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Abstract— Carbon credits are gaining prominence as a strategy to 
mitigate climate change by reducing greenhouse gas emissions. 
This study integrates stock and flow using a System Dynamics (SD) 
approach to evaluate the carbon offset potential of different 
farming practices in comparison to natural forests. We especially 
compare high- and moderate-input conventional monoculture 
farming and synecoculture (an alternative farming system) by 
modeling their carbon budgets, including biomass growth, soil 
carbon sequestration, harvested biomass, and agricultural inputs. 
Simulated results reveal that while conventional monoculture has 
high productivity, it also leads to significant carbon emissions, 
leading to a positive carbon budget (increase of GHGs in the 
atmosphere) in total. In contrast, synecoculture demonstrates a net 
negative carbon budget, effectively removing more carbon from 
the atmosphere and sequestering it in biomass and soil. Although 
being under a trade-off with agricultural productivity in the high-
input scenario, the conversion from conventional monoculture to 
synecoculture is revealed to offer greater offset potential than 
establishing a natural forest within a 20-year time scale. The 
integrated evaluation of stock and flow could help disentangle the 
complex carbon budget of human-managed ecosystems and 
contribute to increasing the accuracy of evaluation, as well as 
discovering novel offset opportunities beyond the evaluation of 
stock on site. 
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I. INTRODUCTION  
Carbon credits are rapidly gaining interest as a critical 

component in global efforts to mitigate climate change by 
reducing greenhouse gas (GHG) emissions. Especially, carbon 
offset projects such as reforestation, renewable energy 
installations, and energy efficiency improvements, generate 
carbon credits by reducing or capturing emissions (e.g. [1]). 
These initiatives are becoming increasingly popular as they 
offer tangible ways to address the climate crisis. These options 
can be categorized into two main types: 1) increases in stocks, 
where carbon is removed from the atmosphere and sequestered 
in absorbing media such as biomass and soil, thereby 
maintaining the amount fixed, and 2) decreases in flow, where 
carbon emissions are avoided or reduced by employing 
alternative systems or enhancing efficiency [2]. Ecosystem-

based carbon credits, such as those generated through 
reforestation projects, largely rely on the stock-type offset [3], 
while renewable energy systems tend to focus on improving the 
efficiency of carbon flows [4]. However, a more comprehensive 
evaluation framework that takes both stocks and flows into 
account within an integrated life cycle assessment is needed, to 
effectively achieve reduction goals by appropriately evaluating 
the offset potential of crucial emission sectors, such as 
agriculture, forestry and other land uses (AFOLU), where 
energy and ecological systems are tightly intertwined.  

For instance, natural forests have long been recognized as 
one of the most significant carbon sinks due to their ecological 
complexity and ability to store large amounts of carbon [5]. On 
the other hand, as these forests reach their climax stage — a 
theoretical state where they are considered mature and stable — 
their capacity for carbon sequestration decreases, eventually 
converging to a state of carbon neutrality in an idealized 
assumption [6]. This means that the amount of carbon they fix 
from the atmosphere reaches its maximum capacity, and net 
carbon absorption plateaus. While natural forests perform 
multiple ecosystem functions, these functions can sometimes 
conflict with the goal of rapid carbon sequestration. For 
example, maintaining biodiversity or other ecological services 
might slow down the rate of carbon accumulation, leading to a 
trade-off between these benefits and the urgency of carbon 
sequestration [7]. 

Among AFOLU, agriculture imposes one of the major 
ecological burdens and GHG emissions, and there is a global 
necessity for a fundamental reformation in agricultural 
practices, from production through distribution, to prevent 
further biodiversity loss and soil degradation (e.g. [8]). In 
addition to the biomass and soil carbon accumulation on 
agricultural sites that typically fall short compared to natural 
forests, farming ecosystems heavily depend on agricultural 
inputs such as plowing, fertilizers, and agrochemicals, all of 
which require significant energy consumption. Overcoming the 
land-use trade-off between the conservation of natural areas and 
the expansion of agricultural land requires the resolution of 
complex entanglement between the carbon budget and 
contributions to social utility and other ecosystem functions. 
This presents a complex challenge for policymakers who must 



 

 

balance environmental and industrial values to make informed 
decisions in conservation activities.  

This article employs a System Dynamics (SD) perspective 
to conduct a comprehensive comparison of carbon stocks and 
flows across natural forests and conventional and alternative 
farming systems. We propose a unified evaluation framework 
for carbon offsets that incorporates the core life cycle of 
agricultural inputs and products. This approach aims to enhance 
the accuracy and reliability of carbon offset assessments, 
providing a more robust foundation for developing strategies 
for mitigation and adaptation to climate change. 

 

II. METHODS 

A. Modeling with System Dynamics 

Comprehensive carbon budgets including 1) stocks in 
growing biomass and soil carbon sequestration and 2) flows for 
agricultural inputs (carbon emissions from energy consumption 
associated with the applications of plowing, fertilizer and 
agrochemicals, and the preparation of seeds and seedlings), net 
CO2 absorption from the atmosphere, and outputs from the 
field (harvests of agricultural produce) were established from 
the combination of literature survey and field measurements, 
for 1) conventional monoculture farming and 2) synecological 
farming (synecoculture), in the temperate zone of Japan and the 
world.  

We simulate the essential carbon cycle based on the 
following differential equations of coupled logistic growth, 
namely the ABS (Atmosphere-Biomass-Soil) model:  
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where 𝐴, 𝐵, and 𝑆 are the amounts of carbon in the Atmosphere, 
living Biomass, and Soil, respectively. In eq. (1), 𝑒! stands for 
the carbon load associated with agricultural inputs depending 
on the two modalities of human intervention hereafter 
distinguished with the subscript 𝑚  (i.e., specification of 
monoculture or synecoculture), and “external reserve” is a part 
of carbon set apart from the atmosphere, which corresponds to 
the food products harvested from farming plots in this study. In 
eq. (2), 𝑔!  is the rate of photosynthesis with the effects of 
human intervention, such as fertilization in monoculture and 

strategic association of crops in synecoculture. 𝐵!'(  is the 
absolute upper limit of biomass, while 𝑀!  is the operational 
upper limit under human intervention, such as harvesting, 
weeding, and pruning of trees. In eq. (3), 𝑎!  is the 
sequestration rate of soil carbon including the effects of human 
intervention such as on-site recycling of organic matter, 𝑆!!'( 
is the upper limit of soil carbon conditional to the management 
modality, 𝑑 is the rate of total runoff, and 𝑆!)*  is the lower 
bound of soil carbon. 

The model is implemented as a System Dynamics model for 
numerical simulation, using the software Vensim DSS (ver. 
10.1.0) [9]. Figure 1 shows the qualitative diagram of the model. 
The complete set of quantitative computational model, along 
with definitions and values of all parameters, is specified in 
Supplementary Material 1 and 2 [10] [11]. 
      

 

Figure 1.  Qualitative diagram of the System Dynamics of the ABS model. 

 

B. Parameter Setting and Simulation 
We simulate the following two cases with different levels of 

productivity and costs for monoculture and synecological 
farming.  

 
Case 1: Japanese average of conventional monoculture 

vs. measured performance of synecoculture. The upper limits 
of living biomass 𝑀! were set as 0.09 and 18.2 MgC/ha; soil 
carbon 𝑆!!'(  as 32.8 and 92.9 MgC/ha; harvests (“external 
reserve”) as 1.82 and 0.23 MgC/ha/year; and emissions from 
agricultural inputs 𝑒!  as 5.81 and 0.18 MgC/ha/year for 
monoculture and synecoculture, respectively. 

 
Case 2: Global average of conventional monoculture vs. 

compatibly standardized synecoculture. The upper limits of 
living biomass 𝑀!  were set as 0.09 and 18.2 MgC/ha; soil 



 

 

carbon 𝑆!!'(  as 32.8 and 92.9 MgC/ha; harvests (“external 
reserve”) as 0.20 and 0.20 MgC/ha/year; and emissions from 
agricultural inputs 𝑒!  as 0.46 and 0.014 MgC/ha/year for 
monoculture and synecoculture, respectively. 

 
In both cases, the comparative baseline of natural forest was 

set as 58.1 MgC/ha for living biomass and 92.9 MgC/ha for soil 
carbon, according to the global average of temperate forest in 
ref. [5]. The absolute upper limit of biomass is estimated as 
𝐵!'( = 65  MgC/ha from the simulation of natural forest 
development (see Supplementary Material 1 [10]). The lower 
bound of soil carbon 𝑆!)* is set as 32.8 MgC/ha for 1-meter 
depth topsoil, according to the soil carbon loss of 64.7% 
associated with the conversion from natural forest to farmland 
in the global temperate zone [12]. Further details of the 
parameter setting are specified in Supplementary Material 2 
[11]. 

 

III. RESULTS 
The development of carbon variables of Cases 1 and 2 of 

monoculture and synecoculture are depicted in Figure 2-4, from 
different perspectives of carbon stocks (Figure 2), carbon flows 
(Figure 3), and total carbon budgets with integrated stocks and 
flows (Figure 4).  

Figure 2 illustrates the temporal changes in the stock levels 
of living biomass and soil carbon under monoculture and 
synecoculture practices. In monoculture, because all the crops 
grown are harvested, the stock of living biomass consistently 
remains at zero from the first year (red dotted line). On the other 
hand, in synecoculture, as harvesting is conducted while 
considering the maintenance of field vegetation, the stock of 
living biomass initially increases. After 20 to 30 years, when 
the operational upper limit is reached, any excess biomass is 
harvested, leading to a flat line (blue dotted line). Based on the 
dynamics assumed in the model, which posits that soil carbon 
accumulation progresses in accordance with the quantity of the 
living biomass, the soil carbon stock remains unchanged from 
its initial value in the case of monoculture (red solid line), while 
in the case of synecoculture, the soil carbon curve starts to rise 
with some delay, reaching 91.6 MgC/ha over 200 years (blue 
solid line). 

Figure 3 presents the net flow of the living biomass and soil 
carbon. In monoculture, since all the crops grown are harvested, 
the net flow of living biomass is consistently zero (red dotted 
line). In contrast, in synecoculture, reflecting the management 
of thinning harvest, the net flow starts from a certain positive 
value in the first year and gradually decreases until the living 
biomass stock reaches the management limit (blue dotted line). 
The flow of soil carbon, which initially increases, peaks around 
20 years (blue solid line).  

While the differences between Case 1 and Case 2 are not 
clearly visible in Figures 2 and 3, they become apparent when 
viewed from the perspective of the total carbon budgets with 
integrated stocks and flows in Figure 4, which reflects the 
combined effects of harvesting and agricultural inputs. 

As for agricultural productivity, conventional monoculture 
in Case 1 scenario, shown at the top of Figure 4, has the highest 
productivity of 364 MgC/ha on the 200-year scale (red dashed 
line), while its emission amounts to 798 MgC/ha as the total 
flow (red solid line), excluding the harvested biomass. This is 
equivalent to 675% of the stock in natural forest of the same 
surface, which is 118.2 MgC/ha (the sum of 58.1 MgC/ha of 
biomass and 92.9 MgC/ha of soil carbon, excluding baseline 
32.8 MgC/ha of bare land). This impact is mitigated in the less-
intensive and less-productive global average of conventional 
monoculture simulated in Case 2 (Figure 4, bottom). However, 
the carbon budget remains positive (indicating carbon release 
into the atmosphere), accumulating to 52 MgC/ha on the 200-
year scale (red solid line in Figure 4 bottom), which 
corresponds to about 44% of the stock in natural forest.  

The performance of synecoculture based on actual 
implementation in Japan in Case 1 reveals that this practice is 
carbon negative (removing carbon from the atmosphere) in 
terms of total flow. This contributes to carbon fixation of 46 
MgC/ha in harvested biomass (blue dotted line in Figure 4, top), 
58.8 MgC/ha sequestration as soil organic matter  (excluding 
the initial baseline of 32.8 MgC/ha of bare land from the 
absolute level of 91.6 MgC/ha of soil carbon after 200 years, as 
shown by the blue solid line in Figure 2) and 18.2 MgC/ha 
accumulation in other living biomass over the 200-year period, 
totaling 123 MgC/ha, which is about  104% of the carbon stock 
in natural forest. When synecoculture is extrapolated to the 
cost/productivity ratio of the global temperate zone in Case 2, 
it shows an increased negative carbon budget, accumulating 40 
MgC/ha in harvested biomass and 77 MgC/ha of additional 
stock in other biomass and soil, totaling about 99% of the stock 
in natural forest. 

The differences in carbon budgets between monoculture and 
synecoculture are evaluated in Case 1 and Case 2 (purple solid 
lines in Figure 4). The differences in integrated carbon stocks 
and flows between the two farming systems represent the total 
carbon impacts expected from the conversion of farming 
modality. Considering the interest in carbon absorption from 
the atmosphere, we simulated the conversion of conventional 
monoculture farmland into synecoculture: The total effect of 
this conversion in Case 1, including carbon fixation in harvests, 
other biomass and soil, is expected to become equivalent to the 
total carbon stock in natural forest in 21-22 years (the point 
where the purple line and green line cross in Figure 4, top). 
However, this fixation is not associated with an equal amount 
of food production, which is about 7.9-fold less in the simulated 
synecoculture case. If we assume replacing the monoculture 
farmland with an equivalently productive amount of surface 
area practicing synecoculture, the time period to achieve total 
carbon fixation comparable to the stock in natural forest 
shortens to 5-6 years (the point where the purple line and green 
line cross in Figure 4, middle). 

The conversion to synecoculture in Case 2 sums up to the 
difference of carbon stock and flow equivalent to the stock in 
natural forest in 108-109 years, keeping the same level of 
productivity as the conventional monoculture (the point where 
the purple line and green line cross in Figure 4, bottom).  
 



 

 

 

Figure 2.  Simulated changes in carbon stocks. Top: Case 1. Bottom: Case 2. 

 

 

Figure 3.  Simulated changes in carbon flows. Top: Case 1. Bottom: Case 2. 

 



 

 

 

Figure 4.  Differences of carbon budgets between monoculture and 
synecoculture. Top: Case 1, same-surface comparison. Middle: Case 1, same-
productivity comparison. Bottom: Case 2 

 

IV. DISCUSSIONS 
Through the integration of stock and flow in the total carbon 

cycle, this study focused on the comprehensive offsetting 
capacity of carbon between two different farming methods with 
typical Japanese and global implementation contexts in the 

temperate zone. The System Dynamics analysis revealed that 
not only stocks in field biomass and soil but also flows such as 
harvested biomass and emissions from agricultural inputs are 
essential components of the total carbon budget. 

Although natural forests contain rich carbon stock, the 
offsetting capacity does not equal the total amount of stock but 
additional carbon fixation through appropriate conservation 
activities, which correspond to the flow. This situation 
increases the actual importance of offsetting strategies through 
the conversion of farming modalities when comparing different 
offset options. If the conservation of natural forest could only 
produce about 10% of additional carbon fixation at the growth 
saturation stage (as simulated in Supplementary Material 
1[10]), the advantages of offsetting potential by the agricultural 
conversion rise 10-fold: In Case 1, the same amount of carbon 
offset is achieved in 2-3 years, and in the case to convert a 
monoculture field into a synecoculture of 7.9-fold surface, it is 
less than a year; In Case 2, 6-7 years of synecoculture instead 
of monoculture on the same surface corresponds to the 10% 
additional growth of stock in natural forests. 

The simplified model in this study can be extended to 
incorporate important factors affecting the actual carbon budget 
in realistic situations: Conventional monoculture methods are 
known to cause soil degradation, which will decrease soil 
carbon in the long run [12]. The actual lifecycle of agricultural 
products also comprises post-harvest treatments and logistics; 
therefore, emissions from the processing and distribution chain 
should also be considered. Another element that could 
contribute to the carbon flow is the upcycle of non-harvest 
biomass from weeding and pruning as a non-food resource, 
such as raw material for biofuel and composite material [13]. 
These aspects could further contribute to increasing the offset 
capacity of alternative food systems. 

The results of simulation Case 1 highlighted the trade-off 
between carbon load and productivity: Although synecoculture 
excelled in total carbon absorption and emission reduction, it 
should extend to a 7.9-fold surface of conventional monoculture 
to secure the same amount of produce. Nevertheless, the 
increase in abandoned farmland and depopulation in rural areas 
of Japan actually favor the organizational transition to 
community-based farming [14], which could accept the 
conversion to less-productive but sustainable farming methods. 
Furthermore, if the increased carbon offsetting capacity can be 
treated as a carbon credit, it will contribute to the local economy 
as a whole. 

The aspect of biodiversity is also essential for the 
sustainability of social-ecological systems, which is not 
included in this study. Compared to natural forests and 
grassland as the baseline, inappropriate agricultural practices 
are considered one of the main drivers of global biodiversity 
loss and soil degradation [15][16]. Synecoculture, in contrast, 
advocates the realization of the positive drivers for biodiversity 
in the form of human-guided augmentation of ecosystems 
[17][18]. It is therefore important to combine not only the 
offsets of carbon but also those of biodiversity and ecosystem 
functions, in order to comprehensively evaluate the 
contributions to the sustainability of the Earth system. 



 

 

Finally, the evaluation of any offsetting framework requires 
interactive feedback during the implementation process. Recent 
critical reviews on major carbon credits revealed the crude 
reality that often ignores important life cycles and socio-
environmental factors such as the exclusion of Indigenous 
communities and traditional knowledge, and external factors 
affecting the actual carbon budgets [19]. The simplified model 
in this study aims to serve as the test bed and a starting point of 
a working hypothesis that should be reasonably enriched 
through the implementation processes. 
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