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ABSTRACT 
Climate change suggests the use of carbon dioxide removal technologies, such as soil car-
bon sequestration in agriculture, to complement mitigation efforts. However, there could be 
challenges with implementing sequestration measures due to transaction costs, such as farm 
expenses for research, information, and planning. The purpose of this study is to investigate 
how transaction costs affect the cost-effective supply of carbon sequestration from cover 
crops in Denmark. We develop a model of the optimal adoption of cover crops, accounting 
for farm spatial heterogeneity and potentially nonlinear transaction costs to adoption. In the 
presence of transaction costs and at a carbon price of 220 e/tCO2e (suggested as an appro-
priate level of a CO2e tax for Danish agriculture) increased cover crop cultivation will only 
offset 15.4 tCO2e per year, corresponding to 0.002% of the Danish agricultural emissions 
reduction target. Assuming zero transaction costs overestimates the annual sequestration 
supply at the given price by 13,030 tCO2e. Total abatement and transaction costs for cover 
cropping are on average 78 e per ha and transaction costs can represent up to 90% of total 
costs for low carbon prices. Transaction costs also alter the cost-effective distribution of car-
bon sequestration across space and farm size groups.
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Introduction

To mitigate the effects of climate change, the use 
of carbon dioxide (CO2) removal technologies 
(CDRs), including soil carbon sequestration in agri-
culture, may be a viable approach [1,2]. By promot-
ing the removal of CO2 from the atmosphere, such 
nature-based sequestration measures not only 
help to offset ongoing emissions [3] but also aid in 
restoring and preserving carbon sinks [4]. The glo-
bal technical potential of carbon sequestration in 
agriculture is estimated to be between 1.2 and 3.1 
billion tons of carbon per year [5], and in the 
European Union, agricultural soils are estimated to 
sequester up to 16 to 19 Mt C per year [6].

Implementing agriculture carbon sequestration 
measures has associated costs. First, there are dir-
ect mitigation (or cultivation) costs, such as extra 
expenses for farm operations, supplies, and land 
opportunity costs. Second, there are transaction 
costs, i.e. market-related costs and additional costs 

borne by stakeholders to acquire necessary infor-

mation [7,8]. For carbon sequestration to be a 

cost-effective strategy for climate change mitiga-

tion, it is a requirement that the sum of mitigation 

and transaction costs is not too high relative to 

the total carbon uptake [9,10].
In most studies modelling carbon sequestration 

in the land use sector, transaction costs are 

assumed to be zero. Estimates from the land use 

sector, however, suggest that transaction costs are 

between 20% and 80% of the total cost of meas-

ures [11–15]. This share is higher than the transac-

tion costs reported for climate mitigation 

measures in other sectors. For example, transaction 

costs are 10 to 20% of the total costs for climate 

projects in the Danish energy sector [16]1. 

Therefore, accounting for transaction costs is cru-

cial for comparing environmental policies [17,18] 

and for understanding whether carbon 
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sequestration can be a cost-effective climate miti-
gation strategy.

Transaction costs are examined in economic lit-
erature concerned with environmentally optimal 
outcomes. Abler [19] analytically shows that trans-
action costs affect the optimal level of production 
and thus also have consequences for farm level 
emissions. In a case study of the emissions from 
the textile industry in Flanders, Rousseau and 
Proost [20] provide empirical proof that transaction 
costs can alter the relative cost-effectiveness of cli-
mate measures. Ofei-Mensah and Bennett [21] fur-
ther support this conclusion in a comparative 
analysis of GHG emission reduction instruments in 
Australia.

There are many empirical studies assessing the 
cost-effectiveness of agricultural carbon sequestra-
tion, while abstracting from transaction costs. 
Notable works are Antle et al. [22], Bami�ere 
et al. [23,24]. These studies combine ecological 
and economic data to derive abatement cost 
curves of carbon sequestration, the first on the 
United States of America and the remaining two 
on France. In contrast, transaction costs are indir-
ectly captured in valuation studies estimating the 
willingness to accept (WTA) for farmers for carbon 
enhancing sequestration techniques, for example, 
Pautsch et al. [25] and Zandersen et al. [26]. Both 
papers use econometric approaches to examine 
farmers’ hypothetical adoption of reduced tillage, 
with emphasis placed on farm heterogeneity as a 
determinant of the adoption decision. However, 
these studies do not distinguish transaction costs 
from other costs such as equipment purchases and 
loss in profits. Hence, they are unable to inform on 
the specific role of transaction costs in implement-
ing carbon sequestration practices.

The purpose of this paper is to investigate how 
transaction costs might affect the cost-effective 
supply of carbon sequestration from cover crops in 
Denmark. We develop a spatially disaggregated 
optimization model that highlights the trade-offs 
between the societal benefits of sequestration and 
the abatement and transaction costs. We estimate 
the supply of carbon for a range of carbon prices, 
and account for structural farm heterogeneity. The 
model is applied empirically, considering the 
expansion of cover crops as the possible carbon 
sequestration measure in Denmark. Three questions 
are of interest: first, what is the cost-effective supply 
of carbon sequestration with additional cover crop-
ping in Denmark under different carbon prices; 
second, how is that supply affected by the presence 

of transaction costs; and third, what is the optimal 
allocation of cover crop production across different 
Danish farms for a given carbon price.

Cover crops2 are widely suggested as a low-cost 
option for enhancing carbon sequestration on agri-
cultural land. They are non-commercial crops 
grown in rotation between regular cash crop pro-
duction periods or under or in-between main 
crops in rotation. They serve multiple functions 
within farming, such as preventing nutrient leach-
ing and soil erosion, conserving of soil moisture, 
increasing microbial activity in the soil and, the 
focus of this study, promoting higher carbon 
sequestration [27,28]. When compared to bare soil 
(i.e. no cover crops) under typical management 
conditions, cover crops are estimated to increase 
soil organic carbon (SOC) stocks by 12% on aver-
age for experiments with a mean duration of 
6 years [29]. Further, if cover crops were introduced 
globally, the resulting carbon sequestration is esti-
mated to compensate up to 8% of the direct 
annual agricultural GHG emissions [30].

There are several reasons to study cover crop-
ping in Denmark. First, Denmark has a notable 
dominance of agricultural land [31].3 As the Danish 
government plans to cut carbon emissions from 
agriculture by 7.1 million tons by 2030 [32], poli-
cies aimed at increasing agricultural carbon 
sequestration will play a significant part in 
Denmark’s upcoming climate goals (The Danish 
Council on Climate Change, 2023). Given the 
prominent role of agriculture in many other coun-
tries, understanding how transaction costs affect 
the implementation of a Danish carbon sequestra-
tion practice is thus interesting to scientists and 
policymakers. Cover crops, specifically, are listed in 
the report from the Danish Council on Climate 
Change as one the measures expected to lead to 
future agricultural emission reductions in 
Denmark. Secondly, there already exists a subsidy 
for cover cropping in Denmark, the targeted catch 
crop scheme. The subsidy aims to reduce nutrient 
leaching in selected coastal catchments, and is 
part of the political agreement on the Food and 
Agricultural Package of December 2015 [33]. 
Finally, cover cropping has comparatively low costs 
in relation to other measures. For example, agro-
forestry and grasslands in crop rotations require 
machinery and general equipment, making cultiva-
tion costs high [24].

To the best of our knowledge, no previous 
study has empirically estimated the optimal supply 
of carbon sequestration in the agricultural sector 
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accounting for transaction costs. In doing that, our 
study offers insights on the tradeoff between miti-
gation and transaction costs and thus contributes 
to the design and understanding of carbon 
sequestration policies.

The remainder of this paper is organized as fol-
lows: section ‘theoretical model’ presents the theor-
etical model. Section ‘data’ describes the data used 
for empirically applying the model, and section 
‘results’ brings the results and sensitivity analysis. 
Section ‘discussion and concluding remarks’ presents 
policy implications of the findings and conclusions.

Theoretical model

We develop a static optimization model of carbon 
sequestration. The model balances the societal 
benefits of sequestration and the farm level culti-
vation and transaction costs from additional cover 
cropping. This section describes the equations 
forming the regulator’s decision problem and the 
optimal solution.

Carbon sequestration

We assume that there are mi farms of different types 
i ¼ 1, :::, n; in a country, with the type being deter-
mined by a combination of structural farm character-
istics, including soil type and production orientation, 
see Taghizadeh-Toosi & Olesen [31]. The carbon 
sequestration generated with cover cropping is 
assumed to be a function of the area allocated for 
cover crops, Ai; measured in hectares. Cultivating 
cover crops contributes to total carbon sequestra-
tion, Si; in farm i; as depicted in Equation (1):

Si ¼ siA
a
i , (1) 

where the parameter si is a coefficient expressing 
the annual increase in the SOC stock in tons of car-
bon dioxide equivalents (tCO2e), due to cover 
cropping on the first hectare of land. The seques-
tration provided by cover crops is expected to 
vary, conditional on factors like water [34], climate, 
and soil conditions [31]. To account for varying 
sequestration potential on a given farm we intro-
duce the exponent a; with 0 < a � 1, implying 
potentially decreasing marginal returns when the 
cover crop area is expanded.

Cultivation costs

Cultivating cover crops generates extra farm 
expenses, including costs for seed, sowing, and 
new machinery or technology. We focus on under- 

sown cover crops, which are crops grown under 
already established main spring crops, a cover 
cropping technique traditionally used in northern 
Europe [35–37]. The only direct expenses for 
under-sown cover crops are those for seed and 
sowing.4 It can be noted that we disregard poten-
tial effects on the production of main crops, as 
recent literature indicates cover crops may have 
negligeable effects on yield [31,35,38–40]. We 
assume that cultivation costs are linear in the 
amount of land devoted to cover crops:

Ci ¼ ciAi: (2) 

In Equation (2), the variable Ci is the total culti-
vation costs of adopting cover crops on farm i:
The parameter ci is the per hectare cultivation 
costs, assumed to vary by farm.

Transaction costs

The implementation of cover crops in the farm is 
assumed to lead to private transaction costs for 
farmers due to the time spent on research, infor-
mation acquisition [7,8], and planning [41] neces-
sary for the adoption of the practice. For example, 
farmers must spend time on paperwork and even-
tual crop inspections and may need to additionally 
hire auxiliary services for negotiation, contracting, 
and certification, so that they may receive govern-
mental compensation for the cultivation of the 
crops.

Following the empirical [11,42], analytical 
[43,44], and theoretical [45] literature, transaction 
costs are assumed to be a function of total farm 
sequestration Si: The motivation for having output 
formulated transaction costs is that identifying and 
establishing carbon sequestration is costly. 
Increasing levels of mitigation effort should raise 
transaction costs, everything else equal [43]. 
Further, it is reasonable to believe that farmers 
with more productive land (i.e. that have higher 
per hectare sequestration) have higher transaction 
costs due to their increased opportunity costs of 
time, which is consistent with our approach. We 
define transaction costs (Ti) as:

Ti ¼ kSb
i : (3) 

In Equation (3), k is a scaling factor. The expo-
nent b > 0 is introduced to account for potential 
non-linearity between carbon sequestration and 
transaction costs. It can be interpreted as the elas-
ticity of the function. Although economies of scale 
might occur in transactions, farmers can be 
expected to have an increasing opportunity cost 
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of time spent on planning and administration. We 
therefore do not make any initial assumptions 
about the convexity or concavity of Equation (3)5, 
thereby following the set up in Stavins [45].

Benefits of carbon sequestration

We assume that sowing of cover crops in a farm 
type i generates a benefit b for society for each 
tCO2e sequestered by the crops. The parameter b 
expresses the constant marginal gain of sequestra-
tion.6 Further, we disregard other cover cropping 
benefits, such as fertilization effects and the miti-
gation of nutrient leaching, which could vary in 
relation to the farm type.

The social planner’s objective function

The social planner maximizes the net benefits of 
implementing cover crops in all farms in the coun-
try, W: The regulator’s problem is given by:

maxAi W ¼
P

i miðbSi − Ci − TiÞ ¼
P

i miðbsiAa
i − ciAi − ks b

i A ab
i Þ

s:t:−Ai � 0 and Ai − Ai � 0:

(4) 

The term Ai is maximum number of hectares 
that can potentially be allocated for cover crops in 
a farm type i due to land availability. The 
Lagrangian function is given by Equation (5):

L ¼
X

i

mibsiA
/
i − miciAi − miks b

i A ab
i − kiðAi − AiÞ

h i

:

(5) 

The term ki; with ki � 0; is the Lagrange multi-
plier associated with the capacity constraint.The 
Karush Kuhn Tucker (KKT) equations give the 
necessary conditions for finding a solution to this 
problem. The stationary condition for this problem 
is:

dL

dAi
¼ mi bsia Aa−1

i − mici − miksb
i ab Aab−1

i − ki

¼ 0:

(6) 

and the slackness condition is:

kiðAi − AiÞ ¼ 0 (7) 

Equation (6) illustrates that in an interior opti-
mum, the marginal benefit (bsia Aa−1

i ) should 
equal the sum of marginal cultivation (ciÞ and mar-
ginal transaction costs ksb

i ab Aab−1
i

� �

: In a world 
of zero transaction costs, the optimal Ai is bigger 
and found for the point where marginal benefits 
equal marginal cultivation costs. Equation (7)
shows that either the capacity restriction is exactly 

binding, implying that A�i ¼ Ai (i.e. cover crops are 
implemented in all available area in farm and ki >

0; or the optimal area allocated for cover crops is 
obtained from Equation (6), and we will have that 
0 � A�i < Ai ; and ki ¼ 0:

Equations (6) and (7) will only be sufficient for 
A�i to be a global optimum when the objective 
function is concave in Ai: This will hold if the par-
ameter b is sufficiently small compared to the par-
ameter a: If this is not the case, Equations (6) and 
(7) still apply, however, they will not be sufficient 
for ensuring that the optimal solution is also a glo-
bal optimum.

Data

In this section, we describe the data used in the 
empirical application of our model. All our data is 
in 2023-year value, calculated by inflating values 
with the Danish consumer price index (CPI) avail-
able at Statistics Denmark [46]. When converting 
monetary values to Euro, we used average 
exchange rates from 2023 [47]. All parameter val-
ues used in the benchmark model can be found in 
Table A1, Appendix A.

Farm types

We use data from Statistics Denmark [50] for the 
number of farms of different types (mi), with type i 
determined by the location, the farm’s size category, 
and the output produced. We consider farms in 
five different regions in Denmark: Capital Region 
(Hovedstaden), Southern Denmark (Syddanmark), 
Zealand (Sjælland), Central Jutland (Midtjylland) and 
North Jutland (Nordjylland), which together cover 
the whole country. Additionally, we divide the farms 
into five size categories: tiny (0.1 to 19.9 hectares), 
small (20 to 49.9 hectares), medium (50 to 124.9 hec-
tares), big (125 to 249.9 hectares) and large (250 hec-
tares or over). Finally, farms are categorized based 
on the main production orientation: pig, cattle, and 
plant. In total, there are 75 farm types, see Table A2
in Appendix A.

Carbon sequestration

For the per hectare sequestration coefficient si we 
use values estimated by Taghizadeh-Toosi and 
Olesen [31]. The authors report the average yearly 
increase in SOC stock following 26 years under typ-
ical management conditions, considering cover 
cropping relative to the comparable bare soil man-
agement treatment, for mineral well drained soils 
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differentiated across three soil types (sand, sandy- 
loam or loam) and farm production orientation 
(plant, pig or cattle)7. The authors report coeffi-
cients for two sampling sites in Denmark. We use 
the average of the two sites to get a unique coeffi-
cient for each combination of soil type and pro-
duction type. We associate these values with each 
of our farm types according to the production 
orientation of the farm and soil types in the region 
where the farm is located. For the latter we use a 
national map of topsoil [51] and the soil classifica-
tion scheme from Madsen et al. [52] to calculate 
the soil composition for each Danish region in 
terms of the percentage area of each soil type. 
Thereafter, we calculate a spatially weighted aver-
age of the coefficients for different soil types in 
Taghizadeh-Toosi and Olesen [31]. The result is a 
unique si for each farm production orientation 
(pig, plant, or cattle) in each Danish region8, see 
Table A2 in Appendix A. This calculation shows 
that cover crops tend to result in higher carbon 
sequestration in plant farms and in farms located 
in regions with higher concentration of sandy soils. 
Finally, we arbitrarily assume that the exponent b 

in the sequestration equation is equal to 0.9.

Area available for cover crop cultivation

To find the available agricultural area for cover 
crops per farm type, we calculate the remaining 
potential for cover cropping in Denmark, using 
data from Statistics Denmark [49] on the area cur-
rently dedicated for the cultivation of spring crops9

in each Danish region (about 572,699.00 hectares 
in total) and subtracting from that the number of 
hectares already dedicated to the planting of cover 
crops, estimated to be 475,000 hectares or 
approximately 20% of Denmark’s agricultural land 
[36]. We assume that the area currently dedicated 
to cover crops is exactly equal to 20% of the total 
agricultural area in each region and for each farm 
type. Table 1 presents the remaining potential for 
cover crops in percent of the agricultural area in 
each region. As observed, Zealand and the Capital 
Region have the highest and lowest estimated 
potential for cover crop cultivation in relation to 

total agricultural area, respectively. The value of Ai ;

per farm type, is listed in Table A2 in Appendix A.

Cultivation and transaction costs

For the parameter ci; the per hectare cultivation 
cost, we make use of the estimated cost for cover 
crop establishment, i.e. the costs for seeds and 
sowing in Denmark as reported in Hasler et al. [48] 
and Konrad et al. [53]. Following the mentioned 
references, we assume a uniform per hectare cost 
for all costs equal to 30 e/ha.We have additionally 
not found empirical data on private transaction 
costs faced by farmers for cover cropping in 
Denmark. Instead, we calibrate the parameters of 
the transaction cost function using data from two 
different studies. First, Phan et al. [42] estimate 
transaction costs for establishing carbon sequestra-
tion projects, using results from a survey with for-
estry project developers. The econometric 
estimates from their paper are used to find the 
elasticity of marginal transaction costs with respect 
to sequestration, b. Phan et al.’s [42] data pertains 
to projects carried out in Latin America, Asia and 
Africa, where transaction costs can be expected to 
be lower than in Denmark due to the lower oppor-
tunity cost of time resulting from lower income 
levels. We therefore calibrate the function to better 
fit the Danish agricultural context using results in 
Mettepenningen et al. [14], showing that european 
farmers’ reported costs for labor hours, operation, 
and administration, for agri-environmental 
schemes are 54.23 e/ha10 on average11. The cali-
bration procedure led to setting the parameter k 
equal to 15912, and b is equal to 1, i.e. there is a 
proportional relationship between sequestration 
output and transaction costs. Details can be found 
in Appendix B. Given this choice of data for cali-
bration, the empirical transaction cost function 
reflects costs for labor, operation, and administra-
tion of environmental support, faced by the land-
owners. The relevance of our combined mitigation 
and transaction costs is checked by calculating the 
total per hectare costs of cover cropping, i.e. 
including both cost types using the parameter val-
ues described above. The average area potentially 

Table 1. Remaining potential for cover crop cultivation in Denmark.
Region Area available for cover cropping, in % of total agricultural area Area available for cover cropping, in hectares

Capital Region 0.03 21.83
Zealand 6.14 25,383.02
Southern Denmark 4.35 29,235.61
Central Jutland 4.70 34,176.48
North Jutland 2.14 8,883.01

Note: Calculations based on data from Nielsen et al. [37] and Statistics Denmark [54].
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available for cultivating cover crops equals 3.62 
hectares (see Table A2 in Appendix A), and the 
average sequestration provided by cover crops is 
0.33 tCO2e per hectare (as calculated from 
Taghizadeh-Toosi & Olesen [31]). Given these num-
bers, the average total costs per hectare for cover 
cropping will be approximately e75.52. This is less 
than the estimated average WTA of 225.76 e/ha 
for catch-crop contracts in Denmark [54]. However, 
it is within the range of WTA estimates for seques-
tration measures considered in Zandersen et al. 
[26], where it is suggested that between 21 and 
103 e/ha is necessary for Danish farmers to engage 
in conservation or reduced tillage. Thus, our cost 
functions are reasonable in comparison to these 
studies, while still being conservative.

Monetary benefits

Some studies use economy wide modelling 
approaches for estimating the value of carbon 
emission reductions using, for example, integrated 
assessment models (IAMs) that simulate atmos-
pheric CO2e concentration, impacts, and resulting 
reductions in gross domestic production output 
[55]. Pindyck [56], however, criticizes such methods 
due to lack of complete theoretical and empirical 
grounding, suggesting using the ratio of the pre-
sent value of lost GDP from an extreme outcome 
to the total emission reduction needed to avert 
that outcome. However, Pindyck [56] relies on a 
survey of experts and finds a large variation in 
values.

Another frequently used approach is to set the 
marginal benefit of reductions in CO2e equal to 
carbon prices applied in actual policies. This is typ-
ically motivated by an assumption that govern-
ments strive for economically optimal carbon 
sequestration policies, hence equating the mar-
ginal cost and the marginal benefit.13 One option 
would be to apply prices from the European 
Emission Trading Scheme (EU ETS). However, the 
EU ETS covers only emissions from the manufac-
turing and energy sectors and aviation [57], not 
including the agricultural sector. A more plausible 
value of the carbon price in the Danish agricultural 
sector context is the agricultural carbon tax rate 
recommended by the Danish Climate Council [58], 
equaling 220 e/tCO2e. The same report also analy-
ses the impact of a tax of around 100 e/tCO2e, 
which is the level more recently suggested by the 
Danish Expert Group for a Green Tax Reform 
[59].14

Considering the above, we use a range of values 
between 0 and 500 e/tCO2e in different scenario 
simulations. This is motivated by our desire to 
observe the effect of varying prices on the result-
ing carbon output. When conducting comparative 
and sensitivity analysis, we use a baseline price of 
220 e/tCO2e, equal to the tax level recommended 
by the Danish Climate Council.

Results

The model was solved using non-linear program-
ming (NLP) in the software GAMS [60] using a 
CONOPT4 solver. We estimate the model for a 
range of carbon prices between 0 and 500 
e/tCO2e. The results are organized as follows: First, 
we present the results with our benchmark param-
eter values (following the numbers presented in 
Table A2 in Appendix A), considering two alterna-
tive scenarios: with and without transaction costs. 
Following that, we conduct sensitivity analysis 
with respect to parameter assumptions.

Benchmark results

Figure 1 brings the optimal total carbon sequestra-
tion (in 1,000 tCO2e) resulting from the expansion 
of cover crops in Denmark under varying carbon 
prices. The graph depicts the sequestration out-
come for the scenarios with and without transac-
tion costs. The vertical black dotted line marks the 
level of the proposed agricultural carbon tax, i.e. 
when the carbon price equals 220 e/tCO2e.

As expected, assuming zero transaction costs 
leads to higher carbon sequestration for most car-
bon prices considered, with a notable difference, 
of approximately 13,000 tCO2e, being observed in 
the range of the recommended agricultural carbon 
tax. For low carbon prices (<40 e/tCO2e), farms do 
not implement cover cropping, and sequestration 
is zero regardless of whether there are transaction 
costs or not. Without transaction costs, a carbon 
price of at least 40 e/tCO2e is necessary. When 
transaction costs are accounted for, the minimum 
carbon price for cover cropping is more than four 
times higher (180 e/tCO2e). For high carbon prices 
(>400 e/tCO2e), there is again convergence in the 
carbon sequestration with and without transaction 
costs. This is because most farms have met their 
capacity constraint for cover cropping. The max-
imum carbon sequestration that can be provided 
is 15,300 tCO2e/yr, found when the carbon price is 
>500 e/tCO2e.

6 L. M. KARPAVICIUS ET AL.



Figure 2 illustrates how transaction and cultiva-
tion costs vary in relation to the total costs of 
cover cropping for the different carbon prices. The 
dotted square again highlights the agricultural car-
bon tax level. As observed in the figure, transac-
tion costs represent between 90% and 50% of 
total costs, depending on the carbon price that 
applies. A decrease in the share of transaction 
costs as the carbon price increases is expected. For 

high carbon prices, farms that are only able to 
achieve comparatively low carbon sequestration 
per hectare will also have an incentive to engage 
in cover cropping. Thus, there will be more area 
allocated for cover crops but there will not be a 
proportional increase in sequestration levels, caus-
ing cultivation costs to grow more than the 
increase in transaction costs. At the agricultural 
carbon tax price, transaction costs are 74.5% of the 

Figure 1. Carbon sequestration output (in 1,000 tCO2e) provided by expanding cover crops in Denmark under different 
carbon prices. Note: the black dotted line illustrates the agricultural carbon tax price scenario.

Figure 2. Percentage distribution of abatement and transaction costs in relation to total costs for cover cropping in 
Denmark, under different carbon prices. Note: the black dotted square illustrates the agricultural carbon tax price 
scenario.
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total costs. At high carbon prices, similar shares of 
transaction and cultivation costs are observed.

Figure 3 illustrates the carbon sequestration 
provided by cover crops under different carbon 
price scenarios, with (solid lines) and without 
(hashed lines) transaction costs in the model, for 
each region. Again, the agricultural carbon tax 
price is highlighted with a black dotted line. The 
pattern observed in the figure is driven by a com-
bination of land availability, transaction costs, and 
per hectare sequestration coefficients. For 
example, farms in the Capital Region have the low-
est land availability for cover cropping out of all 
the regions, and low per hectare sequestration 
coefficients (see Table A2 in Appendix A). Thus, 
the model allocates little cover cropping in this 
region regardless of whether transaction costs are 
considered or not, and the carbon sequestration 
output remains low in the region for all carbon pri-
ces. North Jutland farms have higher sequestration 
of cover cropping at low carbon prices in scenarios 

both with and without transaction costs, due to 
the prevalence of sandy soils and the high number 
of production farm types associated with high per 
hectare sequestration existing the region, see 
Table A2 in Appendix A, and thus causes more 
areas to be allocated for cover cropping at low car-
bon prices. However, as the more productive farms 
in North Jutland, i.e. that sequester more carbon at 
fewer hectares, reach their land availability con-
straint (reflected in the plateaus in the teal-colored 
graph), the carbon sequestration output from 
other regions increases more rapidly, surpassing 
that of North Jutland. Transaction costs increase 
the carbon price necessary for all available land to 
engage in cover cropping, making all the curves 
shift right in comparison with the non-transaction 
costs scenario.

The spatial distribution of cover crops under the 
agricultural tax carbon price scenario can be seen 
in Figure 4. The maps depict the area allocated for 
cover crops, in percentage of the area estimated 

Figure 3. Optimal carbon sequestration output (in 1,000 tCO2e) from cover crops across farm location types under differ-
ent carbon prices. Note: the black dotted line illustrates the agricultural carbon tax price scenario.
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to be available for cover cropping, for scenarios 
without (a) and with (b) transaction costs. The col-
ors in each region represent the amount of carbon 
sequestration under each model, in tCO2e. Without 
transaction costs, the highest carbon sequestration 
output comes from farms in Central Jutland 
(24,303 tCO2e), followed by Southern Denmark 
(5,366.74 tCO2e), Zealand (2,254.3 tCO2e), North 
Jutland (1,700 tCO2e) and finally the Capital 
Region (4.03 tCO2e). With transaction costs the 
Capital Region remains the location with lowest 
output (sequestering <0.0001 tCO2e). However, 
the highest output comes instead North Jutland 
(0.38 tCO2e), followed by Central Jutland (0.128 
tCO2e), Southern Denmark (0.031 tCO2e) and 
Zealand (0.002 tCO2e). Transaction costs, thus, 
change the cost-effective spatial distribution of 
carbon sequestration. Further, the percentage of 
area allocated for cover cropping, for all regions, 
decreases from an average 76.06% to 0.04% of 
available cover cropping area, when accounting 
for transaction costs.

Figure 5 is a graph analogue to Figure 3, but for 
farm product orientations instead of farm locations. 
As before, results are reported with and without 
transaction costs. Plant farms provide the highest 
total carbon sequestration and cattle farms the low-
est, regardless of whether transaction costs are con-
sidered and what is the carbon price that applies. 
This is a direct result of the per hectare carbon 
sequestration coefficients, that are the highest for 
plant farms and the lowest for cattle farms regard-
less of farm location. Transaction costs, however, 
visibly shift the supply curve for each farm type. At 
the agricultural carbon tax level, without transaction 
costs, the sequestration output is 10,560 tCO2e 
from plant farms, 2,286.01 tCO2e from pig farms 
and 241 tCO2e from cattle farms. Also, without 
transaction costs, a carbon price of around 240 
e/tCO2e is enough to incentivize cover cropping on 
all available pig farms area, as indicated by the plat-
eau in the pink dotted curve after that level. When 
transaction costs are introduced, the agricultural tax 
carbon price yields only 0.535 tCO2e from plant 

Figure 4. Optimal allocation of cover crops under the agricultural carbon tax scenario (sequestration in tCO2e and portion 
of land allocated for cover cropping in percent relative to area estimated as available for cover crops), for different danish 
regions, with zero (a) and positive (b) transaction costs.
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farms, 0.005 tCO2e from pig farms and 0.001 tCO2e 
in cattle farms. The needed price level for all avail-
able pig farms area to engage in cover cropping 
(400 e/tCO2e) is more than 1.5 times higher than in 
the scenario without transaction costs. Similarly, the 
carbon price level necessary for all plant farms to 
engage in additional cover cropping increases from 
260 e/tCO2e to 420 e/tCO2e when transaction costs 
are considered.

Figure 6 reports the carbon sequestration out-
put for different carbon prices across the farm size 
categories. As before, outputs are reported with 
(solid lines) and without (hashed lines) transaction 
costs, and the agricultural carbon tax price is high-
lighted. As intuitively expected, the total carbon 
sequestration mostly follows farm size, with large 
and tiny farms providing the highest and lowest 
total sequestration output, respectively, in most 
carbon price scenarios. The inclusion of transaction 
costs will again change the relative distribution of 
sequestration across farms at a given carbon price. 
For example, for the agricultural tax level and with-
out transaction costs, the ranking of the farms 
from highest to lowest sequestration output is: 
large (5,588 tCO2e), medium (2,681 tCO2e), big 
(2,643 tCO2e), small (1,274.72 tCO2e), and tiny (900 
tCO2e). With transaction costs, for the same carbon 

price, tiny farms are instead the type with highest 
total sequestration output (0.24 tCO2e), followed 
by small (0.11 tCO2e), medium (0.11 tCO2e), large 
(0.035 tCO2e) and finally big (0.043 tCO2e). Both 
the models with and without transaction costs ini-
tially allocate more cover cropping to tiny farms, 
because there is a high share of plant farms within 
the tiny category (and therefore a high per hectare 
sequestration coefficient for many tiny farms). A 
sharp increase in the allocation to other farm cate-
gories (e.g. big and large farms) is only observed 
when all the available area from tiny farms is used 
for cover crops. As transaction costs shift the pla-
teaus indicating the end of land availability for 
each farm category to the right, the relative supply 
of cost-effective carbon sequestration is thus 
changed at a fixed carbon price, in the same logic 
as explained for farm locations.

Sensitivity analysis

In this section, we perform sensitivity tests, with the 
aim of understanding how assumptions made about 
model parameters impact the sequestration supply in 
the model with transaction costs. First, in Table 2 we 
present the percentage change in the total sequestra-
tion supplied for a 10% upward and downward 

Figure 5. Optimal carbon sequestration output (in 1,000 tCO2e) from cover cropping across farm product orientation 
under different carbon prices. Note: the black dotted line illustrates the agricultural carbon tax price scenario.
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change in each parameter relative to baseline values 
and at a carbon price of 220 e/tCO2e. The table 
reports the values for all parameters, except for the 
transaction cost elasticity parameter b; investigated 
in further detail next. We further considered an 
increase or decrease in cultivation costs separately for 
each farm size category. The motivation for this sensi-
tivity test is that cultivation costs could differ system-
atically across farm size group due to potential 
economies of scale, investment needs, and variations 
in the opportunity cost of labour time. Thus, this test 
considers the impact of non-uniform per hectare cul-
tivation costs in the model.

The results from the table indicate that the 
model is sensitive to assumptions about all param-
eters used, as a 10% change leads to a more than 
10% change in the resulting sequestration. 
Notably, decreasing the per hectare sequestration 
output a by 10% leads to the biggest change in 
output, of 1,090%, i.e. a sequestration output that 
is around 12 times larger compared to the base-
line. While intuitively one might expect that a 
decrease in a would result in lower overall seques-
tration, a lower a also decreases transaction costs. 
For low carbon prices, the reduction in the bene-
fits of sequestration due to a reduction in a is 

Figure 6. Optimal carbon sequestration output (in 1,000 tCO2e) from cover crops across farm size category types under 
different carbon prices. Note: the black dotted line illustrates the agricultural carbon tax price scenario.

Table 2. Percentage change in the sequestration output when parameters are decreased or increased 
by 10% relative to baseline values (using agricultural tax carbon price scenario of 220 e/tCO2e), 
model with transaction costs.
Parameter 10% increase 10% decrease

Scale parameter o transaction cost function (k) −92.5 % 630.8%
Sequestration coefficient (si) 225.1% −85.5%
Exponent in sequestration function (a) −99.8% 1,090.1%
Per hectare cultivation cost (c) −98.5 % 167.0%
Per hectare cultivation cost (ci) of tiny farms −67.2% 72.0%
Per hectare cultivation cost (ci) of small farms < 1.0% change 24.3%
Per hectare cultivation cost (ci) of medium farms −52.8% 49.4%
Per hectare cultivation cost (ci) of big farms −19.6% 14.8%
Per hectare cultivation cost (ci) of large farms −54.0% 20.8%
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small, while the reduction in transaction costs is 
large, which explains this outcome.

Further, the sensitivity analysis shows that the 
impact on the total sequestration of an increase in 
cultivation costs for a particular farm size category 
is largely proportional to the category’s share of 
cover crop area in optimum, as can be expected. 
Under the proposed carbon tax, the strongest 
sequestration response to changes in cultivation 
costs is for tiny farms, suggesting that more 
detailed information on the costs incurred by tiny 
farms would be valuable for policy makers.

The reason for the overall high effects of all 
coefficients in Table 2 is that we examine a critical 
range of the supply around the suggested carbon 
price, where area allocation for cover cropping is 
low. When checking at a higher carbon price the 
sequestration output, the model is less sensitive, 
particularly to changes in the per hectare cultiva-
tion cost ci and the transaction cost scale param-
eter k: Further, for higher carbon prices higher a 

values lead to increases in sequestration output, 
and vice versa, given the larger resulting impact on 
sequestration benefits. Results for a sensitivity 
check with a carbon price of 400 e/tCO2e are avail-
able in Table A3 in Appendix A.

Next, we look closer at the elasticity parameter 
b: In Figure 7, we illustrate the impact of varying b 

up and down by 10%, indicating a convex and 
concave transaction cost function, respectively. As 
observed in the figure, the sequestration output 
follows the same S-shape for all levels of b; with 

low carbon output at low carbon prices, rapid 
increases at medium prices, and stabilization at 
high prices due to decreasing land availability for 
cover cropping. The varying assumptions on scale 
effects in transaction costs influence the slope of 
the sequestration output function. At the agricul-
tural carbon tax price, convex transaction costs 
yield an output 30 times higher than linear trans-
action costs. The convex transaction cost function 
yields the highest sequestration output under low 
carbon prices, but the lowest under higher prices. 
The former is explained by an increase in b imply-
ing a reduction in transaction costs for Si<1, while 
for Si>1, transaction costs increase, and then at a 
more rapid rate. In all cases with transaction costs, 
sequestration remains notably smaller compared 
to the non-transaction cost model.

Discussion and concluding remarks

In this paper, a spatial economic model of cover 
crop implementation is developed and applied in 
Denmark, showcasing the trade-offs between soci-
etal carbon sequestration benefits and farm-level 
cultivation and transaction costs. We find that in 
the presence of transaction costs, and at a carbon 
price of 220 e/tCO2e, only 15.4 tCO2e can be 
sequestered annually via additional cover cropping 
in Denmark. Assuming zero transaction costs over-
estimates the sequestration output by 13,030 
tCO2e for the same carbon price. Transaction costs 
also change the optimal allocation of sequestration 
across space and farm size, but do not affect the 

Figure 7. Carbon sequestration output (in 1,000 tCO2e) for linear, convex, concave, and zero, transaction costs and under 
different carbon prices. Note: the black dotted line illustrates the agricultural carbon tax price scenario.
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allocation across farms with different product 
orientation. Plant and cattle farms provide the 
highest and lowest output, respectively, for all car-
bon prices, independently of the size of transac-
tion costs. This occurs because the production 
orientation is a key determinant of sequestration 
per hectare.

Our paper adds to the literature on transaction 
costs in climate policies by examining their impact 
on the supply of agricultural carbon sequestration. 
In doing that, we find empirical evidence that the 
farm level distribution supply of carbon sequestra-
tion from cover cropping shifts when transaction 
costs are introduced, as similarly observed for miti-
gation initiatives in other sectors. This effect aligns 
with previous findings that soil type and location 
are significant determinants of adoption rates for 
conservation tillage [25,26]. Taken together, the 
evidence we bring points to farm heterogeneity as 
a relevant factor for deriving the least-cost path 
allocation of carbon sequestration across farmers. 
Further, our model converses with Bami�ere et al. 
[24] estimates, that previously found around 0.8 
tCO2e/ha could be annually sequestered through 
cover crops in France, when assuming zero trans-
action costs. The value reported by to Bami�ere 
et al. [24] is about 1.5 times higher than the yearly 
carbon sequestration we find when applying our 
model in the presence of transaction costs under 
the agricultural carbon tax price. As our modelling 
approach accounts for farm heterogeneity in trans-
action costs, our analysis thus bridges a gap 
between mitigation cost-based analyses, such as 
those by Bami�ere et al. [24], and stated preference 
studies generally, which often show discrepancies 
in conclusions about the required level of eco-
nomic incentives for carbon sequestration.

We estimate that total (i.e. abatement plus 
transaction) costs of expanding cover crops in 
Denmark are 213.4e/tCO2e, under a carbon price 
of 220 e/tCO2e. Marginal costs for reducing fossil 
fuels use within the agricultural sector and else-
where are typically higher: The study by Zandersen 
et al. [26] finds that Danish farmer’s marginal 
abatement costs for energy savings from, e.g. 
lower tractor use from adopting reduced tillage 
would be 580 to 3,700 e/tCO2e, and the marginal 
abatement costs for decarbonization in the fossil 
fuel sector in Denmark is 474 to 622 e/ tCO2e [61], 
all in 2023 year value. Thus, even when farmers’ 
transaction costs are accounted for, our model 
suggests that agricultural sequestration is cost- 
effective for climate mitigation in Denmark.

There are limitations to our approach. First, pub-
lic transaction costs faced by policymakers in 
incentivizing carbon sequestration are not consid-
ered. Some regulations may be inexpensive for 
farmers but costly for the public to implement, or 
vice versa, but data on public transaction costs is 
limited. This is an interesting topic to be explored 
by future research. Further, we do not consider the 
potential role of socio-demographic differences 
between farmers for farm heterogeneity in transac-
tion costs, while such characteristics have been 
shown to matter for transaction costs as well as 
adoption rates [62–64]. For example, higher educa-
tional levels can reduce farmer’s transaction costs 
[65]. However, there is no data available that 
allows us to associate our farm types with such 
characteristics. Secondly, we assume that transac-
tion costs are variable. There could be also fixed 
transaction costs, such as discussed with reference 
to agri-environmental schemes by Falconer et al. 
[66], Abler [19] and Ducos et al. [65]. In addition, the 
transaction costs estimates used in this study do not 
provide context-specific evidence from Danish con-
ditions, and, hence, results should be interpreted 
with caution.Also, we do not consider the potential 
benefits of cover crops in terms of the impact on 
soil quality, where cover crops may enhance soil 
microbial activity and increase the availability of 
nutrients [67], thereby reducing the need for fertil-
ization, diminishing weed biomass, mitigating soil 
compaction and tillage demands, and enhancing 
the management of soil moisture [68], all of which 
could increase farming revenues. Finally, the results 
from the sensitivity analysis highlight that our model 
needs calibration for applicability in other contexts, 
where different parameter values are expected. For 
example, the cultivation cost parameter c and the 
sequestration coefficient si are specified for cover 
cropping in Denmark. Therefore, calibration of those 
parameters is necessary for application outside of 
Denmark or when considering other sequestration 
measures. In addition, the availability of differenti-
ated cost data for different farm types could 
increase the robustness of the results.

Our study has relevant policy implications. The 
results highlights that a carbon price of at least 180 
e/tCO2e may be necessary to expand cover crops in 
Denmark, when taking transaction costs into 
account. This is significantly higher than most exist-
ing carbon prices as discussed in session 3.5, includ-
ing the carbon tax currently analyzed in Denmark 
[58,59]. However, it is lower than the agricultural 
carbon tax recommended by the Danish Climate 
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Council. Still, we find that the achieved sequestra-
tion under the recommended tax would be small. 
Considering the Danish agricultural emissions tar-
get requires an average yearly reduction in emis-
sions by 0.79 million tCO2e [32], our results suggest 
that only 0.002% of the reduction could be met 
with cover cropping under a carbon price of 220 
e/tCO2e, when transaction costs are considered. 
The adoption might be increased through govern-
mental efforts to reduce farmer’s transaction costs, 
for example by disseminating information about 
cover crop benefits and management practi-
ces [69].

Future research on transaction costs and carbon 
sequestration policy could extend the analysis to a 
larger number of sequestration measures, thus 
allowing for a comparative analysis on the role of 
transaction cost differences for the cost-effective-
ness of different sequestration measures. 
Moreover, it could be relevant to account for time 
dynamics of carbon sequestration, due to carbon 
stock decay and release of emissions from the 
crops and time dynamics of transaction costs, 
related to potential fixed costs as well as learning- 
by-doing effects. Learning-by-doing implies that 
transaction costs tend to decrease in time with 
growing experience in agri-environmental schemes 
[66]. Finally, our study shows that assumptions on 
scale effects in transaction cost functions visibly 
alter the sequestration output curve. Thus, more 
empirical assessments should strive to provide 
accurate values for transaction costs in agricultural 
sequestration, for higher accuracy in cost-effective 
assessments. This can be done with primary data 
collection from farmers and other stakeholders 
involved in the implementation of sequestration 
projects, as well as systematic reviews aggregating 
values from existing literature. Direct measure-
ments of administrative, monitoring, and compli-
ance costs, as well as farmer-specific costs for 
adopting different practices, would be valuable for 
enhanced cost-effectiveness comparisons across 
different sequestration measures.

Notes

01. This is the range estimated for the Free-of- 
Charge Energy Audit (FCEA) program in 
Denmark.

02. Cover crops are also known as forage crops, 
green manure or catch crops [27]. The latter is 
used in the context of a crop sown to retain 
excess nutrients from the preceding crop and/or 
prevent nutrient leaching in catchment areas

03. Denmark has a total area of 43,095 km2, and 
roughly two thirds of that is under agricultural 
land management [31].

04. Costs for new technology, fertilizers and 
herbicide or tillage, although commonly cited 
cover cropping cultivation costs [27,48,70], will 
not be necessary for under-sown crops. 
Opportunity cost of land are not relevant as 
under-sown crops do not displace or replace 
winter crops [36].

05. I.e. whether b< 1 or b> 1.
06. The expected sequestration obtained with 

cover cropping in an individual country is small 
in relation to the global emissions [30], and 
thus there is no reason to assume decreasing 
marginal benefits in relation to the scale of 
implementation.

07. See table 10 in Taghizadeh-Toosi and Olesen [31].
08. The per hectare sequestration coefficient is 

independent of the size category.
09. We consider as spring crops common spring 

wheat, spring barley, oats and spring rape.
10. In 2023 year value.
11. Comparing to the above-mentioned cultivation 

costs, the average transaction costs then 
constitute 64% of the total per hectare costs, 
which are equal to 84.23 e/ha.

12. The private transaction costs then represents 
approximately 72% of the suggested 
agricultural carbon tax of 220 e/tCO2e [58].

13. The use of potential taxes or subsidies as 
marginal benefits or damages has been 
employed previously in optimization studies. 
Examples are early use in Maler [71], as well as 
applications by Elofsson [72], assessing 
abatement of nitrogen emissions in the Baltic 
Sea and Tang & Wang [73] to model the value 
of agricultural carbon reductions in China.

14. The Danish targeted catch crop scheme of 
applies a subsidy of 67.02 e/ha, however, the 
subsidy targets nitrogen leaching, not carbon 
sequestration. Hence, it is not relevant in this 
context.

15. Note that although the authors also include 
project area as a covariate, the found effect is 
close to zero in magnitude and not significant. 
Thus, we disregard it in the equation.

16. Converted to 2023 year value.

Acknowledgements

We are grateful for helpful insights from Steen Gyldenkærne 
and Mette Hjorth Mikkelsen on the estimation of the remaining 
potential for catch crop cultivation in Denmark as well as com-
ments from Rob Hart, Shon Ferguson, and Helena Hansson in 
early presentations of this work, that allowed us to outline criti-
cal model assumptions when writing the manuscript. We are 
also grateful to Torbj€orn Jansson for constructive suggestions 
on GAMS coding. We are also thankful for helpful comments 
provided by two anonymous reviewers of this journal. Any 
remaining errors are solely the responsibility of the authors.

14 L. M. KARPAVICIUS ET AL.



Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This work was funded by the Independent Research Fund 
Denmark [grant # 0217-00124B] and the EU Horizon pro-
ject MARVIC [grant # 101112942].

Data availability statement

The authors confirm that the data supporting the findings 
of this study are either from clearly outlined secondary 
sources or available within the article and/or its supple-
mentary materials. Code files for reproducing the results 
on GAMS are available from the corresponding author, 
upon reasonable request.

References

01. IPCC. Global warming of 1.5 �C: An IPCC Special 
Report on the Impacts of Global Warming of 1.5�C 
Above Pre-Industrial Levels and Related Global 
Greenhouse Gas Emission Pathways, in the Context 
of Strengthening the Global Response to the Threat 
of Climate Change, Sustainable Development, and 
Efforts to Eradicate Poverty. Intergovernmental Panel 
on Climate Change. 2018. http://www.ipcc.ch/report/ 
sr15.

02. Georgiou K, Jackson RB, Vindu�skov�a O, et al. Global 
stocks and capacity of mineral-associated soil organic 
carbon. Nat Commun. 2022;13(1):3797. doi: 10.1038/ 
s41467-022-31540-9.

03. Conant RT. Sequestration through forestry and agri-
culture. Wiley Interdiscip Rev Clim Change. 2011;2(2): 
238–254. doi: 10.1002/wcc.101.

04. Arnalds A. Carbon sequestration and the restoration 
of land health. Clim Change. 2004;65(3):333–346. doi: 
10.1023/B:CLIM.0000038204.60219.0a.

05. Lal R. Sequestering carbon in soils of agro-ecosys-
tems. Food Policy. 2011;36:S33–S39. doi: 10.1016/j. 
foodpol.2010.12.001.

06. Freibauer A, Rounsevell MDA, Smith P, et al. Carbon 
sequestration in European agricultural soils. 
Geoderma. 2004;122(1):1–23. doi: 10.1016/j.geo-
derma.2004.01.021.

07. McCann L. Transaction costs and environmental pol-
icy design. Ecol Econ. 2013;88:253–262. doi: 10.1016/ 
j.ecolecon.2012.12.012.

08. North DC. Economic performance through time. Am 
Econ Rev. 1994;84(3):359–368.

09. Edenhofer O, Franks M, Kalkuhl M, et al. On the gov-
ernance of carbon dioxide removal - a public econom-
ics perspective. Munich, Germany CESifo Working 
Paper; 2023.

10. Vatn A. An institutional analysis of payments for envi-
ronmental services. Ecol Econ. 2010;69(6):1245–1252. 
doi: 10.1016/j.ecolecon.2009.11.018.

11. Elofsson K, Karpavicius L, Yan S. A meta-analysis of 
transaction costs for projects to enhance carbon 

sequestration in land use and the potential implica-
tions in the Danish context [Internet].; 2023 DCE – 
Danish Centre for Environment and Energy;. p. 38. 
Report No.: 577. Available from: https://dce.au.dk/fil-
eadmin/dce.au.dk/Udgivelser/Videnskabelige_rap-
porter_500-599/SR577.pdf.

12. Falconer K. Farm-level constraints on agri-environ-
mental scheme participation: a transactional perspec-
tive. J Rural Stud. 2000;16(3):379–394. doi: 10.1016/ 
S0743-0167(99)00066-2.

13. Falconer K, Saunders C. Transaction costs for SSSIs 
and policy design. Land Use Policy. 2002;19(2):157– 
166. doi: 10.1016/S0264-8377(02)00007-8.

14. Mettepenningen E, Verspecht A, Van Huylenbroeck G. 
Measuring private transaction costs of European agri- 
environmental schemes. J Environ Plann Manage. 2009; 
52(5):649–667. doi: 10.1080/09640560902958206.

15. Rørstad PK, Vatn A, Kvakkestad V. Why do transaction 
costs of agricultural policies vary? Agric Econ. 2007; 
36(1):1–11. doi: 10.1111/j.1574-0862.2007.00172.x.

16. Mundaca L, Mansoz M, Neij L, et al. Transaction costs 
analysis of low-carbon technologies. Clim Policy. 2013; 
13(4):490–513. doi: 10.1080/14693062.2013.781452.

17. Bakam I, Balana BB, Matthews R. Cost-effectiveness 
analysis of policy instruments for greenhouse gas 
emission mitigation in the agricultural sector. J 
Environ Manage. 2012;112:33–44. doi: 10.1016/j.jenv-
man.2012.07.001.

18. McCann L, Colby B, Easter KW, et al. Transaction cost 
measurement for evaluating environmental policies. 
Ecol Econ. 2005;52(4):527–542. doi: 10.1016/j.ecole-
con.2004.08.002.

19. Abler D. Multifunctionality in agriculture: evaluating 
the degree of jointness, policy implications [Internet]; 
2008. Paris: OECD; [cited 2024 Feb 7]. p. 7–15. 
Available from: https://www.oecd-ilibrary.org/agricul-
ture-and-food/multifunctionality-in-agriculture/multi-
functionality-in-agriculture_9789264033627-2-en.

20. Rousseau S, Proost S. Comparing environmental pol-
icy instruments in the presence of imperfect compli-
ance – a case study. Environ Res Econ. 2005;32(3): 
337–365. doi: 10.1007/s10640-005-6646-6.

21. Ofei-Mensah A, Bennett J. Transaction costs of alter-
native greenhouse gas policies in the Australian 
transport energy sector. Ecol Econ. 2013;88:214–221. 
doi: 10.1016/j.ecolecon.2012.12.009.

22. Antle JM, Capalbo SM, Mooney S, et al. Economic 
analysis of agricultural soil carbon sequestration: an 
integrated assessment approach. J Agric Res Econ. 
2001;26(11):344–367.

23. Bami�ere L, Jayet PA, Kahindo S, et al. Carbon seques-
tration in French agricultural soils: a spatial economic 
evaluation. Agric Econ. 2021;52(2):301–316. doi: 10. 
1111/agec.12619.

24. Bami�ere L, Bellassen V, Angers D, et al. A marginal 
abatement cost curve for climate change mitigation 
by additional carbon storage in French agricultural 
land. J Cleaner Prod. 2023;383:135423. doi: 10.1016/j. 
jclepro.2022.135423.

25. Pautsch GR, Kurkalova LA, Babcock BA, et al. The effi-
ciency of sequestering carbon in agricultural soils. 

CARBON MANAGEMENT 15

http://www.ipcc.ch/report/sr15
http://www.ipcc.ch/report/sr15
https://doi.org/10.1038/s41467-022-31540-9
https://doi.org/10.1038/s41467-022-31540-9
https://doi.org/10.1002/wcc.101
https://doi.org/10.1023/B:CLIM.0000038204.60219.0a
https://doi.org/10.1016/j.foodpol.2010.12.001
https://doi.org/10.1016/j.foodpol.2010.12.001
https://doi.org/10.1016/j.geoderma.2004.01.021
https://doi.org/10.1016/j.geoderma.2004.01.021
https://doi.org/10.1016/j.ecolecon.2012.12.012
https://doi.org/10.1016/j.ecolecon.2012.12.012
https://doi.org/10.1016/j.ecolecon.2009.11.018
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Videnskabelige_rapporter_500-599/SR577.pdf
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Videnskabelige_rapporter_500-599/SR577.pdf
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Videnskabelige_rapporter_500-599/SR577.pdf
https://doi.org/10.1016/S0743-0167(99)00066-2
https://doi.org/10.1016/S0743-0167(99)00066-2
https://doi.org/10.1016/S0264-8377(02)00007-8
https://doi.org/10.1080/09640560902958206
https://doi.org/10.1111/j.1574-0862.2007.00172.x
https://doi.org/10.1080/14693062.2013.781452
https://doi.org/10.1016/j.jenvman.2012.07.001
https://doi.org/10.1016/j.jenvman.2012.07.001
https://doi.org/10.1016/j.ecolecon.2004.08.002
https://doi.org/10.1016/j.ecolecon.2004.08.002
https://www.oecd-ilibrary.org/agriculture-and-food/multifunctionality-in-agriculture/multifunctionality-in-agriculture_9789264033627-2-en
https://www.oecd-ilibrary.org/agriculture-and-food/multifunctionality-in-agriculture/multifunctionality-in-agriculture_9789264033627-2-en
https://www.oecd-ilibrary.org/agriculture-and-food/multifunctionality-in-agriculture/multifunctionality-in-agriculture_9789264033627-2-en
https://doi.org/10.1007/s10640-005-6646-6
https://doi.org/10.1016/j.ecolecon.2012.12.009
https://doi.org/10.1111/agec.12619
https://doi.org/10.1111/agec.12619
https://doi.org/10.1016/j.jclepro.2022.135423
https://doi.org/10.1016/j.jclepro.2022.135423


Contemp Econ Policy. 2001;19(2):123–134. doi: 10. 
1111/j.1465-7287.2001.tb00055.x.

26. Zandersen M, Jørgensen SL, Nainggolan D, et al. 
Potential and economic efficiency of using reduced 
tillage to mitigate climate effects in Danish agricul-
ture. Ecol Econ. 2016;123:14–22. doi: 10.1016/j.ecole-
con.2015.12.002.

27. Bergtold J, Ramsey S, Maddy L, et al. A review of eco-
nomic considerations for cover crops as a conserva-
tion practice. Renew Agric Food Syst. 2019;34(1):62– 
76. doi: 10.1017/S1742170517000278.

28. Peng Y, Rieke EL, Chahal I, et al. Maximizing soil 
organic carbon stocks under cover cropping: insights 
from long-term agricultural experiments in North 
America. Agric Ecosyst Environ [Internet]. 2023; [cited 
2024 Feb 15]:356:108599.

29. Hu Q, Thomas BW, Powlson D, et al. Soil organic car-
bon fractions in response to soil, environmental and 
agronomic factors under cover cropping systems: a 
global meta-analysis. Agric Ecosyst Environ. 2023;355: 
108591. doi: 10.1016/j.agee.2023.108591.

30. Poeplau C, Don A. Carbon sequestration in agricul-
tural soils via cultivation of cover crops–a meta-ana-
lysis. Agric Ecosyst Environ. 2015;200:33–41. doi: 10. 
1016/j.agee.2014.10.024.

31. Taghizadeh-Toosi A, Olesen J. Modelling soil organic 
carbon in Danish agricultural soils. Agric Syst. 2016; 
145:83–89. doi: 10.1016/j.agsy.2016.03.004.

32. Vestergren J, Brusgaard Christensen M. Regeringen: 
landbruget skal skære 7, 1 millioner tons CO2 frem 
mod 2030 - TV 2; 2021. TV2 Nyheder [Internet]. Apr 27 
[cited 2023 Sep 20]; Available from: https://nyheder. 
tv2.dk/politik/2021-04-27-regeringen-landbruget-skal- 
skaere-71-millioner-tons-co2-frem-mod-2030.

33. Ministry of the Environment and Food in Denmark/EPA. 
Overview of the Danish Regulation of Nutrients in 
Agriculture & the Danish Nitrates Action Programme 
[Internet]; 2017. Available from: https://eng.mst.dk/ 
media/186211/overview-of-the-danish-regulation-of- 
nutrients-in-agriculture-the-danish-nitrates-action- 
programme.pdf.

34. Ramos J, Machado RAF, Olibone D, et al. Cover crops 
growth under water deficit. Semina Ciências Agr�arias; 
2013.47–56.

35. Autret B, Mary B, Strullu L, et al. Long-term modelling 
of crop yield, nitrogen losses and GHG balance in 
organic cropping systems. Sci Total Environ. 2020; 
710:134597. doi: 10.1016/j.scitotenv.2019.134597.

36. Nielsen O-K, Plejdrup MS, Winther MW, et al. Projection 
of greenhouse gases 2022-2040 [Internet]; 2023. 
Aarhus University, DCE – Danish Centre for 
Environment and Energy;. p. 145. Report No.: 572. 
Available from: https://dce.au.dk/fileadmin/dce.au.dk/ 
Udgivelser/Videnskabelige_rapporter_500-599/SR572.pdf.

37. Thomsen IK, Hansen EM. Cover crop growth and 
impact on N leaching as affected by pre- and post-
harvest sowing and time of incorporation. Soil Use 
Manage. 2014;30(1):48–57. doi: 10.1111/sum.12083.

38. De Notaris C, Rasmussen J, Sørensen P, et al. 
Manipulating cover crop growth by adjusting sowing 
time and cereal inter-row spacing to enhance 

residual nitrogen effects. Field Crops Research. 2019; 
234:15–25. doi: 10.1016/j.fcr.2019.02.008.

39. Kørup K, Bruun S, Pedersen HH, et al. Experiences 
from conservation agriculture approaches on conven-
tional and organic arable farms [Internet]. Rochester, 
NY; 2022; [cited 2023 Nov 22]. Available from: https:// 
papers.ssrn.com/abstract=4292663.

40. Peltonen-Sainio P, Rajala A, K€ank€anen H, et al. 
Chapter 4 - Improving farming systems in northern 
Europe. In: Crop physiology: applications for genetic 
improvement and agronomy. 2nd ed. London: 
Academic Press; 2014. p. 65–91.

41. Canessa C, Ait-Sidhoum A, Wunder S, et al. What 
matters most in determining European farmers’ par-
ticipation in agri-environmental measures? A system-
atic review of the quantitative literature. Land Use 
Policy. 2024;140:107094. doi: 10.1016/j.landusepol. 
2024.107094.

42. Phan TH, Brouwer R, Davidson MD. A global survey 
and review of the determinants of transaction costs 
of forestry carbon projects. Ecol Econ. 2017;133:1–10. 
doi: 10.1016/j.ecolecon.2016.11.011.

43. Joas F, Flachsland C. The (ir) relevance of transaction 
costs in climate policy instrument choice: an analysis 
of the EU and the US. Clim Policy. 2016;16(1):26–49. 
doi: 10.1080/14693062.2014.968762.

44. Krutilla K, Krause R. Transaction costs and environ-
mental policy: an assessment framework and litera-
ture review. IRERE. 2011;4(3-4):261–354. doi: 10.1561/ 
101.00000035.

45. Stavins RN. Transaction costs and tradeable permits. J 
Environ Econ Manage. 1995;29(2):133–148. doi: 10. 
1006/jeem.1995.1036.

46. Statistics Denmark. PRIS8: consumer price index, 
annual average (1900¼ 100) by type. 2023 Denmark.

47. European Central Bank. Euro foreign exchange refer-
ence rates, (average) for 2022 [Internet]. 2023 [cited 
2023 Jun 10]. Available from: https://www.ecb.eur-
opa.eu/stats/policy_and_exchange_rates/euro_refer-
ence_exchange_rates/html/index.en.html.

48. Hasler B, Hansen LB, Andersen HE, et al. Cost-effect-
ive abatement of non-point source nitrogen emis-
sions–the effects of uncertainty in retention. J 
Environ Manage. 2019;246:909–919. doi: 10.1016/j. 
jenvman.2019.05.140.

49. Statistics Denmark. AFG5: cultivated area by region, 
unit and crop [Internet]. Denmark; 2023 ; [cited 2023 
Nov 23]. Available from: https://www.statbank.dk/AFG5.

50. Statistics Denmark. BDF11: farms by region, unit, type 
of farms and area [Internet]; 2023. Denmark; [cited 
2023 Nov 23]. Available from: https://www.statbank. 
dk/BDF11.

51. Adhikari K, Kheir R, Greve M, et al. High-resolution 3- 
D mapping of soil texture in denmark. Soil Sci Soc 
Am J. 2013;77(3):860–876.

52. Madsen H, Nørr A, Holst K. The Danish soil classifica-
tion: atlas over Denmark I, 3. Copenhagen, Denmark: 
The Royal Danish Geographical Society; 1992.

53. Konrad MT, Hansen LB, Levin G, et al. Targeted regu-
lation of nitrogen loads: a national, cross-sectoral 
analysis. Ecol Econ. 2022;193:107278. doi: 10.1016/j. 
ecolecon.2021.107278.

16 L. M. KARPAVICIUS ET AL.

https://doi.org/10.1111/j.1465-7287.2001.tb00055.x
https://doi.org/10.1111/j.1465-7287.2001.tb00055.x
https://doi.org/10.1016/j.ecolecon.2015.12.002
https://doi.org/10.1016/j.ecolecon.2015.12.002
https://doi.org/10.1017/S1742170517000278
https://doi.org/10.1016/j.agee.2023.108591
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agsy.2016.03.004
https://nyheder.tv2.dk/politik/2021-04-27-regeringen-landbruget-skal-skaere-71-millioner-tons-co2-frem-mod-2030
https://nyheder.tv2.dk/politik/2021-04-27-regeringen-landbruget-skal-skaere-71-millioner-tons-co2-frem-mod-2030
https://nyheder.tv2.dk/politik/2021-04-27-regeringen-landbruget-skal-skaere-71-millioner-tons-co2-frem-mod-2030
https://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
https://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
https://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
https://eng.mst.dk/media/186211/overview-of-the-danish-regulation-of-nutrients-in-agriculture-the-danish-nitrates-action-programme.pdf
https://doi.org/10.1016/j.scitotenv.2019.134597
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Videnskabelige_rapporter_500-599/SR572.pdf
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Videnskabelige_rapporter_500-599/SR572.pdf
https://doi.org/10.1111/sum.12083
https://doi.org/10.1016/j.fcr.2019.02.008
https://papers.ssrn.com/abstract=4292663
https://papers.ssrn.com/abstract=4292663
https://doi.org/10.1016/j.landusepol.2024.107094
https://doi.org/10.1016/j.landusepol.2024.107094
https://doi.org/10.1016/j.ecolecon.2016.11.011
https://doi.org/10.1080/14693062.2014.968762
https://doi.org/10.1561/101.00000035
https://doi.org/10.1561/101.00000035
https://doi.org/10.1006/jeem.1995.1036
https://doi.org/10.1006/jeem.1995.1036
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_rates/html/index.en.html
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_rates/html/index.en.html
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_rates/html/index.en.html
https://doi.org/10.1016/j.jenvman.2019.05.140
https://doi.org/10.1016/j.jenvman.2019.05.140
https://www.statbank.dk/AFG5
https://www.statbank.dk/BDF11
https://www.statbank.dk/BDF11
https://doi.org/10.1016/j.ecolecon.2021.107278
https://doi.org/10.1016/j.ecolecon.2021.107278


54. Hasler B, Czajkowski M, Elofsson K, et al. Farmers’ 
preferences for nutrient and climate-related agri-envi-
ronmental schemes: a cross-country comparison. 
Ambio. 2019;48(11):1290–1303. doi: 10.1007/s13280- 
019-01242-6.

55. Dietz S, Stern N. Endogenous growth, convexity of 
damage and climate risk: how Nordhaus’ framework 
supports deep cuts in carbon emissions. Econ J. 
2015;125(583):574–620. doi: 10.1111/ecoj.12188.

56. Pindyck RS. The social cost of carbon revisited. J 
Environ Econ Manage. 2019;94:140–160. doi: 10.1016/ 
j.jeem.2019.02.003.

57. OECD. Pricing greenhouse gas emissions: turning cli-
mate targets into climate action [Internet]; 2022 
OECD Publishing. Available from: https://www.oecd. 
org/tax/tax-policy/pricing-greenhouse-gas-emissions- 
turning-climate-targets-into-climate-action.htm.

58. The D, Council On C, Change K. Landbrugets omstil-
ling ved en drivhusgasafgif [Internet]. Copenhagen 
Denmark: Climate Council Secretariat; 2023, ;. p. 1– 
67.  Available from: https://klimaraadet.dk/da/ana-
lyse/landbrugets-omstilling-ved-en-drivhusgasafgift.

59. Danish Expert Group for a Green Tax Reform, 
Ekspertgruppen for en Grøn skattereform. Grøn skat-
tereform [Internet]. Denmark; 2024;. p. 1–241. 
Available from: file:///C:/Users/au709804/Downloads/ 
groen-skattereform-endelig-afrapportering.pdf.

60. GAMS Development Corporation. General algebraic 
modeling system (GAMS) release 38.2.1 [Internet]. 
Fairfax, VA, USA; 2023. Available from: https://www. 
gams.com/download/.

61. Hagos DA, Ahlgren EO. Exploring cost-effective transi-
tions to fossil independent transportation in the 
future energy system of Denmark. Appl Energy. 2020; 
261:114389. doi: 10.1016/j.apenergy.2019.114389.

62. Mettepenningen E, Huylenbroeck G. Factors influenc-
ing private transaction costs related to agri-environ-
mental schemes in Europe. In: Heide IFB, editor. 
Multifunctional rural land management. London, UK: 
Routledge; 2012. p. 169–192.

63. Pannell DJ, Marshall GR, Barr N, et al. Understanding 
and promoting adoption of conservation practices by 
rural landholders. Aust J Exp Agric. 2006;46(11):1407– 
1424. doi: 10.1071/EA05037.

64. Prokopy LS, Floress K, Klotthor-Weinkauf D, et al. 
Determinants of agricultural best management prac-
tice adoption: evidence from the literature. J Soil 
Water Conserv. 2008;63(5):300–311. doi: 10.2489/jswc. 
63.5.300.

65. Ducos G, Dupraz P, Bonnieux F. Agri-environment 
contract adoption under fixed and variable compli-
ance costs. J Environ Plann Manage. 2009;52(5):669– 
687. doi: 10.1080/09640560902958248.

66. Falconer K, Dupraz P, Whitby M. An investigation of 
policy administrative costs using panel data for the eng-
lish environmentally sensitive areas. J Agric Econ. 2001; 
52(1):83–103. doi: 10.1111/j.1477-9552.2001.tb00911.x.

67. Giuliano S, Alletto L, Deswarte C, et al. Reducing 
herbicide use and leaching in agronomically perform-
ant maize-based cropping systems: an 8-year study. 
Sci Total Environ. 2021;788:147695. doi: 10.1016/j.sci-
totenv.2021.147695.

68. Lowry CJ, Robertson GP, Brainard DC. Strip-tillage 
decreases soil nitrogen availability and increases the 
potential for N losses in a cover cropped organic sys-
tem. Agric Ecosyst Environ. 2021;319:107524. doi: 10. 
1016/j.agee.2021.107524.

69. Arbuckle JG, Roesch-McNally G. Cover crop adoption 
in Iowa: the role of perceived practice characteristics. 
J Soil Water Conserv. 2015;70(6):418–429. doi: 10. 
2489/jswc.70.6.418.

70. Weil R, Kremen A. Thinking across and beyond disci-
plines to make cover crops pay. J Sci Food Agric. 
2007;87(4):551–557. doi: 10.1002/jsfa.2742.

71. Maler K-G. Chapter 12 The acid rain game. In: Folmer 
H, Van Lerland E, editors. Studies in environmental sci-
ence [Internet]. Amsterdam: Elsevier; 1989. p. 231–252. 
[cited 2024 Feb 9]. Available from: https://www.scien-
cedirect.com/science/article/pii/S0166111608700359.

72. Elofsson K. Cost uncertainty and unilateral abate-
ment. Environ Resource Econ. 2007;36(2):143–162. 
doi: 10.1007/s10640-006-9018-y.

73. Tang K, Wang D. Cost-effectiveness of agricultural 
carbon reduction in china. In: Tang K, editor. Carbon- 
neutral pathways for China: economic issues 
[Internet]. Singapore: Springer Nature; 2023.81–94. 
[cited 2024 Jan 10]. Available from: doi: 10.1007/978- 
981-19-5562-4_6.

Appendices  

Appendix A 

Table A1. Modelling parameters and values used in benchmark model.
Parameter Unit Value used

Per hectare cultivation cost (c) e/ha 30
Scale parameter on transaction cost function (k) – 159
Elasticity in transaction cost function (b) – 1
Marginal benefit of sequestration (b) e/tCO2e Varying between 0 and 500 (¼220 for baseline comparisons)
Decreasing marginal productivity of sequestration (a) – 0.9
Sequestration coefficients (si) tCO2e See Table A2

Note: Cultivation cost from Hasler et al. [48] and scale and elasticity in transaction cost function from Phan et al. [42] and Mettepenningen et al. 
[14], following a calibration procedure described in Appendix B. Remaining parameters are assumed by the authors. The justification for the range 
of varying carbon prices used is described in detail in section 3.6.
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Table A2. Farm types, number of farms per type and values for land availability for cover cropping and per hectare 
sequestration per farm type used in baseline model simulation [50].

Farm type
Land availability for cover  

cropping per farm in hectares ( �Ai )
Per hectare  

sequestration (si) in tCO2e
Number  

of farms (mi)

1. Tiny plant farm in Capital Region 0.003 0.13 489
2. Tiny plant farm in Zealand 0.591 0.18 1,128
3. Tiny plant farm in Southern Denmark 0.435 0.25 1,801
4. Tiny plant farm in Central Jutland 0.488 0.29 2,283
5. Tiny plant farm in North Jutland 0.222 0.34 1,411
6. Tiny cattle farm in Capital Region 0.002 0.14 503
7. Tiny cattle farm in Zealand 0.468 0.21 746
8. Tiny cattle farm in Southern Denmark 0.376 0.09 1,379
9. Tiny cattle farm in Central Jutland 0.411 0.05 1,404
10. Tiny cattle farm in North Jutland 0.187 0.02 1,073
11, Tiny pig farm in Capital Region – 0.14 0
12. Tiny pig farm in Zealand 0.164 0.21 6
13. Tiny pig farm in Southern Denmark 0.184 0.22 35
14. Tiny pig farm in Central Jutland 0.411 0.23 50
15. Tiny pig farm in North Jutland 0.170 0.26 40
16. Small plant farm in Capital Region 0.010 0.13 182
17. Small plant farm in Zealand 2.041 0.18 669
18. Small plant farm in Southern Denmark 1.427 0.25 996
19. Small plant farm in Central Jutland 1.484 0.29 1,164
20. Small plant farm in North Jutland 0.671 0.34 604
21. Small cattle farm in Capital Region 0.009 0.14 124
22. Small cattle farm in Zealand 1.980 0.21 152
23. Small cattle farm in Southern Denmark 1.354 0.09 399
24. Small cattle farm in Central Jutland 1.446 0.05 305
25. Small cattle farm in North Jutland 0.688 0.02 254
26. Small pig farm in Capital Region – 0.14 0
27. Small pig farm in Zealand – 0.21 0
28. Small pig farm in Southern Denmark 1.759 0.22 14
29. Small pig farm in Central Jutland 1.575 0.23 29
30. Small pig farm in North Jutland – 0.26 0
31. Medium plant farm in Capital Region 0.022 0.13 198
32. Medium plant farm in Zealand 4.852 0.18 641
33. Medium plant farm in Southern Denmark 3.582 0.25 805
34. Medium plant farm in Central Jutland 3.767 0.29 1,066
35. Medium plant farm in North Jutland 1.670 0.34 634
36. Medium cattle farm in Capital Region 0.026 0.14 19
37. Medium cattle farm in Zealand 4.286 0.21 48
38. Medium cattle farm in Southern Denmark 3.786 0.09 334
39. Medium cattle farm in Central Jutland 3.852 0.05 302
40. Medium cattle farm in North Jutland 1.825 0.02 206
41. Medium pig farm in Capital Region 0.028 0.14 5
42. Medium pig farm in Zealand 7.158 0.21 14
43. Medium pig farm in Southern Denmark 4.081 0.22 89
44. Medium pig farm in Central Jutland 4.363 0.23 68
45. Medium pig farm in North Jutland 2.017 0.26 33
46. Big plant farm in Capital Region 0.048 0.13 89
47. Big plant farm in Zealand 10.778 0.18 414
48. Big plant farm in Southern Denmark 7.652 0.25 377
49. Big plant farm in Central Jutland 8.404 0.29 365
50. Big plant farm in North Jutland 3.664 0.34 247
51. Big cattle farm in Capital Region 0.039 0.14 22
52. Big cattle farm in Zealand 9.800 0.21 29
53. Big cattle farm in Southern Denmark 7.913 0.09 383
54. Big cattle farm in Central Jutland 8.303 0.05 303
55. Big cattle farm in North Jutland 3.784 0.02 198
56. Big pig farm in Capital Region 0.070 0.14 9
57. Big pig farm in Zealand 11.302 0.21 32
58. Big pig farm in Southern Denmark 7.686 0.22 158
59. Big pig farm in Central Jutland 8.572 0.23 127
60. Big pig farm in North Jutland 3.977 0.26 81
61. Large plant farm in Capital Region 0.143 0.13 29
62. Large plant farm in Zealand 34.139 0.18 364
63. Large plant farm in Southern Denmark 22.728 0.25 277
64. Large plant farm in Central Jutland 24.155 0.29 378
65. Large plant farm in North Jutland 11.264 0.34 182
66. Large cattle farm in Capital Region – 0.14 0
67. Large cattle farm in Zealand 32.495 0.21 6
68. Large cattle farm in Southern Denmark 17.528 0.09 287
69. Large cattle farm in Central Jutland 22.310 0.05 232
70. Large cattle farm in North Jutland 8.492 0.02 155
71. Large pig farm in Capital Region 0.127 0.14 12
72. Large pig farm in Zealand 27.268 0.21 57
73. Large pig farm in Southern Denmark 20.093 0.22 148
74. Large pig farm in Central Jutland 21.572 0.23 176
75. Large pig farm in North Jutland 9.383 0.26 100

Note: Land availability was calculated by the authors based on data from Nielsen et al. [36] and Statistics Denmark [49,50] as described in section 
3.7. Per hectare sequestration coefficients were calculated from Taghizadeh-Toosi and Olesen [31] as described in section 3.2. Number of farms is 
from Statistics Denmark [49].
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Appendix B  

To calibrate the transaction cost function, we consider 
Equation (B.1) that follows, equal to Equation (3) in the 
above manuscript.

Ti ¼ kSb
i : (B.1) 

Dividing by sequestration (Si), we obtain Equation (B.2)
below:

Ti

Si
¼ kSb−1

i : (B.2) 

We now turn to the regressions estimated by Phan 
et al. [42]. Using results from a survey with forestry project 
developers, the authors estimate how establishment costs 
(in USD/tCO2e) are determined by project characteristics, 
including sequestration (in tCO2e/ha�yr). They estimate 
Equation (B.3) as follows:

Ti

Si
¼ pþ g�

Si

Ai
, (B.3) 

where p is the sum of the coefficients estimated for the 
controls included by the authors, i.e.: Project duration 
(years), Co-objectives (yes ¼ 1), Sale of carbon credits (yes 
¼ 1), Past experience (yes ¼ 1), Farmers as land users (yes 
¼ 1), Land owner is land user (yes ¼ 1), Foreign funders 
(yes ¼ 1), Mixed funding (yes ¼ 1), Developer’s number of 
roles, Market type (CDM ¼ 1), Latin-America (yes ¼ 1), 
External TCs (yes ¼ 1). Considering a project duration of 
1 year, no co-objectives, no sale of carbon credits, no past 
experience, no landowner as land-user, not Latin America, 
0 number of roles for the developer and non-CDM market 
type, with domestic funders only and farmers as land 
users, p will be equal to 12.122. The parameter g repre-
sents the increase in per ton of carbon transaction costs 
for an increase in 1 tCO2e per hectare, and is estimated to 
be 0.012 by Phan et al. [42]15.

We can thus equate Equation (B.3) to Equation (B.2):

Ti

Ai
¼ pþ g�

Si

Ai
¼ kSb−1

i : (B.4) 

Differentiating both sides of Equation (B.4) with respect 
to sequestration (Si) we will have that:

g
Ai
¼ kðb − 1ÞSb−2

i : (B.5) 

Phan et al.’s [42] data is based only on establishment 
costs of forestry projects in Latin America, Asia and Africa, 
hence it is necessary to calibrate the transaction costs 
function so that it is pertinent for the context of our study. 
For that, we use the study by Mettepenningen et al. [14], 
that finds farm reported transaction costs for labor hours 
and operational and administrative costs to be 54.23 
e/ha16 on average for agri-environmental schemes in 
Europe. We can substitute this data into Equation (B.1) as 
follows:

54:23 ¼ k�Si
bA−1

i , or 54:23 − k� Si
bA−1

i ¼ 0: (B.6) 

We can now have two Equations (B.5) and (B.6) that illus-
trate the desired behavior of the transaction cost function in 
relation to the marginal and average transaction costs, respect-
ively. Assuming a 6¼ 1; we can re-write Equation (B.5) as:

k ¼
g

b − 1ð Þ

S2−b
i

Ai
: (B.7) 

Substituting Equation (B.7) into Equation (B.6) yields:

54:23 ¼
g

b − 1ð Þ

S2−b
i

Ai
�Si

bA−1
i , or 54:23 ¼

g
b − 1ð Þ

S2
i

A2
i
:

(B.8) 

Solving for b; we have that:

a ¼
g

54:23
S2

i

A2
i

þ 1 (B.9) 

Assuming Ai equal to 3.62, which is the average area 
potentially available for cultivating cover crops in Denmark 
per farm, and Si equal to 3.62 times 0.33, the latter being 
the average sequestration provided by cover crops in 
tCO2e as calculated from Taghizadeh-Toosi & Olesen [31], 
and substituting the value g for 0.012 from Phan et al. 
(2016), we can find the value of a that solves the system:

a ¼
0:012
54:23

1:192

3:622 þ 1 ffi 1: (B.10) 

Substituting back to Equation (B.7), we will 
have k ffi 159:

Therefore, in the empirical context of our analysis, we 
model transaction costs with a equal to one and using the 
parameter value of 159 for the scale coefficient k; as pre-
sented in the methods section of this paper.

Table A3. Percentage change in the sequestration output when parameters are decreased or increased by 10% relative 
to baseline values and using carbon price of 400 e/tCO2e, model with transaction costs.
Parameter 10% increase 10% decrease

Scale parameter o transaction cost function (k) −3.8 % 5.1%
Sequestration coefficient (si) 15.8% −15.7%
Exponent in sequestration function (a) 27.8% −30.4%
Per hectare cultivation cost (c) −5.72% <0.1% change
Per hectare cultivation cost (ci) of tiny farms <0.1% change <0.1% change
Per hectare cultivation cost (ci) of small farms <0.1% change <0.1% change
Per hectare cultivation cost (ci) of medium farms <0.1% change <0.1% change
Per hectare cultivation cost (ci) of big farms −1.6% <0.1% change
Per hectare cultivation cost (ci) of large farms −4.0% 5.2%
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