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Abstract: This study investigates the consequences of agricultural technological progress, biofuel
policy, and agricultural demand growth on crop, livestock, and bioenergy markets, as well as resource
usage and greenhouse gas (GHG) emissions, over data in the United States. We formed scenarios
for future technological progress, demand growth, and biofuel policy and carried out a dynamic
simulation. The major findings are: (1) Increasing technological progress reduces cropland for biofuel
and cropland pasture for livestock but increases cropland for crop production; (2) Reducing corn
ethanol requirements causes more cropland to move from cropping to pasture uses for livestock,
however, lowering ethanol from corn residue has minor effects on cropland use; (3) Lowering the
requirement of ethanol from corn lowers the price for most of the field crops and meat commodities,
especially corn, hay, sorghum, and non-fed beef; (4) Technological progress and biofuel policy
have significant effects of on GHG emissions. Increasing technical progress reduces overall GHG
emissions. A lower corn ethanol level results in much larger GHG emissions as compared with
the control case. This implies producing corn ethanol is effective in reducing emissions; and (5)
Technological improvement is a key factor in meeting growing global demand for food and energy
and reducing emissions.
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1. Introduction

Besides the basic roles as a food supplier for mankind, the agricultural sector is playing an important
role as a source of feedstocks for bioenergy production. Production and processing of agricultural
commodities for bioenergy have gained a lot of attention because bioenergy is renewable and potentially
beneficial in reducing greenhouse gas (GHG) emissions [1]. In the United States, the production of
bioenergy has increased with the implementation of the renewable fuel standard (RFS).

The RFS is a federal biofuel program the goals of which are to support a reduction in GHG
emissions and improve U.S. energy stability and sustainability. The program sets a mandatory level of
renewable fuel blended into transportation fuel. The eligible forms of renewable fuel in the program
are required to have a lower level of GHG emissions compared to petroleum-based fuels. The RFS
program was initially established under the Energy Policy Act (EPAct) of 2005 and then was extended
by the Energy Independence and Security Act (EISA) of 2007. EISA raised the requirement for the
amount of renewable fuel blended from 9 billion gallons in 2008 to 36 billion gallons by 2022 although
progress toward this has been slower than anticipated. The RFS requirements for renewable fuel
blending have stimulated increased biofuel production.

Up until now the main volume of biofuels used to satisfy the RFS requirement has been produced
from corn which is also the primary U.S. feed grain for livestock, and, in turn, this affects human food
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supplies. The proportion of domestic corn used in the United States for producing alcohol for fuel use
has greatly increased during the past 15 years (see Figure 1). More biofuel production as mandated
under the RFS will either divert land from conventional crops, use substantial amounts of crop residues,
or require substantial volumes of new sources like forestry or water materials. These factors can
potentially reduce conventional crop supplies. Thus, an increase in biofuel production competes with
the human food supply.
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In order to satisfy demands on agriculture for food, feed, and energy feedstocks, agricultural
technological progress is critical. A rapid growth of the world’s population places challenges on
meeting increasing global food demand and stresses resource availability such as land and water.
During 1960 to 2010, the world’s population grew from 3.0 to 6.9 billion people amounting to a
128 percent increase in the population, while global crop yield and cultivated land increased by 57 and
33 percent, respectively [3]. According to a 2012 United Nations report [4], the world’s population in
mid-2013 was 7.2 billion people and is projected to reach 8.1 billion in 2025, then 9.6 billion in 2050.
In order to meet the projected demand, the United Nations Food and Agriculture Organization (FAO)
indicates that agricultural production will need to increase globally by 60 percent [5].

Bioenergy demand is also expected to increase due to many possible reasons such as concerns on
climate change mitigation, renewable energy policy action, energy stock depletion, and energy security
concerns. The International Energy Agency (IEA) projects that biofuel consumption will increase from
1.3 million barrels of oil equivalent per day (mboe/d) in 2011 to 2.1 and 4.1 mboe/d in 2020 and 2035,
respectively [6]. Thus, over the next two decades, to meet the projected demand, biofuel production
will have to increase by more than three times from its 2011 level.

Bioenergy production has to expand to meet expected increases in bioenergy demand,
but government supports as incentives in investing in bioenergy may not result in an efficient
outcome. Government supports such as credit subsidies have been criticized by some economists
and political scientists [7]. Besides the government supports, the potential efficient driver for an
expanded bioenergy industry is agricultural technological progress. However, the studies on bioenergy
investment are limited, and they do not cover the effect of agricultural technological progress.

In addition, there has been a debate about bioenergy effects on food security. Some raise the
issue of increasing food prices and food shortage possibilities due to rising demand for biofuel [8,9].
However, some argue that with technological improvements, the agricultural sector will be able
to provide an adequate supply of both food and biofuel [8] and that bioenergy production has no
significant impact on feedstock prices, i.e., those for corn, wheat, barley, sugarcane, soybeans, etc. [10].

Climate change is an additional complicating factor. Many studies project an altered mean and
increased yield variability under climate change [11–16] with some projecting decreases in yields [17].
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The interesting finding related to climate change is that under the higher crop yield growth rates,
GHG emissions associated with land use change were found to be smaller than those under other
scenarios [18]. These findings lay emphasis on the significance of the technological progress or crop
growth rates as it influences the effects of bioenergy policy. Hence, agricultural technological progress is
needed to meet the demand growth for both food and energy and overcome the negative consequences
of climate change.

An ambitious and challenging question now is how to meet growing food and energy global
demands, while preserving environmental quality. The suggested solutions are sound public policy,
technological improvement, and global collaboration [19,20]. The technological progress coupled with
biofuel policy possibility is the main focus of this paper.

2. Methodology

To carry out this analysis, the agricultural technological progress, demand growth, and biofuel
policy scenarios were formed separately. Then we incorporated them together. Finally, we carried out
a dynamic simulation under those integrated scenarios.

2.1. Forming Future Scenarios

2.1.1. Technological Progress Scenarios

The technological progress scenarios were formed from the years 2015 to 2100 based on the error
distributions around crop yield estimation models coupled with long-term correlations of technological
progress. The crop yield estimation models estimated crop yield progressed over time using historical
crop yield data based on the regional level. In selecting time trend functions, the potential functional
forms considered are linear and exponential functions. Additionally, a structural break point was
allowed within the model to account for possible changes in yield growth rates over time.

We simulated alternative yields in the years 2015 to 2100 under stochastic yield variables (Ỹkj) based
on a multivariate probability distribution, and randomly drew 50 technological progress scenarios.
The stochastic yield variables were also correlated based on 10-year ratios of historical crop yield data.
To randomly draw the regionally correlated technical progress scenarios, we followed the simulation
of a multivariate empirical (MVE) probability distribution [21]. Each yield random variable was
simulated as

ỸkJ = Ŷkj + Ŷkj ∗ EMP j. (1)

The forecast yield for year k and region j is represented by Ŷkj, where j = 1, 2, 3, . . . , n and
k = 2015, 2016, 2017, . . . , 2100. EMP j represents the jth empirical distribution. Both stochastic (the error
distributions around yield forecasts) and multivariate components (long-term technological correlation
matrix) are embedded in the empirical distribution. Then each yield random variable was simulated
for 50 iterations under the MVE distribution. Lastly, we tested whether the resultant random data
exhibited the appropriate correlation coefficients. With the passing result of the correlation coefficients
test, the set of 50 technological progress scenarios from the random draw of crop yield simulation
under the MVE distribution was appropriate and ready to use.

2.1.2. Demand Growth Scenarios

Analysis of demand for crops and other related commodities focused on the demand in the United
States. To set up the demand scenarios, first, we drew data on the commodities barley, corn, cotton,
oats, rice, sorghum, soybeans, wheat, beef, broiler, and pork. The commodities were selected due to
their value, incidence in U.S. crop acreage, and availability of demand data. Furthermore, much of the
demand for corn, barley, oats, sorghum, and soybeans is for livestock feed, so beef, broiler, and pork
were included.

In the demand analysis, the main variables examined were consumption per capita or per capita
demand of each commodity (D), real GDP per capita (GDPP), and real commodity price (P). The most
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commonly used functional forms selected to use in this demand analysis were: (1) Linear, (2) Log-Lin,
(3) Lin-Log, and (4) Double-log. For each functional form, we estimated four models containing the
main variables and additional explanatory variables including a time trend variable (Tt) and quantity
demanded in the previous period (Dt-1). The specifications of all demand models used in this demand
analysis are presented in Table 1.

Table 1. Demand model specifications.

Model Type and
Functional Form Model Specification Model Number

1. Main Demand

Linear Dit = αi0 + αi1GDPPt +
n∑

j=1
βi jP jt + εit 1.1

Log-Lin ln Dit = αi0 + αi1GDPPt +
n∑

j=1
βi jP jt + εit 1.2

Lin-Log Dit = αi0 + αi1 ln GDPPt +
n∑

j=1
βi j ln P jt + εit 1.3

Double-Log ln Dit = αi0 + αi1 ln GDPPt +
n∑

j=1
βi j ln P jt + εit 1.4

2. Time Demand

Linear Dit = αi0 + αi1GDPPt + αi2Tt +
n∑

j=1
βi jP jt + εit 2.1

Log-Lin ln Dit = αi0 + αi1GDPPt + αi2Tt +
n∑

j=1
βi jP jt + εit 2.2

Lin-Log Dit = αi0 + αi1 ln GDPPt + αi2Tt +
n∑

j=1
βi j ln P jt + εit 2.3

Double -Log ln Dit = αi0 + αi1 ln GDPPt + αi2Tt +
n∑

j=1
βi j ln P jt + εit 2.4

3. Lag Demand

Linear Dit = αi0 + αi1GDPPt + αi2Dit−1 +
n∑

j=1
βi jP jt + εit 3.1

Log-Lin ln Dit = αi0 + αi1GDPPt + αi2 ln Dit−1 +
n∑

j=1
βi jP jt + εit 3.2

Lin-Log Dit = αi0 + αi1 ln GDPPt + αi2Dit−1 +
n∑

j=1
βi j ln P jt + εit 3.3

Double -Log ln Dit = αi0 + αi1 ln GDPPt + αi2αi2 ln Dit−1 +
n∑

j=1
βi j ln P jt + εit 3.4

4. Time and Lag Demand

Linear Dit = αi0 + αi1GDPPt + αi2Tt + αi3Dit−1 +
n∑

j=1
βi jP jt + εit 4.1

Log-Lin ln Dit = αi0 + αi1GDPPt + αi2Tt + αi3 ln Dit−1 +
n∑

j=1
βi jP jt + εit 4.2

Lin-Log Dit = αi0 + αi1 ln GDPPt + αi2Tt + αi3Dit−1 +
n∑

j=1
βi j ln P jt + εit 4.3

Double -Log ln Dit = αi0 + αi1 ln GDPPt +αi2Tt +αi3 ln Dit−1 +
n∑

j=1
βi j ln P jt + εit 4.4

Note: Variables are defined as follows: (1) Dit = quantity demanded or consumption per capita of a commodity
i in period t; (2) Dit−1 = lagged quantity demanded or consumption per capita of a commodity i in period t − 1;
(3) GDPPt = real GDP per capita in period t; (4) P jt = real price of commodity j in period t; (5) Tt = time variable in
period t; (6) εit = error or disturbance term in period t; (7) i = index for commodities; (8) j = index for commodities.
If the commodity i is barley, corn, cotton, oats, rice, sorghum, soybeans, or wheat, j equals i, i.e., j includes one
member. Otherwise if the commodity i is beef, broiler, or pork, j consists of three members, i.e., beef, broiler, and
pork; and (9) αs and βs = estimated parameters.

In summary, 16 different models were estimated for each commodity using Ordinary Least Squares
(OLS) regression. To choose the best model for estimating quantity demanded for each commodity,
we used the simple criterion of minimizing the residual root mean squared error (Root MSE) and
also corrected for autocorrelation problems. Then the selected demand models were used to forecast
quantity demanded for all commodities during 2000 to 2100. Then three demand scenarios were set up
based on estimated demand forecast. The three demand settings are:
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1. Base Demand scenario uses the mean of the estimates of quantity demanded (x),
2. Fast Demand scenario uses the upper boundary of a 66.67 percent confidence interval estimate

(x + z0.833 ∗ SD),
3. Slow Demand scenario uses the lower boundary of a 66.67 percent confidence interval estimate

(x− z0.833 ∗ SD),

where z0.833 is the value from the standard normal distribution for the 66.67 percent confidence
level and SD is the standard deviation value. For each demand scenario, we calculated the ratios of
demand values, using 2015 as a reference year, and these ratios were put in the dynamic simulation
discussed in the next subsector.

2.1.3. Biofuel Policy Scenarios

Lastly, the biofuel policy was combined into the scenarios. We provide three biofuel policy
scenarios which differed in feedstock and volume mandates. The scenarios were a control scenario
that implemented the volumes foreseen in the Energy Independence and Security Act (EISA) for the
RFS and then ones that altered the production of ethanol from corn and corn residue as shown in
Table 2. In short, the control scenario had all the RFS requirements using corn, switchgrass, corn
residue, and other ethanol, while the other scenarios decreased the ethanol volume of corn or corn
residue so we could observe the marginal effects of requiring ethanol from those feedstocks. For the
Corn scenario, only the volume mandate for corn ethanol produced was reduced from 15.0 to 12.4
billion gallons. And for the CornRes scenario, the volume mandate for ethanol from corn residue was
reduced from 4 billion gallons to zero.

Table 2. Biofuel policy scenario specifications for production in the years 2020 to 2030 with feedstock
and volume mandates in billion gallons.

Ethanol Produced
from the Feedstock

Biofuel Policy Scenario

Control Corn CornRes

Corn 15.0 12.4 15.0
Switchgrass 8.8 8.8 8.8
Corn Residue 4.0 4.0 0
Other Ethanol 0.2 0.2 0.2
Total 28 25.4 24

Note: Other ethanol denotes that from wheat residue, sweet sorghum pulp, and sweet sorghum.

2.1.4. Main Integrated Scenarios

Finally, we set up nine main integrated scenarios by combining the three demand growth scenarios,
and the three biofuel policy scenarios together that were run under all of the 50 technical progress
scenarios. The nine scenarios are Base Control, Base Corn, Base CornRes, Fast Control, Fast Corn,
Fast CornRes, Slow Control, Slow Corn, and Slow CornRes, described in Table 3. These scenarios were
used in a dynamic simulation discussed in the next subsection.
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Table 3. Main integrated scenario specifications.

Main Integrated Scenario
Scenario

Technical Progress Demand Biofuel Policy

1. Base Control All (50 scenarios) Base Control
2. Base Corn All (50 scenarios) Base Corn
3. Base CornRes All (50 scenarios) Base CornRes
4. Fast Control All (50 scenarios) Fast Control
5. Fast Corn All (50 scenarios) Fast Corn
6. Fast CornRes All (50 scenarios) Fast CornRes
7. Slow Control All (50 scenarios) Slow Control
8. Slow Corn All (50 scenarios) Slow Corn
9. Slow CornRes All (50 scenarios) Slow CornRes

2.2. Dynamic Simulation

The dynamic simulation model used was the Forest and Agricultural Sector Optimization Model
with Greenhouse Gases (FASOMGHG) [22], which simulates markets and biofuel investment over time.
It was run under the integrated scenarios of technical progress, demand growth, and biofuel policy.

The FASOMGHG model solves a dynamic optimization problem by maximizing the inter-temporal
economic welfare, in other words, the net present value of the sum of producers’ and consumers’
surplus across the U.S. forest and agricultural sectors over time [22,23]. This simulates perfectly
competitive equilibria in the factor and product markets in each time period simulated. The model
structure of FASOMGHG is described in Figure 2.

In FASOMGHG, the main endogenous variables are commodity and factor prices; production,
consumption, and export and import quantities; land use allocation between sectors; crop mix, livestock
mix, agricultural processing, management strategy adoption; resource use; economic welfare measures;
producer and consumer surplus; net welfare effects; and environmental impact indicators, such as net
GHG emissions [22].

We simulated nine main integrated scenarios for technical progress, demand growth, and biofuel
mandate changes. Then the results of the simulation under alternative scenarios were compared
and discussed regarding land use, price, and GHG emissions to examine the effects of agricultural
technological progress, demand growth, and biofuel mandates.
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Furthermore, we used the FASOMGHG output from the simulations for several select years to
estimate a regression equation that gave the effect of technological improvement on land use, price,
or environmental concerns including GHG emissions. After the function was derived, we could
examine the marginal effect of alternative levels of technological improvement.



Atmosphere 2020, 11, 31 7 of 19

3. Data

For forming technological progress scenarios, data were gathered for six major field crops in the
United States including corn, cotton, hay, sorghum, soybeans, and winter wheat. State-level yield data
were drawn using the Quick Stats 2.0 tool from United States Department of Agriculture (USDA) and
the National Agricultural Statistics Service (NASS) [25] from 1950 through 2014.

Agricultural demand data were obtained from other sources as follows: (1) commodity import,
export, domestic consumption, price, and production data from NASS [26]; (2) crop price projections
from USDA [27] long-term projections; (3) real historical gross domestic product (GDP), growth rates
of GDP, and historical GDP deflators in 1969 to 2014; projected GDP, growth rates of GDP, projected
GDP deflators, projected U.S. population, and growth rates of U.S. population in 2010 to 2030 from the
Economic Research Service (ERS) [28]; and (4) historical GDP, GDP deflators, and U.S. population in
1950 to 2009 from Economic Research Division, Federal Reserve Bank of St. Louis [29].

4. Analysis and Results

This section is separated into two parts. The first part provides the average results from the
dynamic simulation analysis, the effect on the mean. The second part presents the results of the
regression analysis using the output from the simulations. The discussion and the possible reasons for
the results are also provided on both parts.

4.1. Effect on the Mean

4.1.1. Cropland Mean Results

Cropland use differs based on biofuel requirements, demand growth, and technological progress;
U.S. cropland for biofuel production rises substantially in 2020, then is followed by the decrease
(see Figure 3). Land use for crop production also increases in 2020, and after that, it falls slowly
(see Figure 4). This likely results from the increase in technological progress. Nevertheless, the area for
livestock shows only a decrease until the end of the projection (see Figure 5).
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Regarding Figure 5, among the biofuel policy and demand growth scenarios, the interesting
finding is that the largest land use for livestock occurs under the Corn policy with Fast demand growth
scenario (an orange line), while the smallest one is under the Control policy with Base demand growth
scenario (a red line). This finding is opposite the result of land use for crop production as shown
in Figure 4. Thus, there exists a land use change relationship between these two types of land, i.e.,
when cropland demands are low for crop and biofuel then land goes into the pasture and vice versa.
In the case of land moving into cropland used for crop and biofuel production, livestock herd size may
possibly be reduced, given the limited land resources.

The influence of biofuel policy on U.S. cropland use is significant during 2020 to 2030 for biofuel
production land use (see Table 4), where the changes in the areas of land use under the Control and
the Corn scenarios (with corn stover requirement) are around 30 to 50 percent larger those under
the CornRes scenario (without corn stover requirement) probably due to the higher total biofuel
production and also the fact that the Corn scenario reduces land demand whereas the CornRes scenario
leaves basic crop demand unchanged, reducing demand for a byproduct. The effect of biofuel policy is
rather minor on livestock cropland pasture use (Table 4), where the Corn scenario provides the largest
movement of land out of cropland use and thus the greatest cropland pasture use. In other words, less
requirement for corn for ethanol shifts more land to livestock and the lower requirement level of corn
residues does not really affect the crop and use.
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Table 4. Average U.S. cropland use during 2015 to 2030 under various biofuel policy and demand
growth scenarios.

Cropland Use
(Million Acre) Year

Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Biofuel
Production

2015 29.80 30.71 29.65 30.00 30.37 29.72 30.08 30.28 29.51
2020 107.40 106.50 79.74 107.53 106.56 79.64 107.46 106.50 79.74
2025 93.48 92.79 69.36 93.46 92.73 69.16 93.52 92.79 69.36
2030 90.93 90.38 61.09 90.82 90.29 60.97 90.92 90.38 61.09

Crop
Production

2015 314.21 311.11 313.98 314.18 310.94 314.06 314.08 311.11 313.98
2020 316.71 313.75 316.17 316.06 313.33 315.73 316.49 313.75 316.17
2025 316.21 313.44 315.78 315.23 312.64 315.04 315.99 313.44 315.78
2030 315.58 312.87 315.15 314.31 311.77 314.17 315.35 312.87 315.15

Cropland
pasture use
for livestock

2015 67.64 70.58 67.86 67.65 70.76 67.77 67.75 70.58 67.86
2020 64.03 66.96 64.53 64.71 67.41 65.00 64.25 66.97 64.53
2025 62.35 65.11 62.79 63.32 65.86 63.52 62.57 65.11 62.79
2030 61.15 63.81 61.58 62.35 64.89 62.52 61.37 63.81 61.58

Besides biofuel policy, we also consider the influence of demand growth. However, the impact of
demand growth on cropland for biofuel production, crop production, and livestock is small in terms of
percentage changes.

Apart from the mean effect, the variability of U.S. cropland results is also examined as shown
in Figures A1–A3 (Appendix A). The results of cropland for all types have more variation under the
CornRes scenarios, but the influence is only significant on land used for biofuel production. For the
demand growth scenarios, the influence seems to be small. Less variation is found under the Slow
demand scenarios for all types of cropland. Additionally, the Fast demand case creates more dispersion
on both cropland for crop production and cropland pasture for livestock.

4.1.2. Price Mean Results

One of the interesting places where the results show alterations is in commodity prices.
Two categories of effects will be reviewed. The first category involves the cost of meeting the
biofuel requirements in terms of crop ethanol price and cellulosic ethanol price. The other category is
conventional commodity prices for corn, cotton, hay, sorghum, soybean, hard red winter wheat, beef,
pork, and broiler.

The price results (see Figure 6) show that the average prices tend to increase over time for most
commodities, including corn, cotton, hay, sorghum, hard red winter wheat, beef, and pork, whereas
the broiler price drops in 2020 and then quickly increases after 2020. Only the soybean price exhibits a
downward price trend. Clearly, corn and sorghum have a very similar pattern price trend. The different
pattern of average price trend is found in the ethanol and cellulosic ethanol prices where patterns
are wavy.

To examine the influence of biofuel policy and demand on U.S. average commodity prices,
we compared the average prices among various biofuel policy scenarios (Control, Corn, and CornRes
scenarios) and different demand settings (Base, Fast, and Slow settings), respectively (Table 5).
Surprisingly, there is little influence of biofuel policy and demand growth on ethanol and cellulosic
ethanol prices. Both ethanol prices are the same for all various biofuel policy and demand growth
scenarios for each projected year. Thus, it is difficult to draw a conclusion of the impacts of biofuel
policy and demand growth on ethanol and cellulosic ethanol prices.
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For corn, hay, sorghum, soybeans, and hard red winter wheat the influence of demand is quite
small but shown in the same way. For most of the projected years, Fast demand settings provide the
lowest price but in the relatively small percentage changes (mostly 1 percent or less) as compared to
the others. However, these results contrast with beef and pork prices, which the Fast demand provides
the largest price level with a small effect. As for the cotton price results, the demand growth impact is
only noticed. Base and Slow demand growth price results are similar but clearly different from the
Fast demand growth price result. The Fast demand growth scenario provides the lower cotton price as
compared to other demand growth scenarios.

The influence of biofuel policy is obvious for corn, hay, sorghum, hard red winter wheat, beef,
pork, and broiler. The Corn policy scenario provides the lowest price among other biofuel policy
scenarios as it reduced corn demand. The relative percentage changes of other prices from the lowest
price differ among agricultural commodities, i.e., 6 to 7 percent for corn and sorghum, 2 to 3 percent
for hay, 1 to 4 percent for non-fed beef, 1 percent or less for hard red winter wheat, fed beef, pork,
and broiler.
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Table 5. Average U.S. commodity price projection during 2015 to 2030 under various biofuel policy
and demand growth scenarios.

Commodity
Price

Year
Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Corn
(USD/bushel)

2015 3.69 3.46 3.69 3.69 3.47 3.69 3.69 3.46 3.69
2020 3.83 3.62 3.85 3.83 3.61 3.85 3.84 3.62 3.85
2025 4.01 3.76 4.03 3.98 3.73 4.00 4.02 3.76 4.03
2030 4.36 4.07 4.39 4.31 4.01 4.32 4.38 4.07 4.39

Cotton
(USD/pound)

2015 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58
2020 0.68 0.68 0.68 0.65 0.65 0.65 0.68 0.68 0.68
2025 0.76 0.75 0.75 0.68 0.68 0.68 0.76 0.75 0.75
2030 0.78 0.77 0.78 0.72 0.72 0.72 0.78 0.77 0.78

Hay
(USD/ton)

2015 144.86 140.36 145.00 144.91 140.66 145.18 144.77 140.36 145.00
2020 159.33 156.10 158.56 159.04 156.03 158.59 159.05 156.10 158.56
2025 166.52 162.00 165.97 164.37 160.37 164.42 166.05 162.00 165.97
2030 176.40 171.19 176.07 172.46 167.86 172.43 176.04 171.19 176.07

Sorghum
(USD/hundred

weight)

2015 6.31 5.91 6.30 6.30 5.92 6.30 6.30 5.91 6.30
2020 6.57 6.20 6.61 6.57 6.20 6.61 6.58 6.20 6.61
2025 6.91 6.46 6.93 6.85 6.41 6.88 6.92 6.46 6.93
2030 7.51 7.03 7.56 7.41 6.92 7.43 7.54 7.03 7.56

Soybeans
(USD/bushel)

2015 12.85 12.75 12.85 12.85 12.76 12.85 12.85 12.75 12.85
2020 13.05 13.08 12.90 12.89 13.06 12.89 12.91 13.08 12.90
2025 12.45 12.57 12.32 12.27 12.51 12.26 12.32 12.57 12.32
2030 12.09 12.20 11.89 11.79 12.10 11.79 11.89 12.20 11.89

Hard red
winter wheat.
(USD/bushel)

2015 5.18 5.12 5.19 5.20 5.17 5.23 5.17 5.12 5.19
2020 6.29 6.24 6.26 6.41 6.36 6.37 6.27 6.24 6.26
2025 7.05 6.97 7.01 7.17 7.11 7.17 7.02 6.97 7.01
2030 7.08 7.00 7.06 7.01 6.94 6.99 7.07 7.01 7.06

Fed beef
(USD/pound)

2015 2.36 2.34 2.36 2.36 2.34 2.36 2.36 2.34 2.36
2020 2.52 2.51 2.52 2.52 2.50 2.52 2.52 2.51 2.52
2025 2.67 2.65 2.67 2.68 2.66 2.68 2.67 2.65 2.67
2030 2.78 2.77 2.78 2.81 2.79 2.81 2.78 2.77 2.78

Non-fed beef
(USD/pound)

2015 1.39 1.36 1.39 1.39 1.35 1.39 1.39 1.36 1.39
2020 1.49 1.47 1.50 1.50 1.48 1.50 1.49 1.47 1.50
2025 1.56 1.55 1.57 1.60 1.58 1.60 1.57 1.55 1.57
2030 1.58 1.57 1.58 1.64 1.62 1.64 1.58 1.57 1.58

Pork
(USD/pound)

2015 2.36 2.34 2.36 2.36 2.34 2.36 2.36 2.34 2.36
2020 2.52 2.51 2.52 2.52 2.50 2.52 2.52 2.51 2.52
2025 2.67 2.65 2.67 2.68 2.66 2.68 2.67 2.65 2.67
2030 2.78 2.77 2.78 2.81 2.79 2.81 2.78 2.77 2.78

Broiler
(USD/pound)

2015 0.82 0.82 0.81 0.82 0.81 0.82 0.82 0.81 0.82
2020 0.81 0.81 0.80 0.81 0.80 0.81 0.81 0.80 0.81
2025 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81
2030 0.82 0.82 0.82 0.82 0.81 0.82 0.82 0.82 0.82

Ethanol
(USD/gallon)

2015 1.94 1.94 1.94 1.94 1.94 1.94 1.94 1.94 1.94
2020 1.83 1.83 1.83 1.83 1.83 1.83 1.83 1.83 1.83
2025 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97
2030 1.88 1.88 1.88 1.88 1.88 1.88 1.88 1.88 1.88

Cellulosic
Ethanol

(USD/gallon)

2015 1.94 1.94 1.94 1.94 1.94 1.94 1.94 1.94 1.94
2020 1.83 1.83 1.83 1.83 1.83 1.83 1.83 1.83 1.83
2025 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97
2030 1.88 1.88 1.88 1.88 1.88 1.88 1.88 1.88 1.88

4.1.3. GHG Emissions Mean Results, Cropland Regression Results

Results on the average level of total GHG emission levels are presented in Table 6. In this study,
we focus on GHG emissions from the agricultural and biofuel sectors. Overall, the total level of GHG
emissions indicates a decreasing trend, which is what we expect from the increasing biofuel mandates
as cellulosic ethanol makes a negative net emissions contribution [30]. The influence of biofuel policy
is very obvious. During 2020 to 2030, the Control scenario provides the lowest GHG emission levels,
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while the Corn cases give the highest levels. This result of the Control case is reasonable due to full
biofuel mandates setting.

Table 6. Average GHG emissions projection (million ton per CO2e) during 2015 to 2030 under various
biofuel policy and demand growth scenarios.

Year
Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

2015 231.89 230.66 240.15 231.80 230.66 240.15 231.26 230.24 239.54
2020 66.83 118.30 77.37 66.80 118.30 77.37 67.36 118.59 78.62
2025 29.17 67.75 39.19 29.17 67.75 39.19 29.38 67.75 39.46
2030 −6.07 26.89 5.18 −6.17 26.89 5.18 −6.73 27.14 4.68

From Table 6, GHG emission levels under the CornRes scenarios are closer to the levels from the
Control case, while the GHG emission levels under the Corn case are much greater than those under
the Control scenario as can be noticed in Figure 7. However, we should note that these scenarios by no
means are of the same size as the CornRes scenario reducing the total ethanol production by 4 billion
gallons and the Corn scenario reducing it by 2.6 billion gallons. This suggests that requirement of
ethanol from corn is more effective in reducing the overall GHG emissions than producing corn residue
based ethanol. It may be the case that agricultural technological improvement provides more benefits
to corn production for biofuel rather than corn residue.
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Additionally, GHG emission levels for all scenarios drop through time, so biofuel policy seems to
be a promising policy to decrease GHG emission levels in the long term. As for the demand scenarios,
the effect of demand growth is not obvious. Only in 2030, we notice that the Slow demand with
the Control and the CornRes policy settings provides the lowest GHG emission levels among other
demand scenarios. This result agrees with what we expected because slow demand leads to fewer
overall products and also fewer GHG emissions.

4.2. Regression Analysis

In this section, we analyze the results using regression to take into account the technological
progress effects. In particular, we used regressions to develop estimates of the marginal effect of the
technological progress of various crops.

The simple linear regression models for pooled data used are listed as follows:

yit = β0 + β1Techit1 + β2Techit2 + · · ·+ β6Techit6 + εit, (2)
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yit = α0 + γ1Techit1 + γ2Techit2 + · · ·+ γ6Techit6 + α1D25 + α2D30 + εit, (3)

where yit denotes the interested land or other values in year t; Techit1, Techit2, . . . , Techit6 are average
technical progress across regions of corn, cotton, hay, sorghum, soybeans, and winter wheat, respectively
in year t, derived from crop yield estimation models as we explained in the technological progress
scenarios section; D25 and D30 represent dummy variables for years 2025 and 2030, respectively;
i = 1, 2, . . . , 50 where i denotes the number of technical progress 50-random draw; t is estimated
year including 2020, 2025, and 2030; αs, βs, and γs are estimated parameters; and εit is the error term.
The two models were analyzed, but we selected only one model to present the result, considering
statistics of the goodness of fit for the model and the significance of dummy variables in the model.

We examined the technological progress effects on the three aspects as follows: (1) cropland used
for biofuel production, crop production, and cropland pasture used for livestock; (2) conventional
commodity prices (corn, cotton, hay, sorghum, soybean, hard red winter wheat, beef, pork, and broiler);
and (3) GHG emissions. However, we found the insignificant effects of technological progress of the
main field crops on commodity prices mostly exhibit in the results. The effects are different depending
on the crop type of technological progress and commodity prices. Hence, the regression results are
mainly discussed on both cropland and GHG emission areas.

4.2.1. Cropland Regression Results

The main result from the cropland regression analysis is the significant effect of technological
progress on cropland devoted to biofuel, crop production, and livestock, where the effect is negative
on land devoted to biofuel and livestock (see Tables 7 and 8) and positive on land for crop production
(see Table 9). The effects on biofuel areas are strong for corn, cotton, soybeans, and winter wheat technical
progress while the effects on land use for livestock and crop production are significant only for corn and
cotton technical progress. There are only a few significant effects of soybean yield growth on land use.

Table 7. Biofuel production land regression results.

Crop Tech/
Variable

Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Corn −13.39 * −13.55 * −32.55 ** −14.64 ** −13.55 * −32.67 ** −13.46 * −13.56 * −32.55 **
(7.076) (6.905) (13.01) (7.055) (6.881) (13.00) (7.074) (6.905) (13.01)

Cotton −32.46 *** −29.38 ** −62.81 *** −32.96 *** −30.42 *** −62.91 *** −32.54 *** −29.37 ** −62.81 ***
(11.55) (11.27) (21.23) (11.51) (11.23) (21.22) (11.54) (11.27) (21.23)

Hay 7.719 7.477 30.69 8.412 7.244 31.37 7.544 7.477 30.69
(12.24) (11.94) (22.50) (12.20) (11.90) (22.48) (12.23) (11.94) (22.50)

Sorghum 5.749 5.660 11.06 5.743 5.251 10.79 5.748 5.659 11.06
(5.241) (5.114) (9.636) (5.226) (5.097) (9.630) (5.240) (5.115) (9.636)

Soybeans −21.14 ** −22.13 *** −19.51 −22.02 *** −21.54 *** −19.31 −21.50 *** −22.13 *** −19.51
(8.135) (7.938) (14.96) (8.111) (7.910) (14.95) (8.132) (7.938) (14.96)

Winter Wheat −19.85 ** −19.76 ** 8.039 −18.41 ** −19.74 ** 8.747 −19.84 ** −19.76 ** 8.041
(9.267) (9.042) (17.04) (9.239) (9.011) (17.03) (9.264) (9.043) (17.04)

Constant 185.3 *** 182.5 *** 155.0 *** 186.1 *** 183.7 *** 153.7 *** 186.1 *** 182.5 *** 155.0 ***
(18.19) (17.75) (33.44) (18.13) (17.69) (33.42) (18.18) (17.75) (33.44)

N 150 150 150 150 150 150 150 150 150
R2 0.297 0.296 0.205 0.305 0.300 0.204 0.300 0.296 0.205

Adjusted R2 0.268 0.267 0.171 0.276 0.271 0.171 0.270 0.267 0.171
Root MSE 10.96 10.96 10.96 10.96 10.96 20.14 10.96 10.70 20.15

Note: (1) ***, **, and * are significant at the 1, 5, and 10 percent levels, respectively. (2) Numbers in parentheses are
standard errors.
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Table 8. Livestock pasture land regression results.

Crop Tech/
Variable

Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Corn −10.87 ** −10.34 ** −11.34 ** −11.55 ** −10.99 ** −11.74 ** −10.99 ** −10.34 ** −11.34 **
(4.897) (4.904) (5.023) (5.107) (5.009) (5.161) (4.955) (4.904) (5.023)

Cotton −29.03 *** −29.18 *** −30.05 *** −30.96 *** −29.15** −31.16 *** −29.98 *** −29.17 *** −30.05 ***
(10.99) (11.00) (11.27) (11.46) (11.24) (11.58) (11.12) (11.00) (11.27)

Hay 11.20 10.42 11.64 10.17 10.66 10.83 10.83 10.42 11.64
(7.933) (7.943) (8.136) (8.273) (8.114) (8.361) (8.027) (7.943) (8.136)

Sorghum 2.731 3.132 2.837 3.149 3.163 3.132 2.808 3.132 2.837
(3.366) (3.370) (3.452) (3.510) (3.443) (3.547) (3.405) (3.370) (3.452)

Soybeans −9.302 −9.099 −9.836 * −9.721 −10.38 * −9.699 −9.621 * −9.097 −9.837 *
(5.687) (5.695) (5.833) (5.931) (5.817) (5.994) (5.755) (5.695) (5.833)

Winter Wheat 1.360 3.740 1.692 1.642 3.144 1.643 1.541 3.740 1.691
(6.119) (6.127) (6.276) (6.381) (6.258) (6.449) (6.191) (6.127) (6.276)

Constant 2.607 2.213 2.697 3.155 2.712 3.091 2.721 2.213 2.697
(1.979) (1.982) (2.030) (2.064) (2.024) (2.086) (2.003) (1.982) (2.030)

D25 6.276 * 5.540 * 6.530 * 7.326 ** 6.554 * 7.282 ** 6.512 * 5.540 * 6.530 *
(3.257) (3.261) (3.341) (3.397) (3.331) (3.433) (3.296) (3.261) (3.341)

D30 102.4 *** 102.5 *** 104.2 *** 106.7 *** 105.4 *** 106.7 *** 104.2 *** 102.5 *** 104.2 ***
(18.13) (18.16) (18.60) (18.91) (18.55) (19.11) (18.35) (18.16) (18.60)

N 150 150 150 150 150 150 150 150 150
R2 0.111 0.117 0.114 0.105 0.107 0.106 0.113 0.117 0.114

Adjusted R2 0.061 0.066 0.063 0.054 0.056 0.055 0.062 0.066 0.063
Root MSE 6.979 6.988 7.158 7.278 7.138 7.355 7.061 6.988 7.158

Note: (1) ***, **, and * are significant at the 1, 5, and 10 percent levels, respectively. (2) Numbers in parentheses are
standard errors.

Table 9. Crop production land regression results.

Crop Tech/
Variable

Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Corn 10.26 ** 9.689 * 10.85 ** 10.81 ** 10.32 ** 11.16 ** 10.36 ** 9.689 * 10.85 **
(4.957) (5.002) (5.114) (5.189) (5.124) (5.258) (5.022) (5.002) (5.114)

Cotton 28.93 ** 29.08 ** 29.84 ** 30.67 *** 28.73 ** 30.80 ** 29.86 *** 29.08 ** 29.84 **
(11.12) (11.22) (11.47) (11.64) (11.49) (11.80) (11.27) (11.22) (11.47)

Hay −11.26 −10.26 −11.65 −9.910 −10.41 −10.68 −10.82 −10.26 −11.65
(8.030) (8.102) (8.284) (8.406) (8.300) (8.517) (8.135) (8.102) (8.284)

Sorghum −2.793 −3.030 −2.922 −3.036 −3.133 −3.178 −2.792 −3.030 −2.922
(3.407) (3.437) (3.515) (3.566) (3.521) (3.614) (3.452) (3.437) (3.515)

Soybeans 9.483 9.427 10.09 * 9.949 10.77 * 9.971 9.814 * 9.426 10.09 *
(5.757) (5.809) (5.939) (6.027) (5.951) (6.107) (5.833) (5.809) (5.939)

Winter Wheat −1.341 −3.498 −1.671 −1.244 −2.864 −1.409 −1.434 −3.498 −1.670
(6.194) (6.249) (6.390) (6.484) (6.402) (6.570) (6.275) (6.249) (6.390)

Constant −4.754 ** −4.372 ** −4.794 ** −5.334 ** −4.915 ** −5.225 ** −4.863 ** −4.371 ** −4.794 **
(2.004) (2.021) (2.067) (2.097) (2.071) (2.125) (2.030) (2.021) (2.067)

D25 −10.18 *** −9.513 *** −10.40 *** −11.32 *** −10.51 *** −11.20 *** −10.43 *** −9.513 *** −10.40 ***
(3.297) (3.326) (3.401) (3.451) (3.408) (3.497) (3.340) (3.326) (3.401)

D30 279.1 *** 278.2 *** 277.1 *** 274.2 *** 275.6 *** 274.4 *** 277.0 *** 278.2 *** 277.1 ***
(18.36) (18.52) (18.94) (19.21) (18.97) (19.47) (18.60) (18.52) (18.94)

N 150 150 150 150 150 150 150 150 150
R2 0.086 0.084 0.087 0.092 0.088 0.090 0.088 0.084 0.087

Adjusted R2 0.035 0.032 0.036 0.040 0.037 0.039 0.036 0.032 0.036
Root MSE 7.064 7.127 7.288 7.395 7.302 7.493 7.157 7.127 7.288

Note: (1) ***, **, and * are significant at the 1, 5, and 10 percent levels, respectively. (2) Numbers in parentheses are
standard errors.
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The negative effect on biofuel land is much larger under the CornRes scenario as compared
with the other biofuel policy scenarios. The marginal negative effect on pasture for livestock and the
marginal positive effect on cropland are larger under the Fast demand and smaller under the Corn
policy scenario. This shows the rather obvious result that demand increases lead to land use change
from livestock and crops, while decreases move land in the opposite direction.

4.2.2. GHG Emissions Regression Results

The results of analyzing total GHG emissions are presented in Table 10 and show that technological
progress of corn, cotton, soybeans, and winter wheat have significant negative effects on total GHG
emissions. In other words, as technological progress increases, the total GHG emission level reduces.
However, there is a positive effect of hay technological progress on GHG emissions perhaps due to
livestock production and emission increases.

Table 10. GHG emissions regression results.

Crop
Base Demand Fast Demand Slow Demand

Control Corn CornRes Control Corn CornRes Control Corn CornRes

Corn −47.32 *** −50.61 *** −46.16 *** −48.15 *** −50.61 *** −46.15 *** −46.83 *** −49.17 *** −47.07 ***
(16.83) (16.77) (16.88) (16.80) (16.77) (16.88) (16.90) (16.79) (16.76)

Cotton −162.4 *** −225.7 *** −163.9 *** −163.8 *** −225.7 *** −163.9 *** −170.1 *** −226.0 *** −168.9 ***
(27.47) (27.37) (27.55) (27.42) (27.37) (27.55) (27.58) (27.41) (27.36)

Hay 91.54 *** 84.09 *** 98.01 *** 91.06 *** 84.09 *** 98.01 *** 88.16 *** 81.04 *** 100.6 ***
(29.11) (29.00) (29.20) (29.06) (29.00) (29.20) (29.23) (29.04) (28.99)

Sorghum −1.264 1.858 0.945 −1.507 1.857 0.946 −1.881 0.963 1.832
(12.47) (12.42) (12.51) (12.45) (12.42) (12.51) (12.52) (12.44) (12.42)

Soybeans −66.98 *** −80.26 *** −63.58 *** −64.38 *** −80.26 *** −63.59 *** −65.15 *** −82.03 *** −66.37 ***
(19.35) (19.28) (19.41) (19.32) (19.28) (19.41) (19.43) (19.31) (19.27)

Winter Wheat −39.10 * −44.83 ** −33.82 −38.33 * −44.82 ** −33.83 −38.99 * −44.32 ** −33.77
(22.04) (21.96) (22.11) (22.01) (21.96) (22.11) (22.14) (21.99) (21.95)

Constant 312.5 *** 459.3 *** 304.6 *** 312.0 *** 459.3 *** 304.6 *** 323.0 *** 463.6 *** 311.6 ***
(43.27) (43.10) (43.40) (43.19) (43.10) (43.40) (43.45) (43.17) (43.09)

N 150 150 150 150 150 150 150 150 150
R2 0.526 0.643 0.515 0.526 0.643 0.515 0.533 0.642 0.533

Adjusted R2 0.506 0.628 0.495 0.506 0.628 0.495 0.513 0.627 0.513
Root MSE 26.07 25.98 26.15 26.03 25.98 26.15 26.19 26.02 25.97

Note: (1) ***, **, and * are significant at the 1, 5, and 10 percent levels, respectively. (2) Numbers in parentheses are
standard errors.

The main finding in this section suggests that growing technological progress tends to reduce the
overall GHG emission. This supports the conclusion that technological progress coupled with effective
bioenergy policy are crucial factors to preserve environmental quality in the long-run.

5. Conclusions

This study addresses the effects of agricultural technological progress, demand, and energy policy
on both agricultural and biofuel markets. We formed scenarios reflective of the effect of technological
progress, agricultural demand, and energy policy. Then we used a simulation framework over the
alternative scenarios set up to investigate these effects on both agricultural and bioenergy markets plus
resource usage and GHG emissions.

Several main findings emerge. The first finding is that technological progress is a significant
determinant of cropland allocation between biofuel, crop production, and livestock. As technological
progress increases, the biofuel land and cropland pasture for livestock decreases, whereas land for
crop production increases. This finding supports the conclusion that technological improvement is an
influential factor in meeting increased global demand for food and energy.
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The second finding is that biofuel mandates have significant influence on land use for biofuel
production with lesser effects on land used for pasture and cropland used for crop production. Land
for biofuel production is larger under the basic EISA mandates, and when the corn mandate is reduced
this moves land to pasture use as it is a leftward shift in the corn and cropland demand curves. On the
other hand, a mandate with less corn residue based ethanol has little land use effect likely due to the
fact that stover is a crop byproduct.

The third finding is that biofuel policy has a major effect on commodity prices for most of the field
crops and meat commodities. Lowering the requirement level of corn for ethanol lowers corn and
other prices, especially, hay, sorghum, and non-fed beef because it reduces the overall demand for corn.
This finding implies that the amount of biofuel production from corn has effects on the prices of field
crops and meats, which policy makers have to concern when imposing biofuel policies or mandates.

The final finding is that technical progress and biofuel policy have significant impacts on
agricultural GHG emissions. Increasing technological progress on field crops reduces the overall
GHG emissions, allowing less land and cropped acres to meet demand, especially for corn, cotton,
soybeans, and winter wheat. As for the biofuel effect, GHG emission levels drop through time
with the larger decreasing rates. Additionally, a lower corn ethanol mandate provides larger GHG
emissions as compared with the control case, implying on the margin corn ethanol is emissions
reducing. Nevertheless, lower corn residue from the ethanol mandate delivers a similar level of GHG
emissions as compared with the control case. This implies that producing corn ethanol is effective
in reducing emissions but that corn stover is not. This final finding supports the conclusion that
technological improvement together with effective bioenergy policy have a key influence on climate
change mitigation.

These above findings confirm that agricultural technological advances along with biofuel policy
jointly influence our ability to meet growing food and energy global demands while preserving
environmental quality. While the findings are relevant to both technological progress and biofuel policy
influences, the effect of agricultural demand on field crops, livestock, land usage, and GHG emissions
seems to be small and ambiguous. Thus, further research is needed to clarify the demand effect.

The findings from this study can have implications for policy makers and also bioenergy sectors.
The policy makers should not consider only biofuel policy but also technological improvement as a
greenhouse gas management approach.

Author Contributions: Conceptualization, B.A.M. and M.K.; data curation, M.K.; formal analysis, M.K.;
investigation, M.K.; methodology, M.K. and B.A.M.; supervision, B.A.M.; validation, M.K.; writing—original draft,
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