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Abstract: 

Digitalization of agriculture shows positive effects on farm profitability but is also considered to be of great im-
portance when it comes to the efficient use of limited resources and countering global problems (e.g. climate 
change, food security). However, since the introduction of the first precision farming technologies around 1990, 
high adoption rates could not be observed, especially in areas where small-scale farming is dominant. Until today, 
farms successfully applying smart farming technologies are mainly larger operations. Therefore, this paper is dedi-
cated to analyze economic success factors, which favor the use of digital technologies in small-scale agricultural ar-
eas, but also to highlight the limitations of digitalization in these structures. 
For this research, a calculation model has been developed, that enables a holistic view of the farm. Using empirical 
farm data and with the help of sensitivity analysis, the economic effect of implementing 27 different digital farming 
technologies is presented. The results show that very small farms (< 20 ha) are at a disadvantage with capital-
intensive technologies. Furthermore, it can be shown that the success of implementing digital technologies is largely 
dependent on external factors (e.g. weather, soil), and is determined by initial conditions (e.g. technologies available 
on the farm). In summary, it can be stated that farmers in small-structured areas are by no means excluded from dig-
italization. For very small farms, the joint use of machines or the development of low-cost technologies can be seen 
as a solution. 
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1. Introduction 

In view of global challenges such as climate change, 
soil sealing and population growth, a safe and envi-
ronmentally compatible food production is becoming 
increasingly important [1].Adaptation strategies of 
conventional systems lack a holistic perspec-
tive[2,3].One approach to achieving higher levels of 
productivity can therefore be seen in technological 
innovations[4].Site-specific management of fields, for 
example, can increase productivity and minimize en-
vironmental risks (e.g. nitrate leaching)[5].Similarly, 
autonomous machines can be used to address a labor 
shortage and provide targeted weed control without 
polluting the environment with herbicides[6]. 
Due to the high investment costs, almost only large 
farms have been able to use digital technologies so  

 
 
far[7,8]. Among farmers in small-structured agricul-
tural regions, the opinion prevails that digital technol-
ogies cannot be used profitably[9–11]. However, large 
parts of Europe and Germany in particular are charac-
terized by small-scale structures[12]. The state of 
Baden-Wuerttemberg was therefore selected as a 
model region to study the impact of digital technolo-
gies on farm profitability. The average farm size of 
36,5 hectares and the high proportion of part-time 
farmers (65 %) are seen here as a particular challenge 
that needs to be addressed[13,14]. 
The economic impact of individual technologies in 
selected crops has been sufficiently investigated in 
previous studies[15–17]. However, investments in 
digital technologies are decisions that affect the entire 
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farm. The demands placed on existing mechanization 
by digital technologies and the impact on overall farm 
profit of small farms have not yet been studied. 
The aim of this paper is therefore (i) to identify factors 
that determine the economic success of a technology 
at the farm level, (ii) to show the limits of the profita-
bility of different digital technologies through a sensi-
tivity analysis of the results of the farms studied, (iii) 
and to identify opportunities for small farms to also 
participate in the digital transformation of agriculture. 

2. Methods 

     2.1 Study area and data collection 

For the calculation of the results, farm data were col-
lected from eight farms (B1-B8, farm sizes between 
11 ha and 530 ha) within the state of Baden-
Wuerttemberg in spring 2021(Figure 1). For compari-
son, an average arable farm in Baden-Wuerttemberg 
(B0) was used, which is 65 ha in size. The selection of 
farms reflects the conditions in the federal state very 
well. With this sample, very small farms (< 20 ha) can 

be studied on the one hand, but also farms that are 
large by Baden-Wuerttemberg standards (> 150 ha). 
The farms surveyed vary greatly in the design of their 
crop rotation. As a rule, a crop rotation with cereals, 
corn and another field crop predominates. Farm B1 
(11 ha) is run as a sideline. Farms B2, B3 and B6 are 
mixed farms with livestock. Here, silage corn is 
grown instead of grain corn. In general, only the culti-
vation of arable land is considered. Other work related 
to animal husbandry is not included in the model cal-
culation (e.g. harvesting of straw). 
Work that occurs once a year on a small scale (e.g. 
harvesting) is usually performed by contractors. When 
implementing a digital technology on a farm in the 
model calculation (e.g. site-specific planting), the 
service is replaced by self-mechanization.  
During the data collection, the status of the existing 
mechanization on the farms was surveyed. The retro-
fittability of the machines depends on their age (e.g. 
missing functions, compatibility problems, etc.). 
Farms B1-B3 and B5 cannot use retrofit kits in most 
cases due to their outdated technology. The remaining 
farms can partially retrofit. Some farms are already 
using some digital technologies (B4, B6-B8). 

 

Figure 1: Investigated farms B0-B8 with shares of crops and farm size 

2.2   Database and technology selection 

A total of 27 technologies (T) were included in the 
database. For a clearer presentation, the variants of a 
technology were each combined into a technology 
group (TG). Technologies T1-T5 were combined to 
form the technology group TG 1 "Automatic guidance 
Technologies", technologies T6-T9 form TG2 "Me-
chanical Weeding Technologies", technologies T10-

T13 are combined to form TG3 "Section Control 
Technologies", T14-T17 to TG4 "Site-Specific Soil 
Cultivation Technologies", T18-T19 to TG5 "Site-
Specific Sowing/Planting", T20-T24 to TG6 "Site-
Specific Fertilizing", T25-T26 to TG7 "Site-Specific 
Spraying" and T27 forms an independent group TG8 
"Site-Specific Manure Application". 
Requirements for the existing mechanization were 
defined for each technology variant (e.g. additionally 
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required GPS steering system, Farm Management 
Information Systems). 
The impact of technologies on the items of the cost-
benefit calculation (change in yields, price, direct 
costs, and impact on variable and fixed costs) was 
evaluated on the basis of manufacturer data and litera-
ture values. 
A decision algorithm is integrated in the calculation 
model that takes into account the requirements of the 
existing technology on the part of the digital technol-
ogies (e.g. the addition of an application map for of-
fline approaches or the retrofitting of ISOBUS devic-
es) and differentiates whether a retrofit solution is 
sufficient or a replacement investment must be made. 
As far as possible, the purchase prices were differenti-
ated into three classes. In this way, the different de-
mand for machine sizes can be adapted to the respec-
tive farm size and an under- or overestimation of the 
investment costs can be avoided (Class 1: <20 ha; 
Class 2: 20-70 ha; Class 3: >70 ha). This classification 
is based on the farm size structure in Baden-
Wuerttemberg, with Class 1 primarily representing 
part-time farmers, Class 2 containing the farm sizes 
most commonly found in Baden-Wuerttemberg and 
Class 3 reflecting the larger farms by Baden-
Wuerttemberg standards. 

2.3 Economic modeling of a farm 

The calculation is based on the cost-benefit calcula-
tion (1), where the direct-, variable operating-and 
fixed operating-costs per crop are subtracted from the 
revenue of each crop on the farm to obtain the profit 
per crop and year. The profit of each crop is then add-
ed to the total profit of the farm. Direct costs (𝐷𝐶) 
include input materials such as seed, fertilizer and 
crop protection products. Variable operating costs 
(𝑉𝐶) include the variable costs of machine use and 
costs of services. Fixed operating costs (𝐹𝐶) include 
the fixed costs of machinery use (depreciation) and 
labor costs for family labor. 

(1)𝑃 = 𝑅 − 𝐷𝐶 − 𝑉𝐶 − 𝐹𝐶 

On the output side, digital technologies can increase 
the yield or the product price (e.g. through improve-
ments of protein content)[8,18]. On the direct cost 
side, technologically induced reductions in input 
quantities can lead to savings[19,20]. The price of 
inputs is not changed by digital technologies. A 

change in the variable operating costs per hour can be 
caused by the changed cost structure of digital tech-
nologies or the self-mechanization of work steps that 
were previously performed as a service. Digital tech-
nologies can also lead to savings in working time or to 
additional steps (e.g. calibration of sensors) and thus 
to a change in working time overall[21]. Fixed operat-
ing costs can be affected by the purchase of new ma-
chines (change in depreciation), when working time 
gets affected by the use of digital technologies 
(change in labor costs, family worker) or other fixed 
costs arise (application map, learning costs/year 
etc.)[8]. 

       2.4 Comparison and evaluation of technologies at 
the whole farm level 

The calculation and selection of technologies is based 
on the assumption that the farmer makes the decision 
to implement a technology as soon as the additional 
benefits exceed the additional costs. For this purpose, 
the profit is first calculated for the status quo at farm 
level (𝑃ௌொ) and then compared to the profit with the 

inclusion of the implemented digital technology 
(𝑃஽்௫). 
The change in profit (𝑃𝐶) shows how profit develops 
at the overall farm level when a digital technology is 
added (2). This comparison can be made with all 
technologies or combinations of technologies. 

(2) 𝑃𝐶 =  𝑃஽்௫ − 𝑃ௌொ 

From an economic point of view, investments should 
be made if condition (3) is met. 

(3) 𝑃ௌொ ≤ 𝑃஽்௫𝑜𝑟 𝑃𝐶 ≥ 0 € ℎ𝑎ିଵ𝑎ିଵ 

         2.5   Sensitivity Analysis – Marginal farm size 

To show the limits of profitability of a technology, the 
marginal farm size can be calculated. For the calcula-
tion, the condition shown in (3) applies, i.e. imple-
mentation is assumed as soon as the additional annual 
costs equal the additional annual benefits. 

3 Results 
The effects on the items of the cost-benefit calculation 
are shown in Figure 2 and Figure 3. All changes are 
presented in the unit € ha-1a-1and indicate the change 
compared to the status quo (whole farm level). The 
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farms B0-B8 are sorted according to their size per 
technology group (starting with the smallest farm size 
B1). Gaps indicate that the corresponding farm al-
ready uses the technology (TG1_B8) or cannot use it 
(TG8 for arable farms without animal husbandry). All 
items on the positive side are summed up to the addi-
tional benefit. Accordingly, the additional costs that 
arise with the implementation are on the negative side. 

Through the formation of technology groups and the 
presentation of the overall farm differences in tech-
nologies within a group and between crops are no 
longer visible. Therefore, it cannot be excluded that 
individual variants within a technology group can be 
used economically on a farm or that the use in some 
crops would make sense. 

 
Figure 2: Technology groups 1-4 with their impact on revenue, direct costs, variable operating costs and fixed costs 

of farms B0-B8, each technology group is sorted by farm size. Additional costs are added on the negative side, additional 
benefits correspondingly on the positive side. 

The technology groups shown in Figure 2 are charac-
terized by a low level of additional benefits. On the 
revenue side, TG1, TG2 and TG4 cannot contribute to 
the additional benefit. Minor improvements (up to50 € 
ha-1a-1on B8, TG4) can be achieved on the variable 
cost side, especially for labor-intensive operations 
(TG4 - tillage) and the use of automatic guidance sys-
tems. The savings in direct costs from the use of au-
tomated steering systems are insignificant. The com-
paratively high savings in direct costs for TG2(up 
to72€ ha-1a-1onB6) result from the substitution of 

herbicides by mechanical weed control. The greatest 
savings can be achieved here the more intensively a 
farm uses herbicides. The low economic impact of the 
section control technologies is caused by the compara-
tively low investment costs and the small influence on 
direct costs. The average arable farm B0 is not charac-
terized by unusually high changes in additional bene-
fits and costs when comparing to farms B1-B8. The 
desired profitability constraint (3) is only met by B3, 
B7 and B8 in TG3, and by B8 in TG4. 
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Figure 3: Technology groups 5-8 with their impact on revenue, direct costs, variable operating costs and fixed costs 
of farms B0-B8,each technology group is sorted by farm size. Additional costs are added on the negative side, additional 
benefits correspondingly on the positive side. 

All technology groups shown in Figure 3 are able to 
positively influence the revenue side. Technology 
group 6"Site-Specific Fertilizing" stands out in partic-
ular. Here, an increase in revenue of up to177€ ha-1a-1 
(B2) can be achieved. The amount is linked to the 
previous yield expectation and the intensity of man-
agement. Farms with a high yield expectation and a 
high production intensity also tend to achieve higher 
yield increases or quality improvements. The direct 
cost position is most strongly influenced by technolo-
gy group 7. Savings of up to 134€ ha-1a-1 (B5) are 
caused by potentially high reductions in pesticide use 
(up to 80% of fungicides and 61% of herbicides).The 
variable operating costs are most strongly influenced 
by technology group 7, since in some cases time con-
suming aerial inspections of the fields (with drones) 
are necessary in advance of the operation. These oper-
ations are included in the calculation as a service with 

about 40 € ha-1a-1. In terms of fixed costs change, 
technology group 7, and in particular farm 1, is the 
most noticeable with an increase of 500 € ha-1a-1.The 
profitability threshold (3) is reached by B7 in TG5, by 
B2-B8 in TG6, by B3, B4, B7 and B8 in TG7 and by 
none of the investigated farms in TG8. 
Across all technology groups, a scale dependency 
emerges on the side of the additional fixed costs, 
which leads to the fact that the technologies can only 
be used economically with increasing farm size. The 
low overall benefit for most small farms in relation to 
the additional costs makes the use of the examined 
digital technologies uneconomical if the farms want to 
be self-mechanized. In general, it can be observed that 
technologies that lead to an increase on the revenue 
side tend to be of economic interest for more farms, as 
well as technologies that lead to savings in cost-
intensive inputs. 
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Figure 4: Marginal farm size for each technology group and farm 

The marginal farm sizes shown in Figure 4 are based 
on the profitability frontier (3), where all incremental 
costs must be at least covered by the incremental ben-
efits. Since the calculation of the marginal farm size 
of the technologies depends on the additional costs 
and benefits, the size varies from farm to farm based 
on the necessary changes of the existing mechaniza-
tion (additional fixed costs), the yield level and the 
management intensity (potential increase of additional 
benefit). Larger differences can be seen in technology 
group 4"Site-Specific Soil Cultivation". The reason for 
the relatively low marginal farm size on Farm 4 is the 
low cost of implementation and the high savings in 
labor time. Also noticeable is the high marginal farm 
size of TG2"Mechanical Weeding" on farm 8 com-
pared to the rest of the farms, due to the low savings 
in direct costs. 
The marginal farm size is smaller, the higher the addi-
tional benefit of a technology and the lower the addi-
tional costs. Technologies that have a positive influ-
ence on several items of the cost-benefit calculation, 
especially on the performance side (TG6 and TG7), 
can reduce direct costs to a greater extent (TG2 and 
TG7) or technologies with low investment costs (TG1 
and TG3) are in an advantageous position. Technolo-
gies that only lead to small improvements on the rev-

enue side and direct costs or which are costly to im-
plement should not be chosen as a starting technology. 
A slight increase in the marginal farm size can be 
observed as the size of the farm increases. This is 
mainly due to the intensively managed small farms in 
the sample, which have a high yield level and input 
use and can therefore achieve higher potential savings 
per hectare. In this case, however, this does not create 
an advantage for small farms, since the marginal farm 
size is still a multiple of the actual farm area and can 
often only be achieved by the larger farms. 

1. Discussion 

The changes in the positions of the cost-benefit calcu-
lation shown in section 3 are based on literature val-
ues and substantiated assumptions. When comparing 
the farms B3-B5 and B0, it becomes clear that the 
results differ from each other due to different precon-
ditions despite similar farm sizes. In practice, these 
differences can be even more apparent if the uniform-
ly used assumptions in the calculation model are mod-
ified for each farm. In the following subsection, vari-
ous factors that can influence the success of the use of 
digital technologies will therefore be discussed. 
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4.1 Revenue side 

The yield of the status quo is linked to a variety of 
site-related factors (e.g. soil type and yield potential, 
weather, genetic potential of the variety) which cannot 
be influenced by the farmer[20].Since the production 
function per field is also not known and depends on a 
variety of influencing variables, it is not possible to 
make reliable predictions about the response of yield 
to site-specific management[21,22]. The farmer's in-
fluence on the change in yield is therefore very lim-
ited. Only the amount of fertilizer and the spatial dis-
tribution of fertilizer in the field can be controlled. 
However, due to the law of diminishing marginal re-
turns, it can be assumed that farms at high yield levels 
and farms that meet already high quality requirements 
(e.g. B1, B2 and B6) cannot expect particularly large 
increases here[23]. The same low level of influencea-
bility applies to the height of the product price, which 
is essentially determined by the market[20]. Only the 
qualities produced can be changed to a small degree. 
This change is again subject to environmental influ-
ences and can therefore only be controlled to a limited 
extent by the farmer and the use of technology. 

4.2 Direct cost side 

The input quantities could be changed almost arbitrar-
ily by the farmer, but there are upper limits (laws and 
regulations) and lower limits (e.g. personal prefer-
ences, yield expectations) that restrict the flexibility of 
the farm manager[24]. Digital technologies can influ-
ence the use of inputs to a small extent, but in most 
cases only a redistribution of the input quantity is 
carried out, so that no saving effects can be realized 
with these technologies[25]. Intensively managed 
farms have a small advantage per hectare compared to 
extensively managed farms as far as savings can be 
achieved. The influence of unshaped fields was not 
taken into account in this calculation, but can be of 
considerable importance, especially for TG 3 "Section 
Control"[26]. 

4.3 Variable operating costs side 

Additional variable operating costs can be influenced 
by the use of the examined technologies only to a 
small extent, since these costs are technically deter-
mined. An enormous savings potential on the variable 
cost side arises if a farmer can replace non-family 

labor on a large scale[27,28]. This replacement of 
labor by capital is not possible in the studied arable 
farms with mostly 1-2 family laborers and the small 
amount of time saved through the use of the studied 
digital technologies. 

4.4 Fixed costside 

Farmers are severely limited in their ability to reduce 
the position of additional fixed costs. The decisions 
made in the past about the purchase of machines de-
termine the cost of implementing a digital technology 
(especially learning costs and investment costs). Prob-
lems related to the evaluation of these costs are di-
verse. On the one hand, they are linked to the compe-
tence and experience of the farmer, but on the other 
hand, they are also linked to factors that cannot be 
directly influenced by the farmer, such as compatibil-
ity problems due to different manufacturers or missing 
interfaces[15]. Reliable data on learning costs are 
lacking and could only be considered with great un-
certainty even when collecting data from farmers who 
already use digital technologies[21].The learning costs 
per year account for only about 2.5-3.0 % of the annu-
al depreciation (with up to 6 h/year TG2, i.e. 60 h over 
the 10 years lifetime of the equipment). The assump-
tion made in the calculation to depreciate learning 
costs over the service life (see also Godwin et al.[8]) 
will hide the fact that more time has to be spent espe-
cially in the first year, i.e. higher costs are expected in 
the first year. 
In the longer term, investment costs can be expected 
to decrease as the technologies are further developed, 
and thus more technologies will be available to farm-
ers[29,30]. The service life of digital technologies 
remains uncertain. There is a lack of data on the ro-
bustness of these technologies. Whether investment 
subsidies will lead to over-mechanization, especially 
of small farms, needs to be investigated more closely. 
It is undisputed that the reduction of investment costs 
through subsidies will lead to a reduction of additional 
costs and thus the minimum input areas can be re-
duced. 
Overall, the additional fixed labor costs put small 
farms at a distinct disadvantage, as they tend to use 
existing technology for longer and a more cost-
effective retrofit solution is often not possible for their 
outdated technologies. Some of the operations that are 
outsourced to contractors cannot simply be self-
mechanized because the necessary know-how or man-
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power is lacking, thus creating a far greater hurdle to 
the use of digital technologies for small farms[31]. 

4.5 Marginal farm size 

In general, it can be assumed that the hard limits 
drawn for Figure 4 are probably softer in practice and 
that especially technology-friendly farmers and farms 
with advantages in terms of implementation effort 
(e.g. if only activations are required) might decide to 
implement, even though the additional costs are not 
fully covered by the additional benefits[32]. 
The consideration of soft factors (e.g. farmer’s prefer-
ences) and other possible benefits of digital technolo-
gies that are difficult to quantify (e.g. positive envi-
ronmental effects) was intentionally excluded. Chang-
es in this area could lead to small farms being able to 
use digital technologies from an economic point of 
view with the help of subsidies or the compensation of 
environmental services[33]. 
In most cases (e.g. TG1-TG5), even a doubling of the 
farm size will not be sufficient from an economic 
point of view to be able to use the technologies eco-
nomically. Although a progression of structural 
change will be inevitable, it can be assumed that small 
farms will still be able to hold their position in 10 
years[34]. Cooperation’s between several farms or 
performing the operation as a service could be a solu-
tion to use digital technologies and minimize fixed 
costs per hectare. Technologies that can be easily de-
ployed across farms, such as TG2, TG4, TG5, and 
TG7, are of particular interest. For very small farms 
(B1/B2), it is not advisable to use the technologies 
across farms, because otherwise too many farms 
would have to coordinate the use of the machines 
[31]. Nevertheless, these farms are not excluded from 
using these technologies. In this case, it makes sense 
to outsource this work to a service provider[31,33]. In 
the case of technologies that are permanently installed 
in the farmer's tractor (TG1) or are usually available 
as additional equipment in the farmer's machinery 
anyway and only need to be activated (TG3), the shar-
ing of machinery is also not attractive. 

5. Conclusion 

With the help of a model calculation and data of eight 
farms, this paper was able to substantiate the low 

adoption rates of digital technologies in small-
structured agricultural regions from an economic point 
of view. Especially very small farms (< 20 ha) are at a 
disadvantage when it comes to the implementation of 
capital-intensive technologies. It could be shown that 
technologies that make changes on the output side or 
influence large direct cost positions tend to be profita-
ble even for smaller farms. The economic success of 
digitization varies greatly between farms and depends 
on a variety of factors (e.g. existing mechanization 
and environmental factors). The reluctance of farmers 
to adopt digital technologies can be attributed to the 
uncertainty of the benefits that can be achieved and 
the difficulty of monitoring success. The decision 
about an implementation must therefore be made in-
dividually for each farm. The results of the model 
calculation also show that some technology groups 
(e.g. TG2 "Mechanical Weeding Technologies") can-
not be profitably implemented even on large farms. 
Due to the continuous further development of tech-
nologies, it can be expected that the digital technolo-
gies offered will become more affordable for farmers 
over time. If additional positive environmental bene-
fits can be achieved with the use of digital technolo-
gies that are not rewarded by the consumer, the in-
vestment costs for the farmer should be reduced with 
the help of financial support from the state. Overall, 
however, the scale-dependent use of the technologies 
also gives hope for widespread use in small-structured 
agricultural regions with the help of service providers, 
who generally achieve high utilization of the ma-
chines and thus low costs per hour of use. 
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