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Abstract – Biochar production and application offer a promising strategy for carbon 
sequestration and soil improvement, yet the sustainability of different production 
technologies and feedstock remains underexplored. This study applied multi criteria analysis 
(MCDA) using TOPSIS method to evaluate 12 biochar production scenarios. Four indicator 
categories were used – environmental, economic, technological, agronomic. The results show 
that low temperature pyrolysis using herbaceous sources as feedstock consistently ranked 
highest, due to lowest production costs, high yield and strong agronomic performance. 
Biosolids (sludge – derived organic material) based scenarios performed best when agronomic 
indicators were prioritized. Overall, scenarios with higher temperature regime showed lowest 
ranking, due to lower biochar yield and crop productivity impact. The results highlight the 
importance of the synergy between feedstock and temperature regime in determining biochar 
sustainability. The sensitivity analysis demonstrates that scenario ranking is highly dependent 
on decision making priorities, underscoring the need for context specific assessment. 

Keywords – Biochar; carbon; climate actions; MCDA; sequestration; sustainable 
consumption and production. 

1. INTRODUCTION  

Based on the Green Deal strategy [1] and the European Climate law [2] Europe must reach 
climate neutrality by 2050 and reduce GHG emissions by 55 % compared to 1990. According 
to the Regulation (EU) 2018/841 [3] LULUCF sector can help achieve these goals because it 
is an important source of raw materials for other industries and is capable of both preventing 
GHG emissions and sequestering carbon in its ecosystems, thus offsetting emissions from 
other industries, where it is much more complicated to reduce them. According to the National 
Energy and Climate plan 2021–2030 (NECP), Latvia has good potential for CO2 capture, due 
to the large area of forests (53.63 % of the total country area) and agriculture land (34.91 % 
of the total country area) [4]. Since 1990 net removals in LULUCF in Latvia have reduced by 
140 %, due to an increase in harvesting rate and aging of forest, but in agriculture, GHG 
emissions have lowered by 55 %, due to a decrease in the livestock and sown areas [5]. 
According to the baseline scenario, by 2030 Latvia must achieve the net sequestration in the 
LULUCF (−644 kt CO2 eq. in 2030 while in 2022 net emissions were 4944.2 kt CO2 eq.) and 
lower emissions in agriculture (2176.33 kt CO2 eq. in 2030, while in 2022 net emissions were 
2253.83 kt CO2 eq.) [4]. As Latvia has high potential for CO2 sequestration, one of the 
possible approaches to reduce GHG emissions is the use of carbon dioxide removal (CDR) 
technologies, where the main aim is to capture and store CO2 in long term [6], [7]. Many CDR 
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technologies exist, grouped into three main categories: ocean, technological and 
biological [8].   

To reach Latvia’s LULUCF emissions goal, NECP 2021–2030 [4] has indicated policies 
and measures that should be implemented. One of the measures considered is the use of 
biochar in agricultural lands. Use of biochar as a CDR technology and for soil improvement 
is widely acknowledged, because biochar is considered as a stable matter and can stay in soil 
from 100 to 1000 years with minor CO2 losses to the atmosphere [9], [10]. Biochar is a 
carbon-containing material, which is made industrially by using thermochemical conversion, 
and is co-produced with syngas and biooil, with share dependent on the applied technology. 
The physiochemical properties of biochar depend mainly on the used technology, reaction 
temperature and organic material which is used for production (feedstock) [11], [12]. Biochar 
can be produced using one of the following technology processes - gasification, pyrolysis, 
torrefaction and hydrothermal carbonization (HTC). Wide range of feedstock can be utilized 
– wood, agriculture waste, wood waste, manure or biosolids. Due to large surface area, high 
porosity and generous oxygen-containing functional groups [13], biochar can be considered 
as a good pollution removal, soil amendment technology and carbon sequestration 
technology [14]. When biochar is produced from sewage sludge or the organic matter of urban 
waste, it must be considered that this biomass can saturate high concentrations of heavy 
metals or other toxic chemicals, which limit biochar use as soil amendment technology [14], 
[15]. 

According to the study by Lefebvr et al. [16] Latvia has one of the highest biochar CO2 
removal potential in Europe expressed as a percentage of total GHG emissions generated by 
country (15–20 %). The growing policy support for biochar coincides with the 
methodological advancements that support its inclusion in national GHG inventory report as 
a carbon sink source. In 2019 IPCC introduced refinement to the 2006 IPCC Guidelines, 
where the method for estimation of changes in mineral soil organic carbon stocks due to 
biochar amendment was described [17]. This guideline allows to evaluate the stored carbon 
from biochar amendment using Tier 1 methodology. Given Latvia’s high potential for 
biochar-based carbon sequestration and its recognition in national policy framework, there is 
a need to evaluate which biochar production pathway offers most sustainable performance. 
Therefore, this study aims to compare 12 biochar production scenarios using MCDA 
approach, by incorporating indicators and sensitivity analysis to identify most suitable 
technology-feedstock combinations. 

2. METHODOLOGY AND DATA 

This study applies MCDA approach using TOPSIS method to evaluate 12 different 
combinations of technology and feedstock used to produce biochar. The technologies 
considered: slow pyrolysis (for low, medium and high temperature) and gasification (high 
temperature). Each technology was assessed for three different feedstock types: woody 
biomass, herbaceous biomass, and biosolids (sewage sludge) (see Table 1). Feedstock and 
technology selection were based on the IPCC update in 2019, which introduced: Method for 
Estimating the Change in Mineral Soil Organic Carbon Stocks from Biochar Amendments: 
Basis for Future Methodological Development [17]. In this refinement Tier 1 values for 
organic carbon content factor of biochar by production type and feedstock were provided. In 
total IPCC provides values for six different feedstocks. For this study only three feedstocks 
that are the most common in Latvia were chosen.    
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TABLE 1. COMBINATIONS OF THERMOCHEMICAL TECHNOLOGIES AND FEEDSTOCK TYPES 
EVALUATED IN THE STUDY  

Nr Production 
Process Feedstock Production Temperature 

Used 
abbrevia
tion in 
study 

1 Pyrolysis Wood High temperature pyrolysis (> 600 °C) HP-W 

2 Pyrolysis 
Herbaceous (grasses, forbs, 
leaves; excluding rice husks and 
rice straw) 

High temperature pyrolysis (> 600 °C) HP-H 

3 Pyrolysis Biosolids (paper sludge, sewage 
sludge) High temperature pyrolysis (> 600 °C) HP-B 

4 Pyrolysis Wood Medium temperature pyrolysis (450–600 °C) MP-W 

5 Pyrolysis 
Herbaceous (grasses, forbs, 
leaves; excluding rice husks and 
rice straw) 

Medium temperature pyrolysis (450–600 °C) MP-H 

6 Pyrolysis Biosolids (paper sludge, sewage 
sludge) Medium temperature pyrolysis (450–600 °C) MP-B 

7 Pyrolysis Wood Low temperature pyrolysis (350–450 °C) LP-W 

8 Pyrolysis 
Herbaceous (grasses, forbs, 
leaves; excluding rice husks and 
rice straw) 

Low temperature pyrolysis (350–450 °C) LP-H 

9 Pyrolysis Biosolids (paper sludge, sewage 
sludge) Low temperature pyrolysis (350–450 °C) LP-B 

10 Gasification Wood High temperature gasification (> 600 °C) G-W 

11 Gasification 
Herbaceous (grasses, forbs, 
leaves; excluding rice husks and 
rice straw) 

High temperature gasification (> 600 °C) G-H 

12 Gasification Biosolids (paper sludge, sewage 
sludge) High temperature gasification (> 600 °C) G-B 

2.1. Selection of Indicators and Data Collection 

To evaluate 12 biochar production scenarios using the TOPSIS method the following 
indicator categories were selected – environmental, economic, technological and agronomic. 
Indicator selection was based on peer-reviewed literature and availability of data for each of 
the scenarios. 

For the environmental indicator category two indicators were selected: carbon sequestration 
potential (t CO₂ eq/ t biochar) and biochar carbon content (% C).  These indicators emphasize 
the biochar role as a CDR technology and its contribution to long-term climate mitigation 
[18], [19]. Biochar carbon content indicator was selected because it acts as a measurable 
proxy for the long-term carbon stability of biochar and its capacity as carbon sink. Although 
carbon sequestration depends on many factors, carbon content shows how much of carbon is 
stored in solid and stable form [20]. Data for biochar carbon content were retrieved from peer-
reviewed scientifical articles reporting experimental values of % C for different feedstock 
and pyrolysis conditions (Table 2). Carbon sequestration potential was calculated using the 
IPCC 2019 refinement Appendix 4 equation 4AP.1, which provides the methodology on how 
to calculate carbon sequestrated in mineral soils for biochar amendment (tons sequestered  
C yr−1). The calculations use TIER 1 values for organic carbon content of biochar by 
production type/feedstock and values for fraction of biochar carbon remaining after 100 years 
[17]. For all 12 scenarios functional unit was 1 ton of biochar stored in the soil. After the 
calculations were performed, all values were converted to from t C to t CO2. Table 2 shows 
calculated amount of sequestrated CO2 from one ton of biochar for each scenario.   
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TABLE 2. INDICATORS AND REFERENCE VALUES USED IN THE MCDA EVALUATION IN THIS 
STUDY  

Technology – 
feedstock 
combination 

Environmental Economic Technological Agronomic 

Carbon 
sequestration 
potential1 

Biochar 
carbon content 

Profit per 
ton CO₂ eq 
(carbon 
credit)2 

Production cost Biochar yield Retention 
time 

Crop 
productivity 
impact 

t CO₂ eq/t % C EUR/t CO₂ 
eq 

EUR/t 
biochar 

% of dry 
mass 

Relative 
index  
(1–3) 

% yield gain 

HP-W 2.51 90 % [32] 369.38 1000 [22] 15 % [33], 
[34], [45] 2 [35], [36] 5 % [37], 

[38] 

HP-H 2.12 69 % [32] 311.81 1003 [21] 
28 % [37], 
[38], [41], 
[45] 

2 [27], 
[35], [36] 5 % [38] 

HP-B 1.14 29 % [32], 
[42] 167.90 878 [43] 20 % [39], 

[44], [45] 2 [36] 10 % [46] 

MP-W 2.26 88 % [47] 332.02 970 [22] 30 % [34], 
[48] 3 [35], [36] 10 % [31], 

[38] 

MP-H 1.91 68 % [32], 
[47] 280.28 970 [22]  32 % [40], 

[41], [48] 
3 [27], 
[35], [36] 

15 % [37], 
[49] 

MP-B 1.03 29 % [32], 
[42] 150.92 790 [43] 25 % [50], 

[51] 3 [36], [52] 30 % [53], 
[54] 

LP-W 1.84 75 % [47] 269.77 676 [43], 
[55] 

35 % [33], 
[34], [39 3 [35], [36] 20 % [56] 

LP-H 1.55 60 % [47] 227.73 203 [57], 
[58] 

48 % [39], 
[40], [59] 

3 [35], 
[36], [52] 25 % [37] 

LP-B 0.83 35 % [42] 122.62 614 [43] 35 % [51], 
[52] 3 [36], [52] 30 % [53], 

[54] 

G-W 1.70 67 % [29] 249.45 280 [60] 10 % [33], 
[34] 

1 [36], 
[52], [61], 
[62] 

11 % [38] 

G-H 0.91 59 % [29] 134.32 280 [60] 10 % [29], 
[63] 

1 [36], 
[52], [62], 
[64] 

11 % [38] 

G-B 0.23 33 % [65] 33.58 280 [60] 24 % [66] 1 [36], 
[52], [62] 

10 % [38], 
[46] 

1 value was calculated based on TIER 1 IPCC methodology 
2 value was calculated based on sequestrated carbon multiplying with Carbon Removal Price Index 
3 values from HP-B scenario 

Two indicators were selected for the economic indicator category: profit per ton CO₂ eq. 
(carbon credit) (EUR/t CO₂ eq.) and production cost (EUR/ t biochar). Production cost of 
biochar was selected because it directly impacts the market competitiveness of biochar. 
Higher production costs can limit the ability of biochar producers to achieve economies of 
scale, compete in agricultural and carbon markets, thus limiting the large-scale uptake of 
biochar as a climate mitigation tool [21]. Production cost data were retrieved from peer-
reviewed scientifical articles, in cases where production cost data were not available, 
minimum selling price (MSP) values for final biochar product were used. This assumption 
was made, because MSP reflects the breakeven price required to cover both capital and 
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operating costs under realistic market conditions [22]. All values were converted to EUR 
value in 2025 to maintain consistency. Profit from carbon credits obtained for one tonne of 
biochar produced from different feedstock and technology mix was calculated multiplying 
carbon sequestration potential from one tonne of biochar amended to soil (tCO2eq/t) with 
CORC (Carbon Removal Price Index CORCCHAR), which in April of 2025 was 133.84 
EUR/t CO2eq [23]. 

Two technological category indicators were selected: biochar yield (%) and retention time 
(minutes). Biochar yield is expressed as % of mass of initial feedstock converted to biochar 
and is considered one of the most critical biochar production technology performance 
indicators, this indicator is closely linked with economic feasibility, as it affects the amount 
which can be sold per unit of feedstock [24], [25]. Biochar yield can significantly vary 
depending on feedstock and technology usage [26]. Data for biochar yield were retrieved 
from peer-reviewed scientific articles reporting experimentally measured yield values for 
different feedstock and technologies. Retention time was selected as a technical indicator, 
because it affects biochar quality and process efficiency, longer retention time leads to higher 
energy input, but more stable biochar, while shorter retention time allows to have faster 
production [27]–[29]. As there is big variability in retention time between different 
combination of biochar production technologies and feedstocks, in this case study used index-
based evaluation. Three level index scale was used to represent the relative differences 
between scenarios. Technologies with lowest retention time were assigned a value of 1, with 
highest retention time – value of 3. This approach allowed to compare diverse technological 
configurations, which in this case are context dependent [14]. Index based approach is used 
when quantitative data are uncertain or not directly comparable, this method allows to reflect 
which alternative is better than other [30].   

For the agronomic indicator category one indicator – crop productivity impact (% crop yield 
gain) – was selected. This indicator was chosen because it shows relative changes in crop 
productivity, if biochar is amended in soil [31]. All values for this study were taken from peer 
reviewed studies. Due to limited availability of data on crop productivity impacts of 
gasification derived biochar, yield change values for these scenarios were estimated using 
pyrolysis derived data from the same temperature regime. It is acknowledged that gasification 
biochar exhibits different physicochemical properties, which may affect crop productivity. 
This limitation is recognized as a research gap in this study.  

2.2. Multi – Criteria Decision Analysis with TOPSIS 

TOPSIS was selected due to its effectiveness in sustainability assessments and multi-criteria 
decision making [67]. TOPSIS enables to rank alternatives based on their proximity (shortest 
Euclidean distance) to an ideal solution that maximizes benefits and minimizes costs [68]. In this 
study indicators include both benefit and cost type.  

TOPSIS method can be described in 6 steps [69]: 
1. Normalizing the decision matrix – to compare different indicators, they need to be 

dimensionless. This is done using fallowing equation: 

 ( )
2

1

  ,  1, ,  ; 1  , ,kj
kj n

kjk

x
r x k n j m

x
=

= = … = …
∑

 (1) 

2. Calculating the normalized weighted matrix, where each normalized value is multiplied by 
assigned weight: 
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=  (2) 

  kj j kjv w r= × , (3) 

where wj represents assigned weight to j indicator. 
3. Determination of the best (V+) and worst (V−) ideal: 

 { } ( ) ( ){ }1 2,  3 1 2,  , , max |    , min |    |  1, , n kj kjkk
V v v v v v j J v j J k n+ + + + += … = ∈ ∈ = …  (4) 

and 

 { } ( ) ( ){ }1 2,  3 1 2,  , , min |    , max |    |  1, , n kj kjk k
V v v v v v j J v j J k n− − − − −= … = ∈ ∈ = … , (5) 

where J1 and J2 represents benefit and cost type criteria.  
4. Calculation of the distance from best and worst ideal using Euclidean distance: 
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5. Calculation of relative closeness (Ci) to the ideal value: 

   ,  1, ,k
i

k k

DC k n
D D

−

+ −= = …
+

, (8) 

where Ci range should be between 0 and 1.  
6. Ranking of scenarios – the scenarios are ranked from best to worst value. Best value is with 

highest Ci score. 

2.3. Sensitivity Analysis 

To assess the robustness and stability of the scenario ranking under varying stakeholder 
priorities a sensitivity analysis was conducted. This involved systematically adjusting the 
weight of each sustainability dimension – environmental, economic, technological, 
agronomic, ranging from 0.01 to 3 (equivalent to 0.25 % to 75 % of total weight). In each 
simulation, the remaining weight was equally distributed among other dimensions. This 
approach allowed to simulate shift in decision-making priorities, such as increased emphasis 
on environmental performance over economic or vice versa. By observing changes in scenario 
ranking under these conditions the analysis provided insight into the resilience of the 
recommended options and the influence of individual criteria on the outcome. 
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3. RESULTS AND DISCUSSION 

3.1. Baseline TOPSIS Results 

In baseline scenario the TOPSIS method was used to assess and rank 12 biochar production 
scenarios based on four sustainability categories: environmental, economic, technological, 
agronomic. Each category was assigned an equal weight of 25 %. Environmental, economic 
and technological categories had two indicators each, and the weight was evenly distributed 
between the indicators in these categories. As a result, closeness scores (Ci) for each scenario 
where calculated, therefore allowing to range these scenarios (see Fig. 1). Higher values of 
Ci represent better performance across selected data.  

As can be seen from Fig. 1, the highest score was reached by low-temperature pyrolysis 
using herbaceous feedstock (LP – H) with a score 0.69. Comparing to other technology – 
feedstock mixes LP-H had high biochar yield and good impact on crop yield, as well, it had 
low production costs. The second and third best alternatives were, accordingly, MP-B and 
LP-B, despite that biochar produced with these scenarios had lower carbon content, it had 
high yield and good impact on crop productivity. Biosolids contains significant amount of 
both organic and inorganic nutrient, a portion of which is retained in the resulting biochar 
following pyrolysis process. Nutrients such as phosphorus, magnesium, potassium, can enrich 
soil improving its fertility and promoting plant growth [54]. Biosolids and herbaceous 
feedstocks often are available either free of on very low cost, and in some cases, producers 
are paid or subsidized to take them due to disposal requirements, thus reducing production 
cost [70]. 

 

Fig. 1. TOPSIS Closeness Coefficient (Cᵢ) by Scenario. 

Contrary, HP-B and G-B alternatives were evaluated with the lowest scores, that can be 
explained by low carbon sequestration potential. According to IPCC methodology, a 1 ton of 
biochar from biosolids, when amended in soil, sequestrates the lowest amount of carbon in 
comparison to alternatives, as well due to high temperatures, biochar tends to have lower 
impacts on the crop yield comparing to biochar yielded with lower temperature [17]. As well 
HP-B scenario, according to research [39], [44], [45] and G-B, according to research [66], 
have lower biochar yield, then other scenarios with different feedstock. It should be noted 
that primary aim of gasification process is syngas production, thus maximizing gas yield over 
solid residue yield, thus biochar becoming by-product. As well, biochar which is produced 
through gasification is having lower surface area and pore size, compared to slow pyrolysis, 
due to ash melting and pore clogging. This factor limits biochar produced with gasification 
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as soil amendment technology, because biochar with higher surface area tends to improve soil 
characteristics: boost water retention, soil aeration, nutrient exchange and remove pollutants 
from soil [66].  

HP-W and HP-H have lower ranking due to higher production costs per one ton produced 
biochar and reduced positive effect on crop yield, this can be explained by fact that when 
biomass is exposed to high temperature, more nutrients are lost in production process than at 
lower temperatures [71]. Wood biomass compared to herbaceous and biosolids is considered 
more expensive feedstock. As well technologies which includes higher temperature regimes 
requires higher energy demand thus increasing production costs [14]. 

3.2. Sensitivity Analysis Results 

To evaluate robustness of TOPSIS baseline ranking and assess how ranking changes under 
shifting a Sensitivity analysis was performed. Four separate weighting scenarios were tested, 
each simulated a decision-making context for particular dimension (environmental, 
economic, technological, agronomic) with different priority weights (from 0.25 % to 75 %).  

Fig. 2 shows changes in TOPSIS rankings for 12 scenarios considering different weight for 
environmental indicator. LP-H scenario maintains overall highest score, showing overall 
balance even when priorities are shifting. When environmental category indicators are 
assigned lowest weight from all categories, low and medium temperature pyrolysis have best 
score, while high temperature pyrolysis and gasification have lowest score. With increasing 
weight to environmental indicators all technological processes with woody feedstock improve 
their score, this can be explained by sequestrated carbon potential (according to IPCC 
methodology highest sequestrated carbon amount accrue from biochar produced from woody 
biomass feedstock), as well such biochar tends to contain higher percentage of carbon content 
[17], [32]. After base line point (for each category weight is 25 %) scenarios utilizing 
biosolids as feedstock starts to show gradual decline in score, due to lower carbon content % 
and reduced carbon sequestration. Carbon content in biochar produced from biosolids tend to 
be lower, because biosolid such as a sewage sludge contains lower amount of cellulose, 
hemicellulose, lignin etc., opposite to herbaceous or woody biomass [72]. Gasification 
scenarios, particularly G-B, remained among the lowest-performing throughout, reflecting 
lower environmental efficiency, however it is important to note the results are derived with 
specific set of indicators selected for study.  

 
Fig. 2. TOPSIS closeness coefficients (Cᵢ) for biochar technology – feedstock combinations under the environmental priority 
scenario. 
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When the weight of economic indicators was changed, a distinct shift in ranging emerged 
(Fig. 3). Gasification with herbaceous and woody biomass improved their score with 
increasing weight in economic indicators, these changes occurred due to lower estimated 
production costs. G-W scenario score increased two times, showing strong connection 
between low production costs and overall ranking, at the end making it as one of the top 
scenarios (along LP-H). In contrast scenarios which had good score previously (MP-H) had 
decline in score when bigger weight is assigned to economic indicators due to assumed higher 
production cost.   

 
Fig. 3. TOPSIS closeness coefficients (Cᵢ) for biochar technology – feedstock combinations under the economic priority scenario. 
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Fig. 4. TOPSIS closeness coefficients (Cᵢ) for biochar technology – feedstock combinations under the technological priority 
scenario. 
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All the higher temperature scenarios reached lower score with increasing priority for 
technological indicators. This is because, due to increase of thermal decomposition and 
devolatilization of the biomass, when biochar is produced at higher temperatures, biochar yield is 
lower than at lower temperatures. Higher temperature tends to increase proportion of volatile 
compounds and bio-oils and reducing solid residue proportion. Additionally higher temperatures 
promote structural changes such as pore collapse or clogging, further reducing yield [73]. When 
weight of the agronomic category was changed, scenarios utilizing biosolids as feedstock had 
significant score increase, reaching overall highest score (at 75 %) 0.93 MP-B and 0.83 LP-B 
scenarios.  

 
Fig. 5. TOPSIS closeness coefficients (Cᵢ) for biochar technology - feedstock combinations under the agronomic priority scenario. 

These changes reflect high crop productivity attributed to biosolids derived biochar. 
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which is typical for wood derived biochar [75], on the other hand, it has high lignin and 
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(pyrolysis or gasification) are getting lower score as bigger weight is assigned to crop 
productivity.  

4. CONCLUSION 

The baseline scenario revealed that low and medium temperature pyrolysis with herbaceous 
and biosolids feedstock outperformed other combinations. These combinations ranked higher 
due to favourable production costs, higher biochar yields and improved agronomic output – 
such as crop productivity enhancement. Low temperature pyrolysis with herbaceous 
feedstock consistently achieved highest score, highlighting this technology/feedstock 
combination as most suitable evaluated combination, even when decision making priorities 
are shifting, emphasizing environmental, economic, agronomic or technological dimension.  
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The study showed that the feedstock type and temperature regime play crucial role in 
determining economic, environmental, agronomic performance. Sensitivity analysis 
emphasizes the impact of decision-making priorities on scenario ranking. When 
environmental or agronomic category was prioritized, it significantly altered the weight, 
underscoring the context dependence of optimal solution. For example, gasification scenarios 
consistently gained lower score under most priority settings, indicating limited suitability for 
biochar focused application where agronomic and environmental (carbon sequestration) goals 
are dominating. These shifts confirm that the performance and selection of biochar production 
pathways are highly sensitive to decision making priorities and underscore the relevance of 
indicator selection and data availability. Future study should include additional indicators, 
like biochar surface area and market price, to better evaluate technical performance of biochar 
and economical profit of biochar production. As well, focus on the field scale validation of 
model scenarios must be done, including life cycle assessment for comprehensive impact 
assessment and explore co-processing strategies to optimize trade-offs between carbon 
stability and nutrient availability.  
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