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Abstract: The study investigates how the agricultural sector can respond to a growing non-food
biomass demand. Taking Germany as an example, a stylized case of biomass production under
conditions of technological advance and constantly growing demand is modelled. It is argued
that biomass producers might seek to adjust their farm size by simultaneously optimizing benefits
from the production scale and transaction cost savings, where transaction costs are measured using
Data Envelopment Analysis. The results extend the debate on transaction costs and structural
change in agriculture by revealing a possible synergy and trade-off between transaction cost savings
and benefits from (dis)economies of scale. They show that if larger farms cannot economize on
transaction costs, then investments in land and labor, needed to adjust to higher biomass demand,
partly compromise the returns to scale, which decelerates the farm size growth. A higher degree of
asset specificity gives rise to transaction costs and reduces the rate at which the farm size decreases.
Smaller producers may disproportionally benefit from their higher potential of transaction cost
savings, if advanced technologies can offset the scale advantage of larger farms. The findings inform
policymakers to consider this complex effect when comparing the opportunities of smaller and larger
agricultural producers in the bioeconomy.

Keywords: agricultural biomass; Data Envelopment Analysis; economies of scale; Germany; optimal
farm size; transaction costs

1. Introduction

Since the industrial and agricultural revolutions, the rise in productivity and com-
petition have kept the agricultural sectors moving towards fewer but bigger farms [1–3].
Scaling up farm size has become one of the primary means of reducing production and
transaction costs and realizing economies of scale [4,5]. Large-scale farming, with its
relatively high cost-saving potential, is still tantamount to an efficient form of industrial
agriculture [6]. However, the recent spate of instances of diseconomies of scale in large
farms in a number of developed countries indicate an increasingly exhausted cost reduction
potential in competitive industrial agriculture [7,8]. The ever-thinner profit margins of
agricultural producers due to price and cost competition may force producers in the near
future to develop new optimization strategies, in which transaction cost reduction can
become increasingly relevant. In the context of the current transition to the bioeconomy,
which not only relies on a sufficient supply of plant biomass, but also on smaller producers
as important promoters of sustainability and innovations [9], the optimization of agri-
cultural transaction costs may additionally be challenged by the question of the optimal
production scale.

The initiated transition to a sustainable bio-based economy is a key component of
the so-called fourth industrial revolution [10–12]. It promises to equip the agricultural
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sector to deal with the unremitting pressure from structural change and changing social
expectations [4,13,14]. National and supranational bioeconomy strategies and action plans
assign the agricultural sector (along with forestry) as key to the development of bio-based
alternatives to existing products and materials [4,15]. The involvement of agricultural
producers in non-food biomass production, sustainable practices, new values and supply
chains and the circular economy is expected not only to benefit the environment, but create
new jobs in rural areas, support smaller farms and stimulate new businesses [11,16,17].

In industrial and technologically leading countries like Germany, domestic production
of non-food biomass might under certain conditions help reduce the high raw material
imports [18] and create opportunities for agricultural producers [19,20]. It can provide
new income sources when policy support to agriculture and crop-based energy produc-
tion will be reduced or phased out [21]. Technical and biotechnological advances might
lower the labor, fertilizer and transaction costs, as well as facilitate value chain integra-
tion through cascading or circular resource utilization [22,23]. Affordable technological
innovations [24,25], which allow attaining approximately the same proportion of output or
labor input for all farms, if broadly implemented, could improve the profitability and com-
petitiveness of smaller businesses [26]. However, even under such beneficial conditions, a
noticeable increase in non-food biomass supply would be only possible at the expense of
structural implications for the sector [27].

The German agricultural sector is already confronted with a limited amount of arable
land, high labor costs and changing societal expectations towards sustainable agriculture.
Its involvement in large-scale production of non-food biomass can open new opportunities
for farmers, but it can also accelerate the pace of structural change [27]. In the reunified
Germany, the 30% drop in the number of agricultural enterprises in 1991–1999 slowed down
to 12.7% in 2003 and to 3.4% in 2016 [28,29]. In 2005–2019, the number of farms decreased
by 32%, while the average farm size grew at almost the same rate [30]. However, the pace
of the farm number decline has been slowed down [31]. In eastern Germany, characterized
by larger farm structures, the number of farms even began to slightly rise since 2005 [32].
Admittedly, this increase amounted to only 1.2% in 2005–2014 and was mainly due to
spin-offs from large companies, demergers and transformations [7,33], and not due to small
farms’ adjustments and flexibility [10,34]. Only one fifth of the statistically new companies
were real start-ups. The share of agricultural employment in total employment declined
steadily from 3.5% in 1991 to 1.17% in 2020 [11]. While the number of agricultural jobs rose
by 5.3% in 2005–2007 and by 10.4% in 2007–2010, it decreased again to 4.1% in 2010–2013
and to 6.5% in 2013–2016 [30].

To open opportunities for smaller, new and sustainability-oriented producers in gen-
eral and at the same time increase supply of agricultural biomass, the current trend in farms
size might need to be halted [35,36]. To this end, the marginal costs of smaller farms should
decline below the average production costs [37,38]. Alternatively, or additionally, larger
producers should experience noticeable diseconomies of scale [8,39]. In fact, smaller farms
can better economize on certain transaction costs, benefitting from their higher flexibility
and lower supervision costs [8], local infrastructural advantages [40] or a better access
to some factor markets [33]. They also can potentially benefit from a growing demand
for non-fossil resources [41] and the vertical integration into the bioeconomy [20,42]. In
eastern Germany, for example, the Central European Chemical Network, the BioEconomy
Cluster and a number of local biotech initiatives might integrate biomass producers in
a circular economy and create new jobs in the agricultural sector and processing indus-
tries [43,44]. However, infrastructural conditions in rural areas, including geographical
proximity to suppliers, buyers and processors, and imperfect factor markets, usually offset
the advantages of the lower supervision costs of smaller producers [40,45].

This effect can be counteracted by implementation of product and process innovations
that are neutral to scale or that increasingly replace human labor [22,46]. Such technologies,
if affordable, may reduce either the variable costs of the labor and input factors (such as
high yielding, draught-resistant varieties or highly effective pesticides) or fixed cost (e.g.,
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expensive combine harvesters or milking parlors). If their application makes marginal
costs decline below the average costs, the scale at which a farm can be run efficiently
will decrease as well. The resulting diseconomies of scale might encourage larger farms
to reduce their production scale by spinning-off parts of their operations [9]. In fact,
the number of very large agricultural enterprises declined in Germany between 1999
and 2013, not least due to deliberate divestments [32]. These developments suggest that
transaction costs, (dis-)economies of scale and their combined effects may play a critical
role in assessing the opportunities of agricultural producers in the bioeconomy.

Against this background, this study sets out to examine the combined effect of trans-
action costs and economies of scale on agricultural production decisions. This question
is put in the context of two main policy paths towards the bioeconomy: continuing tech-
nological advances and the shift from fossil to biomass resources. Two stylized scenarios
of agricultural biomass production in Germany are developed, namely the adoption of
neutral-to-scale technologies and the growing demand for plant-based biomass. The second
scenario is further divided into three subcases to address the average sectoral-, regional-
and farm-type-specific implications. The selected study design aims not at assessing the
effectiveness of the transition to the bioeconomy and of related policies [47,48], but at
understanding the endogeneity between the transaction costs and economies of scale.
From this novel perspective, this study seeks to contribute to the debate on agricultural
transaction costs and agricultural structural change.

The next section outlines the conceptual framework of the study. Then, the model,
data and scenarios are introduced. The results are summarized and discussed before the
conclusions and implications for policy and research are derived.

2. Conceptual Framework: Combining Arguments of Transaction Costs and
Production Scale

Transaction costs, originally defined by Coase [49,50], are the costs of coordinating
(that is, of monitoring, controlling, and managing) economic transactions [51]. Williamson
elaborated Coase’s argument further into a theory of transaction costs. Drawing on Ar-
row [52], he defined these costs as the costs of running the economic system of firms [53].
The main tenet of the transaction costs theory is that costs, and not revenues, are the
main determinants of the optimization decision and transaction costs are as important for
efficiency as production costs. From this perspective, the optimal organizational structure
(and consequently also the optimal scale of operation) is the one that achieves economic
efficiency by minimizing transaction costs [54,55]. The latter may vary depending on
the transaction frequency, the level of uncertainty, and especially on the asset specificity
associated with the degree of the asset’s redeploy ability [56].

Although the relevance of transaction costs for assessing agricultural transactions and
related policy options is increasingly advocated [57–59], the combined effect of economies
of scale and transaction costs has hardly been investigated (few exceptions are, e.g., [6,60]).
This is all the more surprising that economies of scale and asset specificity can signifi-
cantly affect agricultural efficiency [61,62]. Furthermore, specificity of human (e.g., skilled
producers) or physical assets (e.g., farmland) can restrict economies of scale and a firm’s
growth [63]. In the ongoing discussions over agricultural biomass, there is growing
evidence that both transaction costs and economies of scale are good predictors of organiza-
tional form [64]. In view of the possible rise in demand for agricultural non-food biomass
and the ever-decreasing potential for production costs reduction in competitive industrial
agriculture, transaction costs may grow in importance [6,26].

The interaction between economies of scale and transaction costs is complex, not least
because of the non-convexities of both functions and the possible U-shape of the transaction
costs function in asset specificity [65–67]. Recent studies outside the agricultural context
suggest that economies of scale mediate the influence of asset specificity on transaction
costs [66,68,69]. Specifically, if assets involved in certain transactions are not characterized
by high specificity, increasing economies of scale can help economize on a larger share of
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the transaction costs [70]. Vice versa, a decrease in the total transaction costs positively
affects economies of scale [71], which indicates an inverse relationship.

In the present study, transaction costs are defined as the costs (and hence the inef-
ficiency) of structural adjustments due to the engagement of agricultural producers in
non-food biomass production (Figure 1). In order to lay bare the interaction mechanism
of transaction costs and economies of scale as a combined effect on the optimization deci-
sion in highly competitive industrial agriculture, the analysis framework is deliberately
reduced. Two types of asset specificities, human and physical asset specificities, which can
significantly affect both production and transaction costs and as a result also the economies
of scale [72], are considered. Thus, it excludes a number of important factors, such as price,
volatility, competing land use, etc., which necessarily would influence this mechanism. In
this stylized setting, non-food biomass producers optimize the scale of operations by trying
to economize on transaction costs and improve production efficiency. The optimal farm
size at the minimum transaction costs depends on the costs associated with the inability
to run equipment below a certain labor input [45,54]. This implies that, in the case of
diseconomies of scale, an increase in production costs can offset the benefits from the
transaction cost savings associated with changes in asset specificity.

Figure 1. Conceptual framework of the study.

Farmland as a fixed asset and specialized labor present assets with relatively high
specificity. The interaction between transaction costs and economies of scale is reflected
by the marginal input of these factors. The more land and labor are involved in non-food
biomass production, the higher the transaction costs. This raises the average costs per
unit of product, lowering the economies of scale [73]. At the sectoral level, the optimal
share of non-food biomass production will therefore depend on the balance between the
actual operation scale and the optimal scale, which is relevant to the transaction cost-
economizing effect of farms [74]. The optimal scale is determined by the transaction costs
saved by shifting to non-food biomass production and production cost under the resultant
economies of scale. If farms operate below the optimal scale, there still are the transaction
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costs associated, for instance, with information searching or contracting. By contrast, if the
operation scale exceeds the optimal scale, the decrease in transaction costs is smaller than
the increase in economies of scale. Optimality is reached when the reduced transaction
costs equals the benefits from the economies of scale. Thus, transaction costs reflect the
changes in farmland and labor allocation and measure the inefficiency of agricultural
structures adjusting to the increasing demand for non-food biomass [75].

Based on the above considerations, two assumptions are put forward. First, the share
of non-food biomass production will not reduce the transaction costs until the resulting
economies of scale equal the transaction costs saved (ceteris paribus). Second, the optimal
solution set for the transaction costs is one that maximizes the benefits from economies of
scale (ceteris paribus).

3. Methodology
3.1. The Model

A stylized model of an economy consisting of an external biomass demand and an
aggregated non-food biomass output produced by agricultural farms is developed. Farms
use land and labor according to a Cobb–Douglas production function and try to optimize
their economic performance by minimizing transaction costs. Transaction costs (TCt) are
defined as a function of the economies of scale (Et), asset specificity (At) and the shift
parameter (Rt,):

TCt = f (Et, At, Rt) (1)

with ∂TCt
∂Et

< 0, ∂(∂TCt)
∂(∂Et)

> 0, ∂TCt
∂At

> 0, and ∂TCt
∂Rt

> 0.
The shift parameter denotes the relative number of farms that switch from food to

non-food production. The economic performance of non-food biomass producers Yt is
measured in terms of their revenues and is a function of the transaction costs incurred:

Yt = g(TCt) (2)

with dYt
dTCt

< 0, ∂Yt
∂Et

= ∂Yt
∂TCt

∂TCt
∂Et

> 0, ∂Yt
∂At

= ∂Yt
∂TCt

∂TCt
∂At

< 0, ∂Yt
∂Rt

= ∂Yt
∂TCt

∂TCt
∂Rt

< 0.
Economies of scale (Et), which reflects the reduction in production costs in response

to output increase, and hence the input–output relationship, can formally be described as a
function of the farmland (St) and labor (Lt) involved in non-food biomass production. Asset
specificity (At) is a function of land and labor that is invested to improve the production
efficiency of non-food biomass production. Given that the amount of labor on each farm is
constant, the shift rate (Rt) is positively correlated with labor. Consequently, the change
in transaction costs results from the effect of the economies of scale on the net production
costs (cf. Riordan and Williamson, 1985). Because this effect is determined by the trade-off
between the (dis)economies of scale and the change in asset specificity, the transaction costs
are a function of land, labor and the shift parameter:

TCt = TCt(Et, At, Rt) = TCt(Lt, St, Rt) (3)

To solve the model for the minimal (i.e., optimal) transaction costs (TC∗), Data En-
velopment Analysis (DEA) is employed. DEA is a nonparametric method to estimate the
production frontier, derived from fundamental efficiency and productivity theory prin-
ciples [76,77]. The main DEA principle is that an entity (a firm, an organization or any
other decision-making unit) is inefficient unless it reaches the overall best efficiency score
among all entities that use similar inputs to produce similar outputs. The efficiency is
defined as the ratio of an output and an input with a bound of unity on its possible values.
DEA identifies a production possibility set in an empirical frontier that approximates an
actual production frontier, defined by unknown parameters [78]. In this way, it “envelops”
observations in search for a frontier that is used to evaluate observations (e.g., economic
performances of entities). The advantage of DEA is that it allows a combined analysis of
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different efficiency figures, such as the economic performance, (dis)economies of scale and
marginal productivity of technological improvements.

In the present analysis, DEA is used to estimate the efficiency of economic performance
(ε) directly and transaction costs as inefficiency (1 − ε). The purely technological efficiency
consequently can be defined as the ratio of input efficiency and economies of scale [79].
The transaction cost of biomass production is given by the distance of the equilibrium state
to the best-practice frontier, where the benchmark output under variable returns to scale is
interpolated from the annual output levels of German farms. The evaluation index system
includes input indexes (land size, farm number and labor of non-food biomass production)
and output index (the revenue of non-food biomass production). Given x represents the
matrix of the input amount and M represents the output in decision-making unit (DMU) j,
the input-oriented DEA model with variable returns to scale (i.e., DEA model of BC2 type)
has the following form:

min
[
ε− ε

(
eT

1 ω− + eT
2 ω+

)]

s.t.



k
∑

j=1
xjlλj + ω− = εxk

l (l = 1, 2, · · · I)

k
∑

j=1
Mjλj −ω+ = Mk

λj ≥ 0,
k
∑
j

λj = 1,

(4)

with the weight λj(λj ≥ 0), the types of input variables I (farmland, farm number and
labor), the input redundant variables ω−(ω− ≥ 0) and the output deficit variable ω+(ω+

≥ 0). For the non-Archimedes infinitesimal ε, apply ε = 10−6, eT
1 = (1, 1, 1 · · · 1) ∈ Em,

eT
2 = (1, 1, 1 · · · 1) ∈ Ek, with Em and Ek as the respective m- and k-dimensional vector

spaces. Because the input-oriented version of the DEA model is used, the estimated
transaction costs are the sum costs of redundancy for land size, farm number and labor in
non-food biomass production. Minimizing the transaction costs by eliminating the input
slacks (ω−) therefore means to search for a Pareto optimal solution for DMU j. This occurs
through adjusting the original production function by the target inputs x̂jl :

x̂jl = xjl −ω− jl (5)

These adjustments generate a new input–output combination. A decision-making unit
is efficient under a certain technological level, when ε = 1, ω− = 0 and ω+ = 0. Considering
Assumption 2 about the relationship between economies of scale and transaction costs, the
optimal solution set for the transaction costs is on the tangent of the economies of scale to
transaction costs function.

3.2. Data and Scenarios

The secondary data for 2005–2016 were collected from the European Statistical Office
(Eurostat), the statistics of the Federal Ministry of Food and Agriculture and the Land
Market Report [80]. Based on these data, the average per hectare farmland price c was set
at 8000 € (with an annual increase by 9.1%) and the average wage in industrial agriculture
w was set at 3000 € per person and month. Land and labor reflect the amount of arable
land (ha) and labor units involved in the production. The output of non-food biomass
production is measured in its monetary value (m€). Using the panel data for 13 federal
states (that is, excluding three city states) for five years (2005, 2007, 2010, 2013 and 2016), the
average production function is estimated as Y = −2.77L0.50S0.56 (for individual estimates
see Table 1). This estimation roughly corresponds to the one provided by Mathijs and
Swinnen [81] for eastern Germany in 1992–1995 and by Fernandez-Cornejo et al. [82]
for Germany. Even though the production function for Germany in 2001–2008 has been
provided by Petrick and Kloss [83], it corresponds less to our estimation because the
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physical asset specificity and human asset specificity are highlighted in this study. The sum
of the elasticities of farmland and labor, which is greater than 1, suggests that an increase
in demand for biomass might indicate economies of scale having a certain effect on the
production costs.

Table 1. Overview of the scenarios and their basic assumptions.

Scenarios and Assumptions Estimated
Production Functions

Adjusted
Production Functions

SCENARIO 1: Neutral-to-scale technologies

Y = −2.77L0.50 S0.56 Y = −2.45L0.67 S0.49• Annual increase in factor productivity by 1%
• Constant profit rate and output price
• Hicks-neutral technology
SCENARIO 2: Higher demand for non-food biomass
• Annual increase in demand by 2%
• Constant profit rate and product price
• Constant factor productivity/technology
2a: Average sectoral effects Y = −2.77L0.50 S0.56 Y = −2.45L0.67 S0.49

2b: Effects for farm size groups
Group 1: <10 ha Y = −3.47L0.53 S0.54 Y = −8.41L1.35

Group 2: 10 ha–50 ha Y = 4.54L−0.99S2.13 Y = 21.49L−4.36S5.36

Group 3: 50 ha–100 ha Y = 2.98L−0.89S2.12 Y = S1.49

Group 4: 100 ha–200 ha Y = L−0.35S1.7 Y = L−0.33S1.64

Group 5: >200 ha Y = S1.07 Y = S0.81

2c: Regional effects for different ownerships types
Western Germany Y = 31.69L−0.7S2.47 Y = −8.3L5.64S−4.82

Eastern Germany Y = 38.44L−0.16S15.47 Y = 16.59L−3.92S5.18

Note: Z-stat for α(ln_labor) in Scenario 2(b) are 1.05, 2.17 **, −1.11, −0.61, 2.27 ** and in 2(c) 3.08 ***, −4.56 *** respectively; Z-stat for
β(ln_land) in 2(b) are 0.29, 3.12 ***, 2.07 **, 2.15 **, −1.88 * and in 2(c) 3.77 ***, 5.6 *** respectively; Z-stat for constant in 2(b) are 0.96,
0.3, −0.31, 0.58, 3.23 *** and in 2(c) 0.32, 0.1 respectively; *** Pr >|z|—probability for z < 0.01; ** Pr >|z|—probability for z < 0.05,
* Pr > |z|—probability for z < 0.1.

Two stylized scenarios are developed to analyze the structural implications of non-
food biomass production for the agricultural sector from 2017 to 2030: (1) the adoption of
neutral-to-scale technologies; and (2) a growing demand for plant-based biomass. These
scenarios reflect the two main policy paths towards the bioeconomy: the continuing
technological advance and the shift from fossil to biomass resources. While the first
scenario addresses the impact of external factors (significant technological breakthroughs)
on structural adjustments in agricultural sector, the second scenario is centered on internal
factors (asset specificity, farm size and input factors). Because economies of scale vary
across ownership types, input–output relationships and regional structures, the production
costs and transaction costs of farms vary accordingly [7]. Their potentially different effects
are therefore scrutinized in their respective subcases. The time period is selected so as
to estimate the sector’s contribution to achieving the relevant milestones defined by the
National Bioeconomy Strategy, BioEconomy 2030 [4]. The year 2030 marks also the end of
the projection periods of the EU’s Food 2030 and Bioeconomy 2030 policies [84], as well as
of the international bioeconomy agendas [14].

The case of neutral-to-scale technologies implies a constant elasticity of substitution
between labor and land, so that technologies are equally beneficial to farms disregarding
their size. Scenario 1 assumes that such technologies are Hicks-neutral and improve
productivities of land and labor and the output will increase by 1% annually during the
projected period 2017 to 2030 (cf. Klärle [85]). In this case, profit rates and output price
remain constant. An example of a scale-neutral technology might be a mass application of
affordable (potentially subsidized) self-reconfigurable robots, which substantially reduces
the variable costs of human labor. As such technological innovations are hardly realizable
(or implementable on a large scale) in the near future, their analysis is limited to anticipation
of potential average effects.
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The second scenario assumes that the demand for non-food biomass, as projected
by a number of studies, will increase by 2% annually during 2017 to 2030 (cf. Piotrowski
et al. [86]). In this scenario, the level of technological efficiency is kept constant, so that
the output value, determined by the joint effect of (dis)economies of scale and transaction
costs, will increase by 2% annually. Given the optimal allocation of labor and land, the
ratio of the marginal product of the labor to its price w equals the ratio of the marginal
product of the land to its price c (MPL/MPS = w/c). As the land price increases by 9.1%
annually, the marginal rate of substitution increases as well. The scenario is analyzed in
three subcases: (2a) the total effects; (2b) the scale-specific effects; and (2c) the regional,
ownership-type-specific effects of an increased demand for agricultural biomass. Subcase
(2b) includes five farm size groups (<10 ha, 10–50 ha, 50–100 ha, 100–200 ha and >200 ha),
which reflect the distribution of farm sizes in Germany in 2005–2016 (cf. Baessler and
Klotz [87]; Huettel and Margarian [88]), while subcase (2c) distinguishes individual farms,
partnerships and companies in western and eastern Germany. Table 1 summarizes the
scenarios with the corresponding production functions.

The adjusted production functions account for the constrains on the minimum trans-
action costs in the input-oriented DEA model. In addition, the trend functions extrapolated
from farm number and average farm size data for 2005–2016 are used as baselines for
comparison of the obtained results.

4. Results
4.1. Scenario 1: Neutral-to-Scale Technologies

The results of the first scenario are graphically summarized in Figure 2. The results
show that in the projected period 2017–2030, a technology-induced annual increase in
efficiency by 1% leads to an increase in the number of farms that switch from food to
non-food biomass production. The growth in farm number is accompanied by a decline in
the average farm size by 9.1%, which corresponds to the rate of the land price growth.

Figure 2. The number of farms and average farm size, 2005–2030 (Scenario 1).

This dynamic is due to the fact that neutral-to-scale technologies reduce the part
of the investment costs that creates competitive disadvantages to smaller producers. It
implies that under such an optimistic scenario of significant technological breakthroughs, a
bioeconomy could indeed support diseconomies of scale and, as envisioned by the current
policy strategies, encourage smaller and new agricultural businesses. The comparison with
the baseline case, which is the extrapolated trend of farm size and number, illustrates a
possible scale of this effect. Although the positive effect of new technologies on the farm
number may seem trivial under the given assumptions, it reveals that a scale-induced
decline in transaction costs (and hence, in inefficiency) observed for real data (2005–2016),
may, if supported by technological advance, continue even under diseconomies of scale.
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4.2. Scenario 2: Increasing Demand for Non-Food Biomass
4.2.1. Average Sectoral Effects

An annual increase in demand for agricultural non-food biomass by 2% starting in
2017 raises the sectoral shift parameter value by 1.79% annually. As a result, the number
of farms (and labor force) that switch from food to non-food biomass production grows
significantly by 1.79% (Figure 3). The average farm size, by contrast, remains almost
constant, decreasing only slightly, namely from 90.80 ha in 2017 to 88.95 ha in 2030 (that is,
by 0.15% annually).

Figure 3. Number of farms and average farm size, 2005–2030 (Scenario 2a).

Assuming that the technology level and the total agricultural area remain constant,
enlarging the area under non-food biomass at the expense of food crops production is the
only means to meet the increasing non-food biomass demand. Consequently, there should
still be a clear decrease in the average farm size in some farm size groups. An overall
increase in average farm size would also be necessarily constrained by the threshold costs
of investments [54]. As the rate of increase in farm number (1.79%) is higher than that of
land under non-food biomass (1.64%), the observed average decrease in farm size may
therefore be due to the combined effects of the relative share of the farm sizes groups, as
well as the regional heterogeneities in agricultural and ownership structures [8,46]. These
effects are scrutinized below.

4.2.2. Effects for Farm Size Groups

Within the five farm size groups, an annual increase in biomass demand by 2% leads
to different dynamics from 2017 to 2030 (Figure 4). The number of farms grows in each
size group, but at different rates, namely 1.48%, 3.32%, 1.46%, 1.70% and 2.69% for Groups
1 to 5, respectively. This means that the scale alone cannot be responsible for this effect.
Compared with the negative baseline trend, the projected number of farms in Groups 1 to
3 goes up if the transaction cost (and hence the inefficiency) is minimized. For larger farms
(Groups 4 and 5), this number increases both in the baseline and projected trends, whereas
for Group 5 the projected development outperforms the baseline trend. The difference
between the baseline and projected dynamics indicates that the benefits from transaction
cost savings are highly sensitive to the number of farms, especially for smaller groups.

The optimal average farm size (Figure 5) declines in response to a higher demand
for non-food biomass in each group, namely by 0.12%, 0.30%, 0.12%, 0.14% and 0.21%,
respectively. The comparison with the baseline trend reveals that the effect of transaction
costs economization is particularly strong in Groups 1, 2 and 4. The difference between
the baseline and projected dynamics in Group 1 and 2 can support the argument that
transaction cost savings in competitive industrial agriculture can help small farms realize
the supervision and local infrastructural advantages [8,40]. While, the observed gap
between the baseline and projected dynamics in Group 4 is mainly caused by a lower
growth rate in farm number compared to its corresponding baseline. Given that the
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technological (and hence the productivity) level remains unchanged, producers respond to
increasing biomass demand by readjusting their input–output combinations. For instance,
the adjusted production function in Group 5, as shown in Table 1, changes from increasing
returns to scale to decreasing returns to scale. In this case, the largest farms adjust their
optimal size less compared to both the other size groups and the baseline.

Figure 4. Number of farms in the farm size groups, 2005–2030 (Scenario 2b).

Figure 5. Average farm size in the different farm size groups, 2005–2030 (Scenario 2b).
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4.2.3. Regional Effects for Different Ownerships Types

Figure 6 shows that the increase in farm number observed in Subcase 2a and 2b for
2017–2030 can be stated for western Germany (1.64%) and eastern Germany (2.42%). Under
the given assumptions, the growth in farm number reflects the relative amount of land and
labor shifted from food to non-food biomass production, so that asset specificity increases
with economies of scale. As a result, transaction cost savings improve the production
efficiency in both regions, but especially for individual farms (where the baseline trend
in farm number is reversed) and for partnerships in eastern Germany. The number of
partnerships and companies in western Germany increases at a lower rate compared to the
case of constant demand for agricultural biomass.

Figure 6. Number of farms for the different ownership types and regions, 2005–2030 (Scenario 2c).

Average farm size within the ownership types correspondingly declines (Figure 7).
Specifically, the average farm size decreases by 0.14% in western Germany and at a slightly
higher rate (0.20%) in eastern Germany (see Figure 7). The declining average farms size
both in eastern and western Germany indicates the prospects for smaller producers with
regard to agricultural development [37]. In particular, the difference between the baseline
and projected dynamics for western Germany is greater than that for eastern Germany.
This might be caused by the decreasing returns to scale in western Germany, as shown by
the adjusted production function in Table 1. To meet the increasing demand for non-food
biomass, producers in western Germany largely adjust the combination of investments in
land and labor. Thus, the higher the transaction costs saved, the smaller the optimal farm
size, supporting the studies that observe a U-shaped function of asset specificity [66,67].

With regard to ownership types, only individual farms display the same size effect in
both regions. This may be relevant for smaller individual farms, because smaller farms
are supposed to be more flexible to adapt to market innovations [9], and thus benefit more
from the effect of transaction cost savings [38]. By contrast, for partnerships and companies
in eastern Germany, which are typically much larger than in western Germany, a higher
industrial demand for biomass interrupts or significantly decelerates the negative farm size
trend of 2005–2016. While, in western Germany, the upward baseline trend is reversed and
stabilized. Partnerships and companies in eastern Germany adjust their optimal size less,
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because their adjustments of investments in land and labor cause additional transaction
costs, slowing down the decrease rate in farm size.

Figure 7. Average farm size for the different ownership types and regions, 2005–2030 (Scenario 2c).

5. Discussion

The results allow important and novel insights into the complex interaction between
transaction costs and economies of scale in industrial agriculture. Although scaling-up
production remains an effective means of profit maximization in a competitive environ-
ment [10], the results point to the rather nonlinear relationship between the transaction
costs and economies of scale [34]. The analysis further shows that, if the average costs
cannot be substantially reduced through expanding the scale of operation [37,66,70,89], a
growing demand for non-food biomass can encourage more farms to switch from food
to non-food biomass production. This means that, if economies of scale entail additional
transaction costs, the effect of transaction cost savings can change the degree of asset speci-
ficity and lead to a downward adjustment in the optimal farm size [70,89]. This finding
extends the relevant debate by showing that economies of scale mediate the impact of asset
specificity on transaction costs [66].

The conducted analysis extends the findings of the existing studies, which focusses
on the relationship between economies of scale and asset specificity [45,70] or just mea-
sure the level of transaction costs in agriculture [34], by accounting for the sector-specific
characteristics that are relevant for transaction cost savings and production scale optimiza-
tion [74]. This helps explore the complex non-linear relationship between transaction costs
and economies of scale. For instance, the observed decline in the optimal size of farms
indicates that the recent divestments of very large farms in eastern Germany may continue
if more farms engage in non-food biomass production. These findings shed new light on
agricultural transaction costs, highlighting their potentially non-trivial role in optimiza-
tion of agricultural production decisions in a bio-based economy [11,43]. Specifically, the
results show that the combined effect of transaction costs and economies of scale on the
optimal farm size varies across the different farm size groups. The demonstrated effect of
transaction cost savings for different scales of operation points to its potential relevance
for the (de-)centralization of biomass production systems [90]. The results reveal that the
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effect of transaction cost savings is greater for smaller farms, which indicates their potential
competitive advantage [37,46].

The projected slowdown of the growth rate for larger farms reveals the non-convexities
of both functions for transaction costs and economies of scale, as well as the U-shape of
the transaction cost function regarding asset specificity. The adjusted production function
changes from increasing returns to scale to decreasing returns to scale in the group with
a farm size greater than 200 ha. The diseconomies of scale indicate that the increase in
production costs can offset the decrease in transaction costs as the asset specificity becomes
greater. The decrease in total transaction costs positively affects the economies of scale,
which emphasizes their inverse relationship [71]. As a higher degree of asset specificity
will bring about higher transaction costs [70], the effect of the transaction cost savings
on larger farms can lead to diseconomies of scale. This observation allows to seek for
new ways to optimize the farm size by adjusting the asset specificity so as to minimize
the transaction costs and reduce the dependence of optimal farm size on economies of
scale [90]. This indicates that extending the supply chains and new agribusinesses in the
bioeconomy through asset allocation may increasingly promote the vertical integration
into the plant-based bioeconomy—once the effect of transaction costs can be reduced or
neutralized [9,11,91–93].

Given a productivity increase due to the application of neutral-to-scale technologies,
such as biological pesticide, drones and biofertilizers [94], which can largely substitute the
variable input of labor, the effect of transaction cost savings can lead to economies of scale.
As shown for the scenario of neutral-to-scale technologies, the increase of technological
efficiency can reduce the transaction costs and increase the number of farms engaged in
non-food biomass production. As a result, the increase in technology efficiency lowers the
optimal size of farms from 2017 to 2030 if the land area for non-food biomass production
remains unchanged (the shift parameter is zero). This finding is in line with the argument
that neutral-to-scale technologies could render the logic of economies of scale less relevant
by changing the cost advantage and improving productivity [46,95]. From this perspective,
continuous investment in neutral-to-scale technologies may accelerate the commercializa-
tion progress of the supply chains in the future bioeconomy [16,96]. In addition, investing
in neutral-to-scale technologies can help exploit transaction cost advantages and improve
the production efficiency of smaller producers [97]. This insight may likewise inform
agricultural policies and action plans in the transition economies like India, China, and
those in Africa, where the farm scale is small to very small [23] and the cost of delay in
technology approval is substantial [5].

Other than studies by Buckley and Chapman [54] and McCann [66], the present
analysis suggests that the threshold costs of asset specificity will make the combined effect
of the transaction costs and economies of scale vary among the different regions and
ownership types of farms. This can be illustrated by the greater average size of farms
projected both for all farm types in eastern Germany and companies in western Germany.
The individual farms display the same size effect of transaction cost savings in both regions.
This implies that the individual farms (which are typically much smaller than partnerships
and companies) might be more flexible to adapt the new forms of agribusiness, which
can be encouraged to support agricultural development [92,93]. Furthermore, the growth
rate of the shift parameter in eastern Germany (2.42%), which largely determines the
degree of asset specificity, is faster than that of the land area under non-food crops (2.22%).
This indicates that under given assumptions more land and labor would shift from food
production to non-food biomass production.

The different degree of the combined effect of transaction costs and economies of
scale in eastern and western Germany indicates that this effect is highly sensitive to farms’
asset specificity. The findings suggest that developing marginal arable land and alternative
forms of non-food biomass production [98,99] are needed to avoid additional conflicts with
food production in the bioeconomy [100,101]. The results also indicate that policy action
plans should account for the regional and ownership-specific responses to the technological
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advances and higher demand for biomass. Specifically, if smaller and new producers are to
be encouraged to contribute to the transition to a sustainable plant-based economy, policy
instruments aiming at transaction cost reduction will be needed [102,103].

6. Conclusions

Agriculture has long been regarded as the sector that “may limit severely or contribute
importantly” to overall economic development [104]. In the initiated transition to an
innovation-driven and bio-based economy, particularly high expectations are attached
to agriculture as a biomass supplier, one of the largest contributors to greenhouse gas
savings and job creation in rural areas [98,105,106]. Taking Germany as an example, the
study looked into the question of how industrial agriculture—with its tight competition,
low yield increases and little room for reduction of production costs—can still engage in
biomass production for material and energy uses. The study argued that one of the key
structural responses might be the adjustment of the farm size by simultaneously optimizing
benefits from the production scale and transaction cost savings. A stylized model of agri-
cultural non-food biomass production was developed to illustrate the potential relevance
of this optimization for the agricultural sector and the bioeconomy strategy. By measuring
transaction costs as the inefficiency of non-food biomass producers with Data Envelopment
Analysis, the study arrived at the following three main conclusions.

First, the combined effect of economies of scale and transaction costs reveals that, if
farms cannot economize on transaction costs, then investments in land and labor need to
adjust to the higher biomass demand, partly compromising the returns to scale, so that the
growth in farm size is slowed down. Second, a higher degree of asset specificity, indicated
by the greater sum of elasticities of farmland and labor, gives rise to transaction costs. This
effect reduces the rate at which the farm size decreases. Third, if the scale advantage can be
rendered less relevant (as in the illustrated case of significant technological breakthroughs),
smaller producers may disproportionally benefit from their higher potential of transaction
cost savings.

Although the model design is deliberately reduced so as to trace down the endo-
geneity between economies of scale and transaction costs, the findings still point to a
number of policy implications. Specifically, they suggest that pivoting highly competitive
industrial agriculture towards economic sustainability requires considering both the pos-
sible synergy and trade-off between transaction cost savings and (dis)economies of scale
benefits. The provided insights into their combined effect on agricultural optimization
decisions inform bioeconomy strategies to account for this complex effect when comparing
the opportunities of smaller and larger agricultural producers in the bioeconomy. At the
same time, the reported positive implications for smaller producers draw attention to the
potentially significant structural implications of an uncritical enthusiasm for agricultural
non-food biomass. The observed regional effects likewise indicate the projected increase
in the number of smaller farms, which might be due to the decisions of the very large
producers to divest parts of their operations. Furthermore, the increase in the number of
farms that are encouraged to shift from food to non-food production raises attention to
a possible aggravation of the already serious land-use conflicts in industrial agriculture.
The illustrated implications from politically promoted demand for renewable biomass
and application of new technologies in agriculture alert policymakers to align the existing
sustainability, agricultural and innovation strategies, so as to avoid conflicts with food
production and environment protection [47,48,90,102].

Yet, the provisional nature of the findings should be emphasized. The non-convexity
of the economies of scale function, as well as the U-shape of the transaction costs function
in asset specificity, make the analysis of the combined effect mathematically complex and
context-sensitive. Further work investigating how the combined effect of economies of
scale and transaction costs unfolds under more realistic conditions is warranted. These
conditions can in particular account for price and volatility effects, competitive land
use, incremental agricultural innovations, the degree of vertical integration and new
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market entrants. Not least, different levels of aggregation (farm, farm groups, sector)
should be considered to better understand the complex mechanism behind agricultural
transaction costs.
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