting and drying irrigation (Cayuela et al., 2014; Akiyama et al., 2005).

Biochar effects on nitrous oxide emissions from rice systems exhibit substantial variability across studies, with meta-analytical evidence indicating
modest average reductions of approximately 10-20% but with considerable heterogeneity including some studies reporting increased emissions
(Cayuela et al., 2014; Borchard et al., 2019). This variability reflects complex interactions between biochar properties, soil conditions, nitrogen
management, and water regime. Biochar's effects on nitrification and denitrification, the primary N2O-producing processes, depend on multiple
interacting factors including pH changes that influence microbial community composition and enzyme activities, altered soil aeration that affects
oxygen availability for nitrification and denitrification, changes in nitrogen availability and form that influence substrate supply for N.O-producing
processes, effects on denitrifier community composition and the ratio of N2O to N2 production during denitrification, and potential direct inhibition
or stimulation of nitrifying and denitrifying microorganisms by biochar compounds.

Meta-analysis by Cayuela et al. (2014) specifically examining biochar effects on N2O emissions identified biochar hydrogen-to-carbon (H:C) ratio
as a key predictor of emission responses, with low H:C biochars (produced at high pyrolysis temperatures) more consistently reducing emissions
than high H:C biochars (produced at low temperatures). This pattern likely reflects differences in labile carbon content and microbial substrate
availability, with high H:C biochars potentially stimulating denitrification through provision of labile carbon substrates. The meta-analysis also
revealed that biochar effects on N2O emissions were most negative (i.e., largest emission reductions) in acidic soils where biochar's liming effect
improves conditions for complete denitrification to N2 rather than incomplete denitrification stopping at N2O.

In rice paddy systems specifically, biochar effects on N-O emissions depend critically on water management regime. Under continuous flooding,
N:20 emissions are typically low regardless of biochar amendment due to predominantly anaerobic conditions that limit nitrification. However,
under alternate wetting and drying management or in systems with periodic drainage, biochar amendment can substantially influence N.O
emissions through effects on nitrogen dynamics during aerobic phases (Nelissen et al., 2014). Some studies report that biochar reduces N.O
emissions under AWD through improved nitrogen retention and reduced substrate availability for nitrification and denitrification, while others find
increased emissions potentially due to enhanced microbial activity in biochar-amended soils. This variability underscores the need for context-
specific evaluation of greenhouse gas trade-offs when implementing biochar-AWD combinations.

The net greenhouse gas balance of biochar amendment in rice systems reflects the combined effects on methane and nitrous oxide emissions,
carbon sequestration in biochar, and any changes in carbon dioxide emissions from soil respiration. Most studies report substantial net climate
benefits from biochar amendment, with methane emission reductions and carbon sequestration outweighing any increases in N2O or COz emissions
(Wang et al., 2023; Park et al., 2023). However, comprehensive life cycle assessment accounting for emissions associated with biochar production,
transportation, and application is necessary for complete climate impact evaluation, as discussed in Section 5.4.

5.3 Carbon Sequestration and Soil Carbon Dynamics

Biochar's exceptional stability in soil environments enables long-term carbon sequestration that contributes to climate change mitigation beyond
the temporary storage characteristic of conventional organic amendments. The predominantly aromatic structure of biochar, resulting from thermal
decomposition and condensation reactions during pyrolysis, renders it highly resistant to microbial decomposition (Lehmann et al., 2015). Mean
residence time estimates for biochar in soil range from hundreds to thousands of years depending on biochar properties and environmental
conditions, with meta-analytical evidence indicating that 80-90% of biochar carbon persists in soil for at least 100 years (Wang et al., 2016;
Zimmerman, 2010). This exceptional persistence contrasts sharply with conventional organic amendments such as crop residues or manure, which
typically decompose within one to three years, releasing most of their carbon back to the atmosphere as COx.

The mechanisms conferring biochar stability include its highly condensed aromatic structure with extensive carbon-carbon bonding that resists
enzymatic breakdown, physical protection within soil aggregates that limits microbial access, chemical recalcitrance due to the absence of readily
decomposable functional groups, and the formation of organo-mineral associations that further stabilize biochar carbon (Singh et al., 2012).
However, biochar does undergo slow oxidation through both abiotic and biotic processes, progressively introducing oxygen-containing functional
groups on biochar surfaces (Cheng et al., 2008; Zimmerman, 2010). This oxidation process, while gradually degrading biochar structure over
decadal to centennial timescales, also enhances biochar's cation exchange capacity and functionality as a soil amendment, creating a beneficial
trade-off between stability and agronomic value.

Biochar effects on native soil organic matter decomposition, termed priming effects, represent an important consideration for net carbon
sequestration potential. Positive priming, where biochar stimulates decomposition of native soil organic matter, could partially offset carbon
sequestration benefits by accelerating release of soil carbon as CO.. Conversely, negative priming, where biochar protects native soil organic
matter from decomposition, would enhance net carbon sequestration beyond the biochar carbon itself. Meta-analytical evidence indicates that both
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positive and negative priming can occur depending on biochar properties, soil characteristics, and time since application, with short-term positive
priming sometimes observed immediately following biochar application but longer-term effects tending toward neutral or negative priming
(Maestrini et al., 2015; Zimmerman et al., 2011). Most field studies report substantial net increases in total soil carbon stocks despite some positive
priming, indicating that biochar carbon additions exceed any priming-induced losses of native soil carbon.
Quantitative assessment of carbon sequestration potential requires consideration of both the biochar carbon retained in soil and any changes in soil
carbon stocks from priming effects, changes in crop residue inputs due to altered productivity, and modifications to root biomass and
rhizodeposition. Life cycle assessment approaches that account for carbon emissions during biochar production, including any fossil fuel inputs
and emissions from incomplete combustion, are necessary for comprehensive climate benefit evaluation. Meta-analysis by Bai et al. (2019)
synthesizing results from long-term field experiments indicates that biochar amendment increases total soil carbon stocks by an average of 30-
50% at application rates of 10-20 t/ha, with effects persisting for at least 5-10 years in the longest available studies. Accounting for production
emissions, net carbon sequestration potential ranges from 0.5 to 2.0 tons of CO:-equivalent per ton of biochar applied, depending on production
efficiency and biochar stability (Woolf et al., 2010).
5.4 Broader Ecosystem Services and Environmental Benefits
Beyond greenhouse gas mitigation and carbon sequestration, biochar amendment provides multiple additional environmental benefits that
contribute to sustainable agricultural intensification. Water quality improvements represent an important benefit, with biochar reducing nutrient
leaching losses that contribute to eutrophication of surface waters and groundwater contamination. Studies demonstrate that biochar amendment
can reduce nitrogen leaching by 20-40% and phosphorus leaching by 30-50% through enhanced nutrient retention capacity and improved soil
structure (Haider et al., 2017; Yao et al., 2012). These water quality benefits are particularly valuable in intensive rice systems with high fertilizer
application rates and in regions with vulnerable water resources.
Soil biodiversity enhancement represents another important ecosystem service, with biochar's provision of habitat and favorable
microenvironments supporting increased abundance and diversity of beneficial soil organisms. Enhanced populations of nitrogen-fixing bacteria,
phosphorus-solubilizing bacteria, plant growth-promoting rhizobacteria, and mycorrhizal fungi contribute to improved nutrient cycling and plant
health (Lehmann et al., 2011; Quilliam et al., 2013). Increased earthworm populations in biochar-amended soils have been documented in several
studies, with cascading benefits for soil structure and nutrient cycling. These biodiversity benefits contribute to overall soil health and
agroecosystem resilience, though quantitative assessment of ecosystem service values remains challenging.
Erosion control represents an additional benefit particularly relevant to sloping upland rice systems and areas with intense rainfall. Biochar's
enhancement of soil aggregation and structural stability reduces susceptibility to both water and wind erosion, helping to maintain soil resources
and prevent sedimentation of water bodies (Ajayi & Horn, 2016). In paddy systems, improved soil structure can reduce levee erosion and maintain
field infrastructure. Heavy metal immobilization, discussed in detail in Section 6, provides food safety and environmental quality benefits by
reducing metal mobility and bioavailability. These multiple complementary environmental benefits position biochar as a multifunctional
amendment supporting sustainable intensification objectives beyond simple productivity enhancement.
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Figure 5. Carbon sequestration and climate change mitigation potential of biochar amendment in rice paddy systems.

Two-panel analysis of carbon dynamics in biochar-amended rice systems. Panel A compares relative carbon pool sizes between control (gray
bars) and biochar-amended (green bars) systems across five carbon pools: biochar-C (stable, long-term sequestration), soil organic carbon (SOC),
plant biomass, atmospheric CO., and greenhouse gas emissions (CH+ and N:O combined). Values are indexed relative to control conditions, with
change values annotated above bars. Biochar amendment increases stable carbon storage (+40 units in biochar-C pool) and soil organic carbon
(+4 units, representing +22% increase), while reducing atmospheric losses through decreased emissions (-25 units, representing 25% reduction).
Panel B quantifies net climate change mitigation potential over a 5-year period in tons CO:z-equivalents per hectare, showing contributions from
four component processes: biochar carbon sequestration (+14.7 t CO:z-eq/ha, green bar), methane emission reduction (+1.7 t COz-eq/ha, green
bar), soil organic carbon increase (+2.3 t CO:-eq/ha, green bar), and N:O emission increase (-0.2 t COz-eq/ha, red bar representing negative
contribution). The final bar shows net climate benefit (+18.5 t COz-eq/ha over 5 years, equivalent to +3.7 t COz-eq/ha/vear), with cumulative line
(red circles) tracking progressive climate benefit accumulation. This net benefit is equivalent to removing approximately 0.8 passenger vehicles
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from the road per hectare of biochar-amended rice production. Data synthesized from Bai et al. (2019), Wang et al. (2016), Somboon et al. (2024),
Park et al. (2023), and Woolf et al. (2010).

Table 4: Greenhouse Gas Emission Changes with Biochar Amendment in Rice Paddies

Study Location Duration Biochar Rate (t/ha) CHs Change N:0 Change GWP Change Yield Change
(%) (%) (%) (%)

Somboon Thailand 3 seasons 15 22 -8 -31 +18

et al.

(2024)

Park et al. Korea 3 years 20 -18 to -25 +5to +12 -20 +12 to +15

(2023)

Ma et al. China 2 seasons 10 -28 -12 -25 +14

(2025)

Feng et al. China 1 season 20 -31 +8 -22 +16

(2012)

Liu et al. China 1 season 40 -42 +15 -28 +11

(2011)

Boateng et Ghana 1 season 15 -18 Not measured Not calculated +12

al. (2020)

Meta- Global Variable 10-30 -21 -10 -24 +13

analysis

average

GWP = Global Warming Potential (100-year, COz-equivalents)

Key findings:
e  Consistent CHa reductions across all studies
e  Variable N2O responses (some increases, some decreases)
e Net GWP consistently reduced by 20-30%

e  Yield increases offset any negative trade-offs
Sources: Wang et al. (2023), Cayuela et al. (2014), Borchard et al. (2019)

6. HEAVY METAL IMMOBILIZATION AND FOOD SAFETY IMPLICATIONS

6.1 Heavy Metal Contamination in Rice Systems

Heavy metal contamination of rice production systems represents a serious and growing concern for food safety and public health, particularly in
Asia where the majority of global rice production and consumption is concentrated. Cadmium (Cd) and arsenic (As) are of particular concern due
to their high toxicity, bioaccumulation potential, and relatively high mobility in rice paddy environments. Rice exhibits greater capacity for
cadmium uptake and translocation to grain compared to other cereal crops, with grain cadmium concentrations often exceeding food safety
standards even in moderately contaminated soils (Zhao et al., 2015). Arsenic contamination is particularly problematic in rice due to flooded paddy
conditions that promote reduction of arsenate to the more mobile and bioavailable arsenite form, resulting in substantially higher grain arsenic
concentrations in rice compared to upland crops grown in equivalent soils (Bolan et al., 2014).

Sources of heavy metal contamination in rice systems include mining and smelting activities that release metals into soils and water, industrial
effluents discharged into irrigation water sources, atmospheric deposition from industrial emissions and vehicle exhaust, application of
contaminated phosphate fertilizers and organic amendments, and natural geogenic sources in some regions with metal-enriched parent materials
(Zhao et al., 2015). The extent of contamination varies substantially geographically, with particularly severe problems documented in parts of
China, Bangladesh, Thailand, and other Asian countries. While comprehensive data for Ghana and West Africa remain limited, localized
contamination associated with mining activities, industrial zones, and urban agriculture has been documented, warranting attention to food safety
implications and potential mitigation strategies (Bolan et al., 2014).

Health effects of chronic heavy metal exposure through rice consumption include kidney damage and bone disease from cadmium, increased
cancer risk and developmental effects from arsenic, neurological effects from lead, and various other adverse health outcomes. The World Health
Organization and national food safety authorities have established maximum permissible limits for heavy metals in rice, with cadmium limits
typically set at 0.2-0.4 mg/kg depending on rice type and national standards, and arsenic limits ranging from 0.15 to 0.35 mg/kg. Exceeding these
limits can result in market rejection, economic losses for farmers, and public health risks for consumers, motivating research on mitigation
strategies including biochar amendment.

6.2 Mechanisms of Heavy Metal Immobilization by Biochar

Biochar amendment can substantially reduce heavy metal mobility, bioavailability, and plant uptake through multiple complementary mechanisms
operating simultaneously. The first and often most important mechanism involves pH-mediated effects on metal solubility and speciation. Most
biochars exhibit alkaline pH ranging from 7.5 to 10.5, and their application to acidic soils increases soil pH by 0.2 to 1.0 units or more. This pH
increase reduces the solubility of cadmium, lead, copper, zinc, and other cationic metals through enhanced hydroxide precipitation, carbonate
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precipitation, and increased negative surface charge on soil particles that promotes metal adsorption (Ahmad et al., 2014; Beesley & Marmiroli,
2011). For cadmium specifically, increasing pH from 5.5 to 6.5 can reduce soluble cadmium concentrations by 50-70%, directly translating to
reduced plant uptake and grain accumulation.

Direct adsorption of metals onto biochar surfaces represents a second major immobilization mechanism. Biochar's high surface area, abundant
oxygen-containing functional groups developed through oxidation processes, and variable surface charge enable substantial adsorption capacity
for both cationic and anionic metal species (Uchimiya et al., 2010; Xu et al., 2013). Surface complexation reactions involving carboxyl, phenolic,
and other functional groups create strong bonds with metal ions, effectively removing them from soil solution and reducing bioavailability. The
adsorption capacity of biochar for various metals increases substantially with aging in soil as progressive oxidation introduces additional functional
groups, with aged biochars exhibiting adsorption capacities comparable to or exceeding activated carbon for some metals (Cheng et al., 2008).
Precipitation and co-precipitation reactions represent a third mechanism particularly important for metals that form insoluble compounds under
paddy soil conditions. Biochar application can promote formation of metal carbonates, phosphates, sulfides, and hydroxides that exhibit very low
solubility and bioavailability (Cao et al., 2009). For arsenic specifically, biochar's effects on iron cycling in paddy soils influence arsenic behavior,
with enhanced iron plaque formation on rice roots potentially reducing arsenic uptake, though the net effect depends on complex interactions
between redox conditions, iron availability, and arsenic speciation (Beesley et al., 2011).

Complexation with organic matter represents an additional mechanism, with dissolved organic matter released from biochar potentially binding
metals in soluble or colloidal forms that exhibit reduced bioavailability. However, this mechanism can potentially increase metal mobility under
some conditions, underscoring the complexity of biochar-metal interactions. The relative importance of different immobilization mechanisms
varies depending on metal species, biochar properties, soil characteristics, and environmental conditions, with pH effects and direct adsorption
typically dominating for cadmium while iron-mediated processes are more important for arsenic.

Table 5: Heavy Metal Immobilization by Biochar in Rice Systems (Meta-Analysis Results)

Metal Reduction in Soil Reduction in Rice No. of Key Mechanisms Optimal
Availability (%) Grain (%) Studies Biochar pH
Cadmium 35-55 32 (24-40) 45 pH increase, adsorption, >8.0
(Cd) precipitation
Arsenic 25-45 28 (19-37) 38 Iron interactions, adsorption, 7.0-8.5
(As) oxidation
Lead (Pb) 45-70 40-60 32 Precipitation, adsorption, >8.0
complexation
Copper 30-50 25-40 28 Surface complexation, 7.5-9.0
(Cuw) precipitation
Zinc (Zn) 25-40 20-35 25 pH effects, adsorption 7.5-8.5
Notes:

e  Values in parentheses are 95% confidence intervals
e  Effectiveness increases with biochar application rate (optimal: 15-30 t/ha)
e  Effects persist for >3 years in field studies

e Most effective in moderately contaminated soils
Sources: Chen et al. (2024), Mabagala et al. (2024), Mandal et al. (2024), Bolan et al. (2014)

6.3 Field Evidence for Metal Immobilization in Rice Systems

Field studies conducted in contaminated rice paddies provide practical evidence for biochar's effectiveness in reducing heavy metal accumulation
in rice grain. Meta-analysis by Chen et al. (2024) synthesizing results from 45 field studies found that biochar amendment reduced cadmium
concentrations in rice grain by an average of 32% (95% CI: 24-40%) across diverse contamination levels, soil types, and biochar types. The
magnitude of cadmium reduction increased with biochar application rate, with applications of 20 t/ha or more achieving average reductions of 40-
50%. Importantly, the meta-analysis found that biochar amendment brought grain cadmium concentrations below food safety limits in
approximately 60% of moderately contaminated sites (soil Cd 0.3-0.6 mg/kg) but was less consistently effective in severely contaminated sites
(soil Cd >1.0 mg/kg) where additional interventions may be necessary.

For arsenic, meta-analysis by Mabagala et al. (2024) encompassing 38 field studies reported average grain arsenic reductions of 28% (95% CI:
19-37%) with biochar amendment. However, arsenic responses exhibited greater variability than cadmium responses, with some studies reporting
minimal effects or even modest increases in grain arsenic. This variability likely reflects complex interactions between biochar effects on redox
conditions, iron cycling, and arsenic speciation, with outcomes depending on water management regime, biochar properties, and soil
characteristics. Studies specifically examining biochar-arsenic interactions under alternate wetting and drying irrigation generally report more
consistent arsenic reductions compared to continuous flooding, potentially due to biochar's enhancement of oxidized conditions that favor less
bioavailable arsenate over arsenite (Mandal et al., 2024).

Long-term field studies provide evidence for persistence of metal immobilization effects. A five-year study by Cui et al. (2012) in cadmium-
contaminated Chinese paddy soils documented that biochar amendment maintained 35-40% reductions in grain cadmium across five growing
seasons, with no evidence of declining effectiveness over time. Soil analyses revealed sustained increases in soil pH and progressive development
of cadmium-organic matter associations that contributed to persistent immobilization. A similar multi-year study by Bian et al. (2014) examining
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both cadmium and lead immobilization found sustained metal reductions over four years, with progressive enhancement of effects as biochar aged
in soil and developed additional functional groups through oxidation.

Studies examining biochar effects on metal immobilization under realistic production conditions with full fertilizer and water management provide
particularly relevant evidence. Chen et al. (2016) conducted a three-year field study in a cadmium-contaminated rice production area, comparing
biochar amendment at various rates with and without conventional fertilizer management. The study found that biochar reduced grain cadmium
by 38% on average while maintaining or improving yields, demonstrating compatibility with production-oriented management. Economic analysis
indicated that biochar amendment could enable continued rice production on moderately contaminated land that might otherwise require removal
from production, providing substantial economic value beyond simple yield effects.

6.4 Food Safety Implications and Practical Considerations for Ghana

While comprehensive data on heavy metal contamination in Ghanaian rice production systems remain limited, localized contamination associated
with artisanal and small-scale gold mining, industrial activities, and urban agriculture has been documented in some regions. Given the expansion
of rice production into diverse landscapes including inland valleys near mining areas and peri-urban zones, food safety considerations warrant
attention in Ghana's rice sector development strategies. Biochar amendment offers a potential tool for managing moderate contamination and
reducing food safety risks, though systematic soil contamination assessment should precede large-scale implementation.

Several practical considerations are relevant for potential biochar applications addressing heavy metal concerns in Ghana. First, biochar
effectiveness for metal immobilization depends strongly on biochar pH and application rate, with higher-pH biochars produced at 400-600°C and
applied at rates of 15-20 t/ha or more showing most consistent benefits. Second, biochar should be viewed as one component of integrated
contamination management rather than a standalone solution, with severely contaminated sites requiring additional interventions potentially
including soil amendments, water management modifications, or crop selection changes. Third, regular monitoring of grain metal concentrations
is essential to verify effectiveness and ensure compliance with food safety standards. Fourth, biochar production from contaminated feedstocks
should be avoided or carefully managed to prevent introduction of additional contamination.

The potential for biochar to enable continued productive use of moderately contaminated land while meeting food safety standards provides
particular economic value in contexts where land resources are limited and land use change would impose substantial costs on farming
communities. However, this application requires careful site-specific evaluation, appropriate biochar selection and application rates, and ongoing
monitoring to ensure sustained effectiveness. Research priorities for Ghana include systematic assessment of heavy metal contamination
prevalence in rice production areas, evaluation of locally produced biochars for metal immobilization effectiveness, and development of practical
guidelines for biochar-based contamination management appropriate to smallholder contexts.
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Figure 6. Mechanisms and effectiveness of heavy metal immobilization by biochar in contaminated rice paddy soils, with implications
for food safety.
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Four-panel analysis of biochar effects on heavy metal dynamics and food safety in rice systems. Panel A compares immobilization effectiveness
for five heavy metals (Cd, As, Pb, Cu, Zn), showing percentage reductions in soil availability (orange bars) and grain concentrations (green bars)
following biochar amendment. Cadmium shows 45% reduction in soil availability and 32% reduction in grain concentration, while lead
demonstrates the largest effects (58% and 45% reductions, respectively). Panel B displays temporal persistence of cadmium immobilization over
five growing seasons, with control treatment (red line) maintaining grain Cd concentrations above the 0.2 mg/kg food safety limit (red dashed line)
throughout the study period, while biochar treatment (green line) reduces grain Cd below the safety threshold from season 2 onward, with effects
persisting through season 5. The red-shaded area indicates the unsafe zone above the food safety limit. Panel C quantifies relative contributions
of five immobilization mechanisms: pH increase (35%), surface adsorption (30%), precipitation reactions (20%), complexation (10%), and root
barrier enhancement (5%). Panel D shows food safety compliance rates (percentage of samples meeting food safety standards) across four soil
contamination levels, comparing control (red bars) and biochar-amended (green bars) treatments. Biochar substantially improves compliance
rates, particularly in moderately contaminated soils (0.3-0.6 mg/kg), where compliance increases from 35% to 75%. Even in highly contaminated
soils (0.6-1.0 mg/kg), biochar improves compliance from 10% to 35%, though additional remediation measures may be needed for very high
contamination (>1.0 mg/kg). Data compiled from meta-analyses by Chen et al. (2024), Mabagala et al. (2024), Mandal et al. (2024), and field
studies by Bolan et al. (2014), Bian et al. (2014), and Cui et al. (2012).

7. FEEDSTOCK SELECTION, PYROLYSIS TECHNOLOGY, AND BIOCHAR CHARACTERIZATION

7.1 Rice Residue Feedstocks and Their Properties

Rice production generates substantial quantities of residues including rice husks, rice straw, and rice bran that represent readily available feedstocks
for biochar production in rice-growing regions. Rice husks, the outer protective covering removed during milling, represent approximately 20%
of rough rice weight and are characterized by high silica content (15-20% by weight), low ash content excluding silica, relatively high lignin
content, and low bulk density (Lehmann & Joseph, 2015). These properties influence both the pyrolysis process and the characteristics of resulting
biochar. Rice husk biochar typically exhibits high surface area due to the porous structure inherited from the husk anatomy, high pH due to
concentration of silica and other minerals, excellent water retention capacity, and good structural stability that resists breakdown in soil (Singh et
al., 2010; Novak et al., 2009).

Rice straw, the vegetative biomass remaining after grain harvest, represents an even larger residue stream accounting for approximately 50-60%
of total above-ground biomass. Rice straw composition differs substantially from husks, with lower silica content (8-12%), higher cellulose and
hemicellulose content, lower lignin content, and higher potassium content. These compositional differences result in rice straw biochar with
somewhat different properties than rice husk biochar, including generally lower surface area, higher nutrient content particularly potassium, greater
susceptibility to decomposition in soil, and different water retention characteristics (Brewer et al., 2009). Both rice husk and rice straw biochars
have been extensively studied in rice production systems and demonstrate agronomic benefits, though optimal application rates and expected
outcomes differ somewhat between the two feedstock types.

The availability and current uses of rice residues influence their feasibility as biochar feedstocks in different contexts. Rice husks accumulate at
rice mills and are often considered a waste disposal problem, making them particularly attractive biochar feedstocks with minimal opportunity
costs. In Ghana, rice husks are sometimes used as fuel for parboiling operations or sold for poultry bedding, but substantial quantities remain
underutilized. Rice straw faces more complex trade-offs, as it can be used for animal fodder, incorporated into soil as green manure, used for
mushroom cultivation, or employed in various artisanal applications. In many Asian systems, rice straw is burned in fields to facilitate land
preparation, a practice that contributes to air pollution and represents a lost opportunity for carbon sequestration. Converting straw to biochar and
returning it to soil represents an alternative that captures more of the carbon while potentially providing greater agronomic benefits than direct
incorporation of raw straw, though comparative economic analysis is necessary to evaluate trade-offs (Gaunt & Lehmann, 2008).

7.2 Alternative Feedstocks Relevant to Ghana

Beyond rice residues, numerous other agricultural and forestry residues available in Ghana could serve as biochar feedstocks, potentially offering
advantages in terms of availability, cost, or biochar properties. Groundnut shells, cocoa pod husks, oil palm residues, cassava peels, maize cobs,
coconut shells, and various woody biomass materials represent potential feedstocks with varying properties and availability across different regions
of Ghana (MacCarthy et al., 2020). Each feedstock type produces biochar with distinctive characteristics depending on its chemical composition,
lignin content, mineral composition, and physical structure. Woody biomass generally produces biochar with higher carbon content, greater
stability, and lower nutrient content compared to herbaceous agricultural residues, while nutrient-rich feedstocks like manures produce biochars
with lower carbon content but higher immediate nutrient availability.

Feedstock selection for biochar production should consider multiple factors including local availability and cost, current alternative uses and
opportunity costs, properties of resulting biochar and suitability for intended applications, pyrolysis technology requirements and compatibility,
transport costs and logistics, and sustainability considerations including effects on soil organic matter returns and nutrient cycling. For smallholder
rice farmers in Ghana, rice husks available from local mills represent the most logistically feasible feedstock due to concentrated availability at
milling sites, minimal opportunity costs, and proven effectiveness of rice husk biochar in rice systems. However, diversified feedstock portfolios
utilizing multiple locally available residues may provide greater flexibility and resilience, particularly for commercial biochar production
enterprises serving broader markets.

7.3 Pyrolysis Technologies and Production Systems

Pyrolysis technology for biochar production ranges from simple low-cost methods suitable for on-farm production to sophisticated industrial
systems enabling large-scale production with energy recovery. The selection of appropriate technology depends on production scale, available
capital, technical capacity, energy recovery objectives, and quality control requirements. For smallholder and community-scale production relevant
to Ghanaian contexts, several technology options merit consideration. Simple drum kilns or retort systems represent the most basic technology,
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requiring minimal capital investment (typically $200-500 for materials), enabling batch production of 50-200 kg biochar per batch, requiring
limited technical expertise, and providing reasonable biochar yields of 20-30% by weight though with limited process control and no energy
recovery (Roberts et al., 2010). These systems are well-suited to on-farm or community-level production where simplicity and low cost are
priorities.

Improved pyrolysis stoves that combine biochar production with cooking or heating services represent an intermediate technology option. These
systems produce biochar as a co-product while providing useful thermal energy for household or community needs, potentially improving
economic viability by capturing value from both biochar and energy outputs. Several designs have been developed and tested in African contexts,
with capital costs ranging from $100 to $1,000 depending on scale and sophistication (Woolf et al., 2010). However, biochar yields are typically
lower (10-20%) and more variable than dedicated pyrolysis systems, and quality control can be challenging.

Larger-scale continuous or semi-continuous pyrolysis systems suitable for commercial production or centralized community facilities represent
more capital-intensive options requiring investments of $5,000 to $50,000 or more depending on capacity and features. These systems offer
advantages including higher throughput and production efficiency, better process control enabling consistent biochar quality, potential for energy
recovery through combustion of pyrolysis gases, and reduced labor requirements per unit biochar produced. However, they require greater technical
expertise for operation and maintenance, depend on consistent feedstock supply to achieve economical operation, and may be less accessible to
individual smallholder farmers due to capital requirements.

The optimal technology choice for Ghanaian contexts likely involves a portfolio approach with simple on-farm systems for farmers with readily
available feedstocks and interest in self-production, community-scale systems serving groups of farmers or villages, and larger commercial systems
located at rice mills or other feedstock concentration points. This diversified approach can balance accessibility, quality control, and economic
efficiency while building technical capacity across scales. Successful examples from other African countries and Asian smallholder systems
provide models for technology selection and implementation strategies appropriate to local contexts.

7.4 Biochar Characterization and Quality Standards

Systematic characterization of biochar properties is essential for quality control, predicting agronomic performance, and enabling comparison
across studies and production systems. Key characterization parameters include proximate analysis measuring moisture content, volatile matter
content, fixed carbon content, and ash content; ultimate analysis quantifying carbon, hydrogen, oxygen, nitrogen, and sulfur content; pH and
electrical conductivity indicating alkalinity and salt content; cation exchange capacity measuring nutrient retention potential; surface area and pore
size distribution characterizing physical structure; nutrient content including macro- and micronutrients; contaminant analysis screening for heavy
metals and organic pollutants; and stability indicators including H:C and O:C ratios that predict persistence in soil (Enders et al., 2012; Mukherjee
etal., 2011).

Analytical methods for biochar characterization range from simple field tests to sophisticated laboratory techniques. Basic characterization suitable
for quality control in production settings includes pH measurement using standard pH meters, electrical conductivity measurement, moisture
content determination through oven drying, and visual assessment of particle size distribution and uniformity. More comprehensive
characterization for research or premium markets includes proximate and ultimate analysis using standard methods, surface area measurement
through gas adsorption techniques, cation exchange capacity measurement through standard soil testing methods, nutrient analysis through
standard plant tissue or soil testing methods, and contaminant screening through inductively coupled plasma spectrometry or other analytical
techniques (Enders et al., 2012).

International biochar quality standards have been developed by the International Biochar Initiative (IBI) and European Biochar Certificate (EBC)
programs to provide guidance on minimum quality requirements and testing protocols (IBI, 2015). These standards specify maximum permissible
contaminant levels, minimum carbon content thresholds, recommended characterization parameters, and production process requirements.
Adoption of these standards or development of adapted standards appropriate to Ghanaian contexts would support biochar market development
and quality assurance. However, the analytical requirements of comprehensive standards may be prohibitively expensive for smallholder
production systems, suggesting the need for tiered approaches with basic quality control for local production and more comprehensive
characterization for commercial products or research applications.

Quality variability represents a significant challenge for biochar production, particularly in simple low-cost production systems with limited
process control. Factors contributing to variability include feedstock heterogeneity, inconsistent pyrolysis temperature and residence time, variable
moisture content, contamination during production or storage, and particle size heterogeneity. Strategies for reducing variability and improving
quality control include standardized feedstock preparation including drying and size reduction, temperature monitoring during pyrolysis using
simple thermocouples, consistent production protocols and operator training, post-production screening to remove oversized particles or
incompletely pyrolyzed material, and appropriate storage to prevent moisture absorption and contamination. Balancing quality control
requirements with production costs and accessibility represents a key challenge for scaling biochar adoption in smallholder systems.

Table 7: Biochar Characterization Parameters and Quality Standards

Parameter Rice Husk Rice Husk Rice Straw Biochar IBI EBC Measurement
Biochar (400°C) Biochar (600°C) (500°C) Standard  Standard Method

Proximate Analysis

Moisture ~ content 3-5 2-4 4-6 <10 <10 Oven drying 105°C

(%)

Volatile matter (%) 35-45 18-25 30-40 - - ASTM D1762

Fixed carbon (%) 40-50 60-70 45-55 - - By difference
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Ash content (%) 15-25 20-30 12-18 - - ASTM D1762
Ultimate Analysis

Total carbon (%) 55-65 65-75 60-70 >10 >50 Elemental analyzer
Hydrogen (%) 3.54.5 1.5-2.5 3.0-4.0 - - Elemental analyzer
Oxygen (%) 15-25 8-15 18-25 - - By difference
Nitrogen (%) 0.5-1.0 0.3-0.8 0.8-1.5 - - Elemental analyzer
H:C molar ratio 0.8-1.0 0.3-0.5 0.6-0.8 <0.7 <0.7 Calculated

O:C molar ratio 0.2-0.3 0.1-0.2 0.2-0.3 <0.4 <0.4 Calculated
Physical Properties

pH (1:10 water) 8.5-9.5 9.5-10.5 8.0-9.0 - - pH meter
Electrical 2-4 3-6 3-5 - - EC meter
conductivity (dS/m)

Surface area (m?%/g) 150-250 250-400 100-200 - - BET method
Cation exchange 25-40 15-30 30-50 - - NH+OAc method
capacity (cmol/kg)

Bulk density (g/cm®)  0.25-0.35 0.20-0.30 0.15-0.25 - - Volume displacement
Nutrients (mg/kg)

Available P 200-500 300-800 400-900 - - Olsen method
Exchangeable K 5,000-15,000 8,000-20,000 10,000-25,000 - - NH4OACc extraction
Total Ca 3,000-8,000 5,000-12,000 4,000-10,000 - - Acid digestion
Total Mg 1,000-3,000 1,500-4,000 1,500-3,500 - - Acid digestion
Contaminants

(mg/kg)

Cadmium (Cd) <0.5 <0.5 <0.5 <l.4 <l.5 ICP-MS

Lead (Pb) <20 <20 <20 <150 <150 ICP-MS

Arsenic (As) <2 <2 <2 <13 <13 ICP-MS

PAHs (total) <5 <3 <4 <20 <12 GC-MS

IBI = International Biochar Initiative; EBC = European Biochar Certificate Sources: Enders et al. (2012), Singh et al. (2010), Novak et al.
(2009), IBI (2015)

8. ECONOMIC FEASIBILITY AND ADOPTION CONSIDERATIONS

8.1 Production Costs and Economic Returns

Economic feasibility represents a critical determinant of biochar adoption potential, particularly for resource-constrained smallholder farmers who
must carefully evaluate returns on investment for any new technology or input. Biochar production costs vary substantially depending on
production scale, technology type, feedstock costs, labor costs, and whether energy recovery is incorporated. For simple drum kiln systems suitable
for on-farm or community-scale production, capital costs typically range from $200 to $500 for materials and construction, with minimal ongoing
costs beyond labor for feedstock collection and processing (Roberts et al., 2010; Woolf et al., 2010). Assuming feedstock is available at low or
zero cost as agricultural residue, production costs for small-scale systems typically range from $100 to $200 per ton of biochar produced, with
labor representing the dominant cost component.

For larger commercial-scale production systems with capacities of several tons per day or more, capital costs increase substantially to $10,000 to
$100,000 or more depending on sophistication and capacity, but per-unit production costs can decrease to $50 to $150 per ton through economies
of scale and potential energy recovery (Gaunt & Lehmann, 2008). Transport costs from production sites to application sites represent an additional
expense that can substantially influence economic feasibility, particularly for bulky low-value biochar. These transport costs favor decentralized
production close to application sites over centralized production with long-distance distribution, though quality control and technical expertise
considerations may favor some degree of centralization.

Economic returns from biochar application depend on yield increases, input cost savings through improved nutrient use efficiency, persistence of
benefits over multiple seasons, and any premium prices for environmental services or carbon credits. Based on the Ghana-specific study by
MacCarthy et al. (2020), biochar applied at 10-15 t/ha with production costs of $150-200 per ton resulted in total application costs of $1,500-3,000
per hectare for the initial application. Yield increases of 15-25% over four seasons, combined with fertilizer savings of 30-40% through improved
nutrient use efficiency, generated net returns of $800-1,500 per hectare over four years, resulting in benefit-cost ratios of 1.8-2.4 and payback
periods of 2-3 seasons. These economic returns compare favorably to many alternative soil fertility investments, though they depend critically on
sustained yield benefits over multiple seasons and successful integration with nutrient management.

Sensitivity analysis reveals that economic returns are most sensitive to biochar production costs, persistence of yield benefits, magnitude of
fertilizer savings, and rice prices. Under pessimistic scenarios with high production costs, short benefit duration, or low rice prices, economic
returns become marginal or negative, while optimistic scenarios with low production costs, sustained benefits, and high rice prices generate very
favorable returns. This sensitivity underscores the importance of minimizing production costs through appropriate technology selection,
maximizing benefit persistence through optimal biochar properties and application methods, and integrating biochar with nutrient management to
realize fertilizer savings. The potential for carbon credit revenues from biochar's climate change mitigation benefits could substantially improve
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economic returns if carbon markets develop and biochar projects can access them, though current carbon credit prices and market access constraints
limit this potential in most contexts.

Table 6: Economic Analysis of Biochar Production and Application (Ghana Context)

Parameter

Simple Drum Kiln

Improved Retort

Continuous Pyrolysis

Unit

Production
System
Capital cost
Production
capacity
Biochar
yield

Labor
requirement
Technical
skill needed
Production
Costs
Feedstock
cost

Labor cost
Energy/fuel
cost
Equipment
amortization
Total
production
cost
Application
Economics
Application
rate
Application
cost

Total  cost
(biochar +
application)
Returns (4-
year
horizon)
Yield
increase
Additional
grain value
Fertilizer
savings
Total 4-year
benefit

Net return
(4 years)
Benefit-cost
ratio
Payback
period

200-500
50-200

20-30
High

Low

0-20

50-80
10-20

5-10

100-200

10-15
50-75

1,500-3,000

1525
600-1,000
100-200
2,800-4,800
1,300-3,300
1.9-2.6

2-3

2,000-5,000
200-500

25-35

Moderate

Moderate

0-20

30-50
15-25

15-30

150-250

10-15

50-75

2,000-3,500

15-25

600-1,000

100-200

2,800-4,800

800-2,800

14-2.1

3-4

20,000-50,000
1,000-3,000

30-40
Low

High

10-30

20-30
20-40

30-60

200-350

10-15
50-75

2,500-5,000

15-25
600-1,000
100-200
2,800-4,300
300-2,300
1.1-1.9

4-5

uUSD
kg/batch or day

% of feedstock

USD/ton

USD/ton biochar
USD/ton biochar

USD/ton biochar

USD/ton

t/ha
USD/ha

USD/ha

%
USD/hal/year
USD/hal/year
USD/ha
USD/ha
Ratio

Seasons

Assumptions:

e Rice price: $400/ton
e  Baseline yield: 3.0 t/ha

License: This is an open access article under the CC BY 4.0 license: https://creativecommons.org/licenses/by/4.0/

Corresponding Author: Funchious Paul Mensah

Page 169 | 184


https://doi.org/10.65150/EP-jnsrr/V1E6/2025-02
https://creativecommons.org/licenses/by/4.0/

J. Nat. Sci. Res. Rev. 01(06)2025, PP-148-184, DOI: 10.65150/EP-jnsrr/V1E6/2025-02

e  Discount rate: 10%

e Biochar effects persist for 4+ years
Source: MacCarthy et al. (2020), Roberts et al. (2010), Woolf et al. (2010)

8.2 Adoption Barriers and Enabling Factors

Despite demonstrated agronomic and environmental benefits, biochar adoption in African smallholder systems remains very limited, constrained
by multiple interacting barriers operating at different scales. Economic barriers include high initial capital costs for biochar production equipment
relative to farmer resources, high labor requirements for feedstock collection and biochar production, opportunity costs of farmer time and
feedstock materials, limited access to credit for financing initial investments, and risk aversion among resource-poor farmers facing uncertain
returns from unfamiliar technologies. These economic barriers are particularly acute for the poorest farmers with the most constrained resources,
potentially limiting adoption to relatively better-off farmers unless targeted support mechanisms are developed.

Knowledge and information barriers represent another critical constraint. Limited awareness of biochar technology and its potential benefits among
farmers, extension agents, and policymakers constrains demand and support for adoption. Insufficient technical knowledge regarding optimal
production methods, application rates, and integration with existing practices creates uncertainty and risk. The site-specific and context-dependent
nature of biochar effects complicates extension messaging and creates challenges for developing simple, broadly applicable recommendations.
Limited availability of locally relevant demonstration sites and peer learning opportunities restricts farmer exposure to biochar technology and
proven success examples. Addressing these knowledge barriers requires substantial investment in research, demonstration, training, and extension
systems.

Technical and logistical barriers include limited availability of appropriate pyrolysis technology at affordable prices in rural areas, challenges in
quality control for decentralized production systems, bulkiness of biochar creating transport and handling challenges, and limited integration of
biochar with existing agricultural input supply chains. Institutional and policy barriers include absence of biochar-specific policies or programs
providing support for adoption, limited recognition of biochar in agricultural development strategies and programs, inadequate research funding
for locally relevant biochar research, and lack of quality standards and certification systems to support market development. Social and cultural
barriers include skepticism about new technologies and preference for familiar practices, concerns about labor requirements and compatibility
with existing farming systems, and limited social networks and farmer organizations to facilitate collective action and knowledge sharing.
Enabling factors that could accelerate adoption include demonstration of clear economic benefits through locally relevant field trials and farmer
participatory research, development of low-cost production technologies appropriate to smallholder contexts, integration of biochar into existing
agricultural programs and extension systems, provision of targeted subsidies or credit programs to reduce initial adoption costs, development of
biochar enterprises providing production and distribution services, creation of farmer learning networks and peer-to-peer knowledge exchange
platforms, policy support through recognition in agricultural strategies and potential incentive programs, and market development including quality
standards and potential carbon credit mechanisms. Successful adoption in other contexts has typically involved combinations of these enabling
factors rather than single interventions, suggesting the need for integrated approaches addressing multiple barriers simultaneously.

8.3 Business Models and Value Chain Development

Sustainable biochar adoption at scale likely requires development of viable business models and value chains beyond individual on-farm
production. Several business model options merit consideration for Ghanaian contexts. The farmer production model involves individual farmers
or farmer groups producing biochar for own use using simple technologies with minimal capital investment, suitable for farmers with readily
available feedstocks and interest in self-production but limited by quality control challenges and high labor requirements per unit produced. The
community enterprise model involves community-based organizations operating larger-scale production systems serving multiple farmers, offering
advantages of economies of scale, improved quality control, and potential for equipment sharing and collective marketing, while requiring
organizational capacity and initial capital investment that may necessitate external support.

The commercial production model involves private enterprises producing biochar for sale to farmers or agricultural input suppliers, enabling
specialization, professional management, and potentially sophisticated production systems with quality control and energy recovery, but requiring
substantial capital investment and market development to achieve viable scale. The integrated rice mill model involves rice mills producing biochar
from rice husks as a value-added activity, offering advantages of feedstock availability at point of production, potential for integration with existing
operations and markets, and improved economics through utilization of waste material, while requiring technical capacity and capital for pyrolysis
equipment. The contract farming model involves agricultural input companies or development organizations contracting with farmers for biochar-
enhanced production, providing biochar and technical support in exchange for guaranteed purchase of output or participation in sustainability
certification programs.

Each business model presents different advantages, challenges, and appropriate contexts. Successful value chain development likely requires a
portfolio approach with different models serving different contexts and farmer segments. Critical value chain functions requiring attention include
feedstock aggregation and logistics, production and quality control, distribution and retail, technical support and extension, and market
development and demand creation. Value chain development strategies should consider opportunities for value addition through biochar
enrichment with nutrients or microbial inoculants, branding and certification to support premium pricing, integration with existing agricultural
input value chains, and linkages to carbon markets or environmental service payment schemes where feasible.

9. RESEARCH PRIORITIES FOR ENHANCING RICE PRODUCTION IN GHANA

9.1 Critical Field Research Needs

Expanding the limited evidence base for biochar applications in Ghanaian rice systems represents the highest research priority, requiring substantial
investment in multi-location, multi-season field trials across diverse production environments. Priority field research should encompass trials
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across Ghana's major rice-producing agro-ecological zones including the northern savanna zone with its distinct dry season and Sahelian influence,
the forest-savanna transition zone with intermediate rainfall and soil conditions, coastal lowland systems with saline influences and intensive
production, and inland valley systems with variable hydrology and diverse soil types. This geographic diversity is essential for characterizing how
biochar effects vary across Ghana's heterogeneous production environments and for developing zone-specific recommendations.

Research designs should incorporate multiple biochar types including rice husk biochar produced at different pyrolysis temperatures, rice straw
biochar for comparison with husk biochar, biochars from other locally available feedstocks including groundnut shells and cocoa husks, and
commercially produced biochars with standardized properties for benchmarking. Application rate trials should systematically evaluate rates
ranging from 5 to 30 t/ha to identify optimal rates balancing agronomic effectiveness with economic feasibility, alongside evaluation of
reapplication strategies including frequency and rates for maintaining benefits over time. Integration with fertilizer management should examine
biochar effects across a range of nitrogen, phosphorus, and potassium fertilizer rates to quantify nutrient use efficiency improvements and identify
opportunities for fertilizer rate reductions while maintaining or improving yields.

Long-term monitoring extending over at least four to six growing seasons is essential for characterizing persistence of biochar effects, identifying
any changes in effectiveness over time, quantifying cumulative benefits and returns on investment, and assessing long-term soil health impacts.
Comprehensive response variable measurement should include grain yield and yield components, soil physical properties including bulk density,
porosity, and water retention, soil chemical properties including pH, organic carbon, and nutrient availability, soil biological properties including
microbial biomass and community composition, greenhouse gas emissions including methane and nitrous oxide, nutrient use efficiency and
balance, grain quality parameters including protein and heavy metal content, and economic returns and benefit-cost ratios. This comprehensive
approach enables integrated assessment of agronomic, environmental, and economic outcomes necessary for evidence-based recommendations.

Table 8: Research Priorities for Biochar in Ghana Rice Systems (Ranked by Urgency)
Priority Tier Research Need Estimated Estimated Key Stakeholders Expected Output
Duration Cost (USD)

TIER 1 (Years
1-3):  Critical

Immediate
Needs
1 Multi-location field trials (5 3 years 300,000~ Universities, CSIR, Performance data across
sites x 3 zones) 500,000 MoFA agro-zones
2 Economic feasibility analysis 2 years 50,000- Universities, NGOs Cost-benefit models,
100,000 adoption analysis
3 Local biochar 2 years 75,000- Universities, CSIR Quality standards,
characterization 150,000 production protocols
4 Participatory on-farm trials 3 years 150,000- NGOs, Farmer groups ~ Farmer feedback, adapted
(30 farms) 250,000 practices
TIER 2 (Years
2-5): Important
Medium-term
5 Long-term monitoring (5-10 8 years 400,000- Universities, CSIR Persistence data,
years) 600,000 cumulative benefits
6 Integration with 3 years 200,000- Universities, MoFA Optimal combination
organics/fertilizers 300,000 strategies
7 Varietal response studies 3 years 150,000- CSIR, Universities Variety-specific
250,000 recommendations
8 GHG monitoring (3 sites) 3 years 200,000- Universities, EPA Climate mitigation
350,000 quantification
9 Value chain analysis 2 years 75,000- NGOs, Private sector Business models, scaling
125,000 pathways
TIER 3 (Years
3-10):
Specialized
Long-term
10 Heavy metal assessment 4 years 150,000- Universities, EPA Contamination  mapping,
250,000 mitigation
11 Life cycle assessment 2 years 100,000- Universities Full environmental impact
150,000
12 Social science research 3 years 100,000- Universities, NGOs Adoption barriers, gender
200,000 analysis
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13 Policy research 2 years 75,000- Think tanks, MoFA Policy recommendations,
125,000 incentives

14 Grain quality studies 3 years 150,000- Universities, CSIR Nutritional, cooking quality
200,000 data

TOTAL 10 years 2.2-4.0 Multiple Comprehensive

ESTIMATED million evidence base

INVESTMENT

MoFA = Ministry of Food and Agriculture; CSIR = Council for Scientific and Industrial Research; EPA = Environmental Protection Agency

9.2 Integration with Existing Soil Fertility Management Practices

Biochar's role as a component of integrated soil fertility management rather than a standalone amendment necessitates research on interactions
with other common practices in Ghanaian rice systems. Research on biochar integration with organic amendments should examine interactions
with farmyard manure, compost, crop residues, and green manures to identify synergistic combinations, optimal ratios and application methods,
and effects on nutrient cycling and soil organic matter dynamics. Studies should evaluate whether biochar enhances the efficiency and persistence
of organic amendment effects, potentially reducing required application rates or frequencies. Research on biochar-mineral fertilizer interactions
should systematically evaluate biochar effects across ranges of nitrogen, phosphorus, and potassium fertilizer rates to quantify nutrient use
efficiency improvements, identify opportunities for fertilizer rate reductions without yield penalty, characterize effects on nutrient uptake patterns
and balances, and assess economic implications of altered fertilizer requirements.

Integration with microbial inoculants represents a promising research frontier with limited current evidence. Studies should examine whether
biochar enhances effectiveness of nitrogen-fixing bacteria, phosphorus-solubilizing bacteria, plant growth-promoting rhizobacteria, and
mycorrhizal fungi through provision of favorable habitat and conditions. Research should evaluate biochar as a carrier for microbial inoculants,
potentially improving inoculant survival and establishment compared to conventional carriers. Studies on biochar-water management interactions
should build on the limited global evidence discussed in Section 4, examining biochar effects under alternate wetting and drying irrigation, rain-
fed lowland conditions with variable water availability, and supplemental irrigation regimes. Research should characterize how biochar influences
water use efficiency, drought resilience, and optimal irrigation scheduling.

9.3 Variety and Cropping System Studies

Rice variety selection may substantially influence biochar effectiveness, though current evidence is very limited. Research should evaluate biochar
effects across diverse rice varieties including traditional local varieties, improved varieties currently recommended for Ghana, and new varieties
with specific traits such as drought tolerance or high nutrient use efficiency. Studies should characterize whether certain varietal characteristics
predict biochar responsiveness, potentially enabling targeted variety-biochar combinations for specific environments or objectives. Research
should also examine biochar effects in diverse cropping systems beyond monoculture rice including rice-legume rotations that may benefit from
biochar's effects on nitrogen fixation and residual fertility, rice-vegetable rotations in inland valley systems where biochar might provide benefits
across multiple crops, rice-fish integrated systems where biochar's water quality effects may be particularly valuable, and intercropping systems
including rice-cowpea combinations already practiced in some areas.

Inland valley systems, which represent a substantial area of current and potential rice production in Ghana but remain understudied, deserve
particular research attention. These systems exhibit distinctive characteristics including variable hydrology with seasonal flooding and drainage,
diverse soil types often with fertility constraints, and complex topographic gradients creating heterogeneous growing conditions within fields.
Biochar's effects on water retention, nutrient dynamics, and soil structure may be particularly valuable in these challenging environments, but site-
specific research is necessary to characterize performance and develop appropriate recommendations.

9.4 Scaling Pathways and Extension Strategies

Translating research findings into widespread adoption requires careful attention to scaling pathways and extension strategies appropriate to
Ghanaian contexts. Research on scaling should include participatory on-farm trials engaging farmers as co-researchers to evaluate biochar
technology under realistic management conditions, generate locally relevant evidence, and build farmer ownership and capacity. Farmer field
schools and learning platforms should be established to facilitate peer-to-peer learning, practical skill development in biochar production and
application, and adaptive management based on farmer experience and feedback. Demonstration sites should be strategically located across diverse
production environments to provide visible examples of biochar benefits and practical implementation approaches.

Economic and social research should complement agronomic research to understand adoption constraints and opportunities. Studies should conduct
detailed cost-benefit analyses accounting for local production costs, labor requirements, and market conditions to assess economic viability for
different farmer segments. Research should examine farmer perceptions, knowledge, and attitudes regarding biochar technology through surveys
and qualitative methods to identify information needs and communication strategies. Studies should evaluate different business models and value
chain arrangements for biochar production and distribution, assessing their viability and appropriateness for different contexts. Gender analysis
should examine how biochar technology affects men and women differently, considering labor requirements, decision-making authority, and
benefit distribution to ensure equitable outcomes.

Policy research should identify opportunities and constraints for policy support of biochar adoption. Studies should evaluate potential policy
instruments including subsidies, credit programs, extension support, and integration with existing agricultural programs. Research should assess
environmental policy linkages including potential for biochar to contribute to Ghana's climate change mitigation commitments under international
agreements, opportunities for carbon credit or payment for ecosystem services schemes, and integration with sustainable land management and
soil health programs. Institutional analysis should examine roles and capacities of different actors including government agencies, research
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institutions, NGOs, private sector, and farmer organizations in supporting biochar adoption and identify strategies for effective coordination and
collaboration.

10. DEBATES AND CONTROVERSIES IN BIOCHAR RESEARCH

10.1 Variability and Context-Dependency of Biochar Effects

One of the most significant challenges in biochar research and application is the substantial variability in outcomes across studies, sites, and
conditions. Meta-analyses consistently reveal wide confidence intervals and high heterogeneity statistics, indicating that biochar effects range from
strongly positive to neutral or even negative depending on specific circumstances (Jeffery et al., 2017; Liu et al., 2013; Zhang et al., 2023). This
variability reflects the complex interactions among biochar properties, soil characteristics, management practices, and environmental conditions
that determine outcomes in any specific context. While meta-analyses identify some consistent moderating factors such as soil pH, texture, and
application rate, substantial unexplained variability remains even after accounting for these factors.

This context-dependency creates challenges for developing simple, broadly applicable recommendations for farmers and extension agents. Unlike
conventional fertilizers where recommendations can be based primarily on soil nutrient status and crop requirements, biochar recommendations
must account for multiple interacting factors including feedstock type and pyrolysis conditions that determine biochar properties, soil physical and
chemical characteristics that influence biochar effects, climate and weather patterns affecting water dynamics and decomposition, management
practices including tillage, fertilization, and water management, and crop species and varieties that may respond differently to biochar amendment.
The need for site-specific calibration and adaptive management complicates extension messaging and may slow adoption compared to more
straightforward technologies.

Debates continue within the research community regarding the relative importance of different mechanisms underlying biochar effects and whether
certain mechanisms or biochar properties are universally important versus context-specific. Some researchers emphasize biochar's liming effects
as the primary driver of benefits in acidic tropical soils, suggesting that similar benefits could be achieved with conventional liming materials at
lower cost (Guo et al., 2020). Others emphasize biochar's distinctive physical properties and habitat provision for microorganisms as key
mechanisms that cannot be replicated by other amendments (Lehmann et al., 2011). Still others focus on biochar's nutrient retention capacity and
effects on nutrient cycling as the primary agronomic benefits (Gul & Whalen, 2016). The reality likely involves all these mechanisms operating
simultaneously with their relative importance varying across contexts, but this complexity challenges efforts to develop parsimonious explanatory
frameworks and predictive models.

10.2 Economic Viability and Scalability Questions

Economic feasibility represents perhaps the most contentious issue in biochar adoption debates, with sharply contrasting perspectives on whether
biochar can be economically viable for smallholder farmers without subsidies or external support. Optimistic perspectives emphasize that biochar
production from agricultural residues can be accomplished at relatively low cost using simple technologies, that yield increases and input savings
can generate favorable returns within two to three seasons, and that long-term persistence of benefits improves economic returns over time
(MacCarthy et al., 2020; Roberts et al., 2010). Proponents also note that environmental benefits including carbon sequestration and greenhouse
gas mitigation provide additional value that could be monetized through carbon markets or payment for ecosystem services schemes, further
improving economic viability (Woolf et al., 2010).

Skeptical perspectives counter that production costs are often underestimated when labor and opportunity costs are fully accounted, that yield
benefits are inconsistent and may not justify the investment in many contexts, that the high application rates required for significant effects create
prohibitive costs at scale, and that carbon market revenues remain largely theoretical for smallholder systems due to transaction costs and market
access barriers (Crane-Droesch et al., 2013). Critics also note that simple cost-benefit analyses often fail to account for risk and uncertainty, which
are particularly important for resource-poor farmers who cannot afford failed investments. The labor requirements for biochar production and
application represent a particular concern in contexts with labor scarcity or high opportunity costs of labor.

The scalability of biochar adoption represents a related debate. Some analysts argue that biochar production at scales sufficient to meaningfully
impact agricultural productivity or climate change mitigation would require enormous quantities of biomass, potentially creating competition with
other biomass uses including animal feed, building materials, and bioenergy (Woolf et al., 2010). Others counter that agricultural residues are
currently underutilized in many contexts and that biochar production could provide beneficial use for waste materials while generating multiple
co-benefits. The reality likely varies substantially across regions and contexts, with some areas having abundant underutilized biomass suitable for
biochar production while others face genuine biomass scarcity and competing uses.

10.3 Environmental Trade-offs and Unintended Consequences

While biochar is often promoted primarily for its environmental benefits, critical perspectives highlight potential environmental trade-offs and
unintended consequences that deserve careful consideration. The most commonly discussed trade-off involves greenhouse gas emissions, where
biochar's consistent methane emission reductions must be weighed against variable and sometimes increased nitrous oxide emissions (Cayuela et
al., 2014; Borchard et al., 2019). While most studies report net climate benefits when all greenhouse gases are considered, some scenarios
particularly involving high-nitrogen systems or specific biochar types show less favorable or even negative net climate impacts. This variability
underscores the importance of comprehensive greenhouse gas accounting rather than focusing exclusively on methane or carbon sequestration.
Potential impacts on nutrient leaching and water quality represent another area of debate. While biochar generally reduces nutrient leaching through
enhanced retention capacity, some studies report increased leaching of certain nutrients or dissolved organic carbon under specific conditions
(Haider et al., 2017; Yao et al., 2012). The release of dissolved organic matter from biochar could potentially increase mobility of some
contaminants or nutrients, creating water quality concerns in some contexts. The effects of biochar on phosphorus dynamics are particularly
complex and context-dependent, with both positive and negative effects on phosphorus availability and mobility reported depending on biochar
properties, soil characteristics, and management (Ghodszad et al., 2021).
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Concerns about potential contaminants in biochar represent another area of debate. Biochar produced from contaminated feedstocks or under
suboptimal conditions could contain elevated levels of heavy metals, polycyclic aromatic hydrocarbons (PAHs), or other contaminants that might
accumulate in soil or transfer to crops (Beesley et al., 2011). While properly produced biochar from clean feedstocks generally exhibits low
contaminant levels well below regulatory limits, quality control challenges in decentralized smallholder production systems create potential risks.
The need for quality standards, testing protocols, and monitoring systems to ensure biochar safety represents an important consideration for scaling
adoption, though these requirements may increase costs and complexity.

10.4 Feedstock Competition and Sustainability Concerns

The sustainability of large-scale biochar production depends critically on feedstock sourcing and its impacts on other ecosystem services and land
uses. Agricultural residues that might be used for biochar production often provide multiple existing services including animal fodder, soil organic
matter returns through direct incorporation, building materials, and fuel for cooking or heating. Converting these residues to biochar represents a
trade-off that must be carefully evaluated in each context (Woolf et al., 2010). In some cases, biochar production may provide superior outcomes
compared to alternative residue uses, particularly when residues are currently burned or left unused. In other cases, particularly where residues
provide critical animal feed or where direct incorporation is already supporting soil organic matter maintenance, biochar production may represent
a less favorable option.

Concerns about potential pressure on forests or natural ecosystems if biochar demand drives biomass harvesting represent another sustainability
consideration. While biochar proponents emphasize agricultural residues as the appropriate feedstock source, market dynamics and economic
incentives could potentially drive unsustainable biomass harvesting if not carefully managed (Gaunt & Lehmann, 2008). Sustainability safeguards
including clear feedstock sourcing guidelines, certification systems, and monitoring of biomass flows are necessary to prevent unintended negative
consequences. The potential for biochar production to compete with other sustainable biomass uses including composting, mulching, and bioenergy
production requires careful analysis and optimization of biomass allocation across multiple uses.

Life cycle assessment (LCA) studies examining the full environmental impacts of biochar production and use reveal additional complexities and
trade-offs. While biochar systems generally show favorable climate impacts when produced from waste biomass using efficient pyrolysis systems,
some scenarios particularly involving long-distance transport, energy-intensive production, or displacement of other beneficial residue uses show
less favorable or even negative life cycle impacts (Roberts et al., 2010). These LCA results underscore that biochar's environmental benefits are
not automatic but depend on careful system design, appropriate feedstock selection, and efficient production and application practices.

10.5 Knowledge Gaps and Research Quality Concerns

Critical evaluation of the biochar research literature reveals several methodological concerns and knowledge gaps that constrain confident
conclusions and recommendations. The short duration of most field studies, typically one to three growing seasons, limits understanding of long-
term effects, potential decline in effectiveness over time, and cumulative benefits that may accrue over multiple years (Jeffery et al., 2017). The
few available long-term studies extending beyond five years provide valuable evidence for persistence of benefits but remain insufficient for
characterizing decadal-scale dynamics. The concentration of research in Asian systems, particularly China, raises questions about generalizability
to other regions including Africa where soil types, climates, and management systems differ substantially (Liu et al., 2013).

Methodological limitations in many studies constrain interpretation and comparison across studies. Inconsistent reporting of biochar
characterization data makes it difficult to relate biochar properties to outcomes and to compare results across studies using different biochars.
Limited replication and small plot sizes in some studies reduce statistical power and increase uncertainty in effect size estimates. Inadequate control
treatments in some studies, particularly failure to include appropriate comparisons accounting for nutrient additions in biochar, complicate
attribution of effects specifically to biochar versus nutrients or other factors. Publication bias favoring positive results may lead to overestimation
of average effects if studies with neutral or negative results are less likely to be published.

Research gaps in several critical areas limit evidence-based recommendations. Limited research on biochar effects on crop quality parameters
including nutritional content, cooking quality, and sensory properties creates uncertainty about market quality implications. Insufficient economic
research accounting for full costs including labor and opportunity costs, examining farmer decision-making and risk perceptions, and evaluating
different business models and value chain arrangements constrains understanding of adoption potential. Limited social science research on gender
dimensions, equity implications, and social acceptability of biochar technology leaves important questions unanswered. These knowledge gaps
underscore the need for continued research investment alongside critical evaluation of existing evidence.

11. SYNTHESIS AND RECOMMENDATIONS

11.1 Key Findings and Evidence Strength

Synthesizing the extensive global evidence base alongside limited Ghana-specific research enables assessment of what is known with confidence,
what remains uncertain, and what requires further investigation before confident recommendations can be made. Regarding soil property
improvements, evidence is strong and consistent that biochar amendment improves multiple soil properties including organic carbon content,
cation exchange capacity, water retention capacity, soil structure and aggregation, and pH in acidic soils (high confidence based on meta-analyses
and numerous field studies). These soil improvements are observed across diverse soil types, climates, and biochar types, though the magnitude
of effects varies depending on biochar properties, application rates, and soil characteristics. The persistence of these soil property improvements
over multiple years is well-documented, supporting long-term benefits (high confidence based on multi-year field studies).

Regarding agronomic performance, evidence indicates that biochar generally increases rice yields when integrated with appropriate nutrient
management, with average yield increases of 10-18% reported across meta-analyses and field studies (high confidence for Asian systems, moderate
confidence for African systems due to limited research). Biochar effects are most positive in acidic soils, coarse-textured soils, and when combined
with mineral fertilizers rather than applied alone (high confidence). Biochar can enable reductions in mineral fertilizer rates of 20-30% while
maintaining equivalent yields, improving nutrient use efficiency and reducing input costs (moderate confidence based on multiple field studies).
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However, substantial variability in yield responses across studies indicates that benefits are not universal and depend on site-specific conditions
(high confidence).

Regarding environmental benefits, evidence strongly supports that biochar reduces methane emissions from rice paddies by 15-30% on average
through effects on methanogenic and methanotrophic microbial communities (high confidence based on meta-analyses and mechanistic studies).
Biochar effects on nitrous oxide emissions are more variable and context-dependent, with modest average reductions but substantial heterogeneity
(moderate confidence). Biochar provides long-term carbon sequestration with 80-90% of biochar carbon persisting in soil for at least 100 years,
contributing to climate change mitigation (high confidence based on long-term studies and modeling). Net climate benefits accounting for all
greenhouse gases and carbon sequestration are positive in most scenarios, though life cycle assessment reveals some context-dependency (moderate
to high confidence).

Regarding economic viability, evidence suggests that biochar can be economically viable for smallholder farmers when produced using low-cost
technologies from readily available feedstocks, with benefit-cost ratios of 1.5-2.5 and payback periods of 2-3 seasons reported in favorable
scenarios (moderate confidence based on limited economic studies). However, economic returns are sensitive to production costs, yield benefits,
and rice prices, with some scenarios showing marginal or negative returns (moderate confidence). The limited economic research and absence of
studies examining farmer decision-making and risk perceptions constrain confident conclusions about adoption potential (low confidence).
Regarding context-dependency, evidence clearly demonstrates that biochar effects vary substantially depending on biochar properties, soil
characteristics, management practices, and environmental conditions, with no single optimal recommendation applicable across all contexts (high
confidence). Site-specific calibration and adaptive management are necessary for optimizing biochar use, complicating extension messaging and
adoption (high confidence). The mechanisms underlying biochar effects are multifaceted and context-dependent, involving physical, chemical,
and biological processes operating simultaneously with varying relative importance (high confidence).

11.2 Implications for Ghana's Rice Sector

Applying global evidence to Ghana's rice production context suggests several important implications and opportunities. Ghana's rice production
systems exhibit several characteristics that suggest favorable conditions for biochar adoption including widespread soil acidity that could benefit
from biochar's liming effects, predominance of coarse-textured soils in some production areas where biochar's water retention benefits would be
particularly valuable, substantial rice residue availability from expanding rice production and milling providing readily accessible feedstock,
increasing pressure to improve resource use efficiency and reduce input costs suggesting value for biochar's nutrient retention benefits, and climate
change adaptation needs including drought resilience and water use efficiency that align with biochar's water management benefits.

However, several critical success factors must be addressed for biochar to contribute meaningfully to Ghana's rice sector development. Locally
relevant research demonstrating effectiveness under Ghanaian conditions across diverse production environments is essential for building
confidence and developing appropriate recommendations. Development and dissemination of appropriate production technologies that are
affordable, accessible, and suitable for smallholder contexts will determine whether farmers can practically adopt biochar. Integration with existing
soil fertility management practices and extension systems rather than promoting biochar as a standalone technology will facilitate adoption and
optimize outcomes. Economic viability for resource-constrained smallholder farmers must be demonstrated through careful cost-benefit analysis
and potentially supported through targeted policies or programs. Capacity building across the value chain including farmers, extension agents,
researchers, and private sector actors will be necessary for sustainable scaling.

Realistic expectations are essential for successful biochar promotion in Ghana. Biochar should be viewed as one component of integrated soil
fertility management and sustainable intensification strategies rather than a silver bullet solution to productivity challenges. Benefits will be
context-specific and variable rather than universal, requiring adaptive management and site-specific calibration. Economic returns will depend on
careful management including appropriate biochar selection, optimal application rates, and integration with nutrient management. Time horizons
of several seasons are necessary to realize full economic benefits given initial investment requirements and progressive development of soil
improvements. Environmental benefits including climate change mitigation provide additional value beyond immediate agronomic returns but
may not be directly captured by individual farmers without policy support or market mechanisms.

11.3 Priority Research Agenda for Ghana

Building on the critical knowledge gaps identified throughout this review, a prioritized research agenda for Ghana should address three tiers of
research needs. Tier 1 priorities representing the most critical and immediate needs include multi-location field trials across Ghana's major rice-
producing agro-ecological zones evaluating locally produced biochars from rice husks and other available feedstocks across multiple seasons,
economic analysis of biochar production and use examining costs, returns, and viability for different farmer segments and production systems,
characterization of locally produced biochars from various feedstocks and production methods to establish quality baselines and identify optimal
production parameters, and participatory on-farm trials engaging farmers in evaluating biochar technology under realistic management conditions
to generate locally relevant evidence and build capacity.

Tier 2 priorities representing important medium-term research needs include long-term monitoring extending beyond initial trials to characterize
persistence of biochar effects over five to ten years, integration studies examining biochar interactions with organic amendments, mineral
fertilizers, microbial inoculants, and water management practices, variety trials evaluating biochar effects across diverse rice varieties to identify
potential varietal differences in responsiveness, cropping system studies examining biochar in rice-legume rotations, inland valley systems, and
other important production systems, greenhouse gas monitoring quantifying methane and nitrous oxide emissions under Ghanaian conditions to
assess climate change mitigation potential, and value chain analysis examining different business models, production systems, and distribution
arrangements to identify viable scaling pathways.

Tier 3 priorities representing longer-term or more specialized research needs include heavy metal assessment evaluating soil contamination
prevalence in rice production areas and biochar effectiveness for contamination management, life cycle assessment examining full environmental
impacts of biochar production and use in Ghanaian contexts, social science research on farmer perceptions, adoption constraints, gender
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dimensions, and equity implications, policy research identifying opportunities and constraints for policy support of biochar adoption, grain quality
studies examining biochar effects on nutritional content, cooking quality, and market quality parameters, and mechanistic research investigating
biochar effects on soil microbial communities, nutrient cycling processes, and plant-soil interactions under tropical conditions.

11.4 Recommendations for Policy and Practice

For policymakers and agricultural development planners, several recommendations emerge from this review. First, integrate biochar into Ghana's
agricultural development strategies and programs as one component of sustainable intensification and climate-smart agriculture initiatives,
avoiding promotion as a standalone technology but recognizing its potential contributions to multiple development objectives. Second, invest in
research infrastructure and capacity to generate locally relevant evidence on biochar effectiveness, optimal application strategies, and economic
viability under Ghanaian conditions. Third, support development of biochar production and distribution value chains through targeted programs
that could include technology development and dissemination, business development support for biochar enterprises, quality standards and
certification systems, and integration with existing agricultural input value chains.

Fourth, consider policy instruments to support biochar adoption among smallholder farmers including subsidies or cost-sharing for initial adoption,
credit programs facilitating financing of production equipment, extension support through training and demonstration programs, and integration
with existing agricultural support programs. Fifth, explore opportunities for biochar to contribute to Ghana's climate change commitments under
international agreements, potentially accessing climate finance or carbon market revenues to support adoption. Sixth, ensure that biochar promotion
is embedded within broader integrated soil fertility management and agroecological approaches that address multiple dimensions of soil health
and sustainable production.

For development organizations and NGOs working with smallholder farmers, recommendations include implementing participatory pilot programs
that engage farmers in evaluating and adapting biochar technology to local conditions, establishing farmer learning networks and demonstration
sites to facilitate peer-to-peer knowledge exchange and practical skill development, supporting development of community-based biochar
production enterprises that can serve multiple farmers while building local technical capacity and entrepreneurship, integrating biochar with other
sustainable agriculture practices including organic amendments, cover crops, and agroforestry in holistic soil health programs, and conducting
careful monitoring and evaluation to document outcomes, identify success factors, and generate evidence for scaling.

For researchers and research institutions, recommendations include prioritizing field research in Ghana's major rice-producing regions using
participatory approaches that engage farmers as co-researchers, conducting rigorous economic analysis that accounts for full costs including labor
and opportunity costs and examines viability for different farmer segments, developing appropriate biochar production technologies that are
affordable, accessible, and suitable for smallholder contexts, building research capacity through training, equipment, and sustained funding for
long-term studies, and engaging in knowledge sharing and collaboration with international biochar research networks to benefit from global
expertise while contributing Ghana-specific insights.

For farmers and farmer organizations, recommendations include approaching biochar as an experimental technology requiring careful evaluation
rather than immediate large-scale adoption, starting with small-scale trials using locally available feedstocks and simple production methods to
gain experience and evaluate results before major investments, integrating biochar with existing soil fertility management practices rather than
viewing it as a replacement for organic amendments or fertilizers, participating in farmer field schools or learning networks to access training and
share experiences with peers, and advocating for policy support and research investment to address knowledge gaps and reduce adoption barriers.
11.5 Phased Approach to Biochar Development in Ghana

A realistic pathway for developing biochar as a tool for enhancing Ghana's rice production should follow a phased approach that builds evidence,
capacity, and infrastructure progressively rather than attempting immediate large-scale promotion. Phase 1 (Years 1-3) should focus on foundation
building through establishment of multi-location research trials across major rice-producing zones, development and testing of appropriate
production technologies for Ghanaian contexts, establishment of demonstration sites and farmer learning platforms, characterization of locally
produced biochars and development of quality guidelines, initial economic analysis and value chain assessment, and capacity building for
researchers, extension agents, and early adopter farmers.

Phase 2 (Years 3-6) should focus on piloting and validation through expansion of field research to additional locations and production systems,
participatory on-farm trials with farmer groups across diverse contexts, pilot biochar enterprises testing different business models and production
systems, development of extension materials and training programs based on research findings, policy dialogue and development of supportive
policy frameworks, and continued monitoring of long-term trial sites to characterize persistence of effects.

Phase 3 (Years 6-10) should focus on scaling and mainstreaming through integration of biochar into national agricultural programs and extension
systems, support for commercial biochar production and distribution enterprises, widespread farmer training and technology dissemination, policy
implementation including any incentive programs or support mechanisms, continued research addressing emerging questions and optimizing
practices, and monitoring and evaluation of adoption outcomes and impacts.

This phased approach recognizes that sustainable scaling requires solid evidence foundation, appropriate technologies, functional value chains,
supportive policies, and farmer capacity, all of which take time to develop. Premature promotion without adequate foundation risks disappointing
results, wasted resources, and damaged credibility that could undermine future adoption potential. Conversely, excessive caution that delays action
indefinitely represents a missed opportunity to address pressing productivity and sustainability challenges. The phased approach seeks to balance
these considerations by progressing systematically while remaining adaptive to emerging evidence and experience.

11.6 Broader Implications and Opportunities

Beyond its direct applications in rice production, biochar development in Ghana could generate several broader benefits and opportunities.
Agricultural spillover effects could include application of biochar in other crop systems beyond rice including maize, vegetables, and tree crops
where soil fertility constraints limit productivity, development of technical capacity and infrastructure that supports broader sustainable agriculture
initiatives, and demonstration of integrated soil fertility management approaches that combine biochar with other amendments and practices.
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Environmental co-benefits could include contribution to Ghana's climate change mitigation commitments through carbon sequestration and
greenhouse gas emission reductions, improved water quality through reduced nutrient leaching and runoff, enhanced soil health and ecosystem
services supporting long-term agricultural sustainability, and potential for payment for ecosystem services or carbon credit revenues that provide
additional income for farmers.

Economic development opportunities could include creation of rural employment in biochar production, processing, and distribution, development
of agricultural enterprises and entrepreneurship opportunities, value addition to agricultural residues currently underutilized or wasted, and
potential export opportunities for biochar or biochar-based products if domestic production capacity exceeds local demand. Social benefits could
include improved food security through enhanced rice productivity and reduced import dependence, increased farmer incomes and economic
resilience through improved yields and reduced input costs, enhanced adaptive capacity to climate change through improved water management
and drought resilience, and demonstration of farmer innovation and sustainable intensification pathways.

Regional leadership opportunities could include positioning Ghana as a leader in biochar research and application in West Africa, serving as a
knowledge hub and training center for other countries, facilitating South-South knowledge exchange and technology transfer, and contributing to
regional agricultural development and food security objectives. These broader implications suggest that investment in biochar research and
development could generate returns extending well beyond immediate rice productivity benefits, supporting multiple development objectives
simultaneously.

12. CONCLUSION

This comprehensive review synthesizes global research on biochar applications in rice production systems with particular attention to relevance
for Ghana's agricultural context. The evidence base demonstrates that biochar consistently improves multiple soil properties including organic
carbon content, cation exchange capacity, water retention, and pH, with these improvements persisting for multiple years following application.
Meta-analyses encompassing hundreds of field studies indicate that biochar generally increases rice yields by 10-18% on average when
appropriately integrated with nutrient management, with larger effects in acidic soils, coarse-textured soils, and tropical environments.
Environmental benefits including methane emission reductions of 15-30%, long-term carbon sequestration, and improved nutrient retention are
well-documented across diverse studies. Economic analyses suggest potential viability for smallholder adoption when biochar is produced from
locally available feedstocks using low-cost technologies, with benefit-cost ratios of 1.5-2.5 reported in favorable scenarios.

However, substantial variability in outcomes across studies underscores the context-dependency of biochar effects and the importance of site-
specific calibration. Ghana-specific research remains critically limited, with only preliminary field trials and scattered studies providing insufficient
evidence for confident large-scale recommendations. Critical knowledge gaps include long-term performance under Ghanaian pedoclimatic
conditions, optimal application strategies for local soils and production systems, economic viability for resource-constrained smallholder farmers,
appropriate production technologies and value chain arrangements, and integration with existing soil fertility management practices. Addressing
these knowledge gaps through sustained research investment represents the highest priority for enabling evidence-based biochar adoption in Ghana.
Biochar offers a promising pathway for enhancing rice productivity, improving resource use efficiency, building climate resilience, and contributing
to climate change mitigation in Ghana's rice sector. However, realizing this potential requires moving beyond uncritical promotion to carefully
designed research, participatory technology development, appropriate policy support, and integration within broader sustainable intensification
strategies. Biochar should be viewed as one component of integrated soil fertility management rather than a standalone solution, with effectiveness
depending on appropriate selection of biochar properties, optimal application rates and timing, synergistic integration with organic and mineral
amendments, and adaptive management responding to site-specific conditions.

A phased approach to biochar development in Ghana, progressing from foundation building through piloting to scaling over a 10-year horizon,
offers a realistic pathway for building evidence, capacity, and infrastructure necessary for sustainable adoption. This approach recognizes that
transforming research findings into widespread practice requires time, investment, and sustained commitment from multiple stakeholders including
researchers, policymakers, development organizations, private sector actors, and farmers themselves. Success will require addressing not only
technical questions about biochar effectiveness but also economic, social, institutional, and policy dimensions that determine whether promising
technologies translate into adopted practices.

The broader implications of biochar development extend beyond rice production to encompass climate change mitigation, soil health enhancement,
agricultural entrepreneurship, and demonstration of sustainable intensification pathways relevant across Ghana's agricultural sector. While
challenges and uncertainties remain, the substantial global evidence base combined with Ghana's favorable conditions suggest that biochar merits
serious consideration and investment as one tool among many for enhancing agricultural sustainability and food security. Moving forward with
appropriate caution, rigorous evaluation, and adaptive management, biochar could contribute meaningfully to Ghana's agricultural development
objectives while generating valuable knowledge and experience relevant to West Africa and other tropical regions confronting similar sustainability
challenges.
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