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Abstract: There is global pressure to make advanced biofuels profitable. For cellulosic ethanol,
three aspects remain as bottlenecks: collection of feedstocks, pretreatment methods, and enzyme
production. In this paper, the first aspect is investigated, by addressing the main challenges for the
logistics of agricultural residues. A logistic supply chain of corn stover collection and utilization for
cellulosic ethanol production in Mexico is proposed, and a cost structure is designed for its estimation.
By applying a value chain methodology, seven links and a set of three minimum selling prices (MSPs)
of agricultural residues were determined. Furthermore, the harvest index (HI), crop residue index
(CRI), nutrient substitution by extraction of agricultural residues, and harvest costs of corn stover
were also calculated for a case study. The main results were a HI of 0.45, a CRI of 1.21, and nutrient
substitution potential of 7 kg N, 2.2 kg P2O5, and 12.2 kg K2O per ton of corn stover. The set of the
three estimated MSPs for corn stover was: $28.49 USD/ton (for delivery to the biorefinery’s gate),
$31.15 USD/ton (for delivery and storage), and $48.14 USD/ton (for delivery, storage, and nutrient
replenishment). Given the impact of the feedstock cost on the profitability of cellulosic ethanol,
knowing details of the logistical information and its costs is critical to advancing the field of biofuels
in Mexico. We also found that only 20% of farmers currently sell their residues; however, 65% of
farmers would be willing to do so, a significant percentage for cellulosic ethanol production.

Keywords: agricultural residue logistics; cellulosic ethanol; agricultural residue price; nutrients
replacement; logistic costs

1. Introduction

Biomass is the most abundant renewable resource on earth and has been used as
an energy source since ancient times. Although used since the beginning of civilization,
fire only caused a real revolution until man was able to transform the chemical energy
contained in biomass into heat and light [1]. The history of humanity is linked to power. As
society required more outstanding production of goods and services, new energy sources
were used, sometimes for efficiency [2] and other times because of the availability of the
resources. Thus, from primary energy stored in biomass, we moved on to hydropower then
to coal (19th century), oil, and natural gas (20th century); and finally, to nuclear energy in
the 1950s [3].

The next great energy transition (21st century) has to do with renewable energies
for two fundamental reasons: the foreseeable depletion of oil reserves and global climate
change. There is sufficient empirical evidence of the link between these two subjects [4–7]
that nations are obliged to move towards more sustainable energy models. In this context,
renewable energies in general, and biomass energy in particular, have returned to center
stage, but this time in a very different technological and economic development situation.
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Traditionally, humanity has directly burned all types of biomass—cutting down forests
and using any kind of waste (plant and animal) capable of generating heat, lighting,
and energy. The excessive use of this type of biofuel, called primary [8], has brought
severe environmental and social consequences, and it is inefficient. Therefore, its use is
increasingly compromised, and in the regions where it is still used, more efficient and
sustainable technologies are being promoted.

There are other types of biofuel which can be classified into four categories according
to the type of biomass used and its transformation technology: (a) First generation (1G),
which are biofuels that use starch, sugar, or vegetable oil as a source and are produced by
fermentation, distillation, and transesterification. (b) Second generation (2G), which are
biofuels that use lignocellulosic biomass, and they are produced by biochemical or ther-
mochemical means. They could also be produced by gasification or enzymatic hydrolysis
and fermentation. (c) Third generation (3G), which are biofuels that can be made from
oil extracted from algae and seaweed. (d) Fourth generation (4G), which are biofuels that
can be produced from microalgae and cyanobacteria obtained through bioengineering and
using carbon capture and storage technology (CCS) [8].

This article analyzes the feedstock use to produce cellulosic ethanol, classified as a 2G
biofuel. There are different types of lignocellulosic biomass that are suitable for producing
ethanol and other 2G biofuels, such as forest residues; agricultural, agro-industrial, and
urban (organic part) wastes; paper waste; sewage plant sludge; and energy crops planted
specifically for this purpose. For this paper, we only consider agricultural residues, specif-
ically corn stover (Zea mays), since this is the crop that generates the largest volume of
lignocellulosic biomass residues in Mexico [9,10].

The agricultural residues used to produce cellulosic ethanol, and which are usually
associated with non-food residues, include corn stover, sorghum straw, sugarcane straw
(tops and leaves), sugarcane bagasse, rice straw, wheat straw, barley straw, oat straw,
rye residues, and dedicated bioenergy crops such as switchgrass, miscanthus, willow,
eucalyptus, poplar, and pine, among others [9]. The specific classification for the biomass is
that it comes from agricultural residues and energy crops called lignocellulosic biomass
from agricultural land [10]. Figure 1 shows an adaptation of this classification.
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Considering only agricultural residues, empirical studies have been conducted to
estimate their quantity at a global level. Crop yield, harvest logistics, harvesting technology,
primary producer culture, and farmers’ willingness to sell are critical factors determining
the net amount of agricultural residue available. Nevertheless, some calculations give
an accurate idea of the amount of agricultural residue. Bentsen et al. [12] estimated
the global total of agricultural residues as 3.7 billion tons/year, of which approximately
2.8 billion tons/year are corn, rice, and wheat residues. According to Cherubin et al. [13],
five billion tons of total agricultural residues in the world are produced. Asia is the largest
producer, with 47% of the total, followed by America (29%), Europe (16%), Africa (6%),
and finally Oceania (only 2%). In the case of the United States of America (US), at least
1 billion tons of biomass from agricultural residues (main corn stover) and other wood
wastes could be sustainably collected each year. That would produce 67 billion gallons
of ethanol annually, replacing 30% of gasoline consumption in the US [9]. There are
many other cases of European Union and Asian countries where straw as a bioenergy
feedstock and the questions of environmental sustainability and economic viability have
been studied (Germany [14,15]; Poland [16]; Sweden [17,18]; China [19]). For example,
Gradziuk et al. [16] evaluated straw for bioenergy use with data from 16 voivodships
(Poland provinces) between 1999 and 2019, and forecasted the amount available up to 2030.
To do this, the authors used a methodology that subtracts from the total production of
straw from basic cereals, rapeseed and corn, the quantities destined for bedding, fodder,
and ploughing (organic fertilizer). They concluded that in Poland, although it is also true
for many countries, the agricultural structure of small producers (less than 50 ha) limits an
efficient chain of straw, which inhibits its use for bioenergy [16].

In the case of Mexico, although there are several estimates on the volumes of agricul-
tural residues [10,20–28], all discordant with each other, there is still a lack of accurate and
consistent information on several aspects, including their geographical locations, harvesting
logistics, production costs, and their actual disposal.

In this sense, Becerra-Pérez et al. [10] estimated that the net available volume of
corn stover in Sinaloa as input for cellulosic ethanol is 1.3 million tons/year. There are
two highly productive zones: (a) the Culiacan-Navolato Valley and (b) the Guasave-Los
Mochis Valley. According to these estimates, the volume of corn stover in these areas
is sufficient to produce 88.7 million gallons/year of ethanol, providing the possibility of
establishing two biorefineries (one in each region), which would supply at least 20% of the
potential ethanol demand in Mexico.

Hernandez et al. [27] identified, specifically for corn stover, 11 locations nationwide
that could supply an ethanol plant, six of which are in Sinaloa, with an ethanol potential
of 260 million liters per year. Honorato-Salazar et al. [28] identified eight municipalities
nationwide that concentrate the most significant amounts of different types of agricultural
biomass residues that can be used for cellulosic ethanol, four of which are in Sinaloa
(based on corn), one in Baja California (based on wheat), and three in Tamaulipas (based
on sorghum).

Most estimates determined that three crops produce more than 87% of residues in
Mexico: corn (43%), sorghum (26%), and sugarcane (18%), which are mostly produced in
the states of Sinaloa, Tamaulipas, and Veracruz, respectively [28].

The objective of this research was to design the logistic supply chain of agricultural
residues, and from it create a cost structure for harvesting biomass for cellulosic ethanol
production. Both the logistic chain and the cost structure were directly validated through
fieldwork for a specific case of corn stover harvesting in Mexico. Given that agricultural
residues can be used for animal fed or for cellulosic ethanol production, it is essential to
determine the minimum selling prices (MSPs). This research was carried out in two phases:
a theoretical study and practical fieldwork. In the first phase, the logistic chain was studied
and designed, and in the second phase, an intervention case was carried out to validate the
designed chain and estimate the harvesting costs. Given the scarce information available
in the literature for details and costs of logistics, this article contributes with the design of
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agricultural-residue-based chains, with the definition of a cost structure for each link in
the logistics chain, and with information on the use of lignocellulosic biomass obtained
directly from producers, which contributes to a better understanding of the first phase of
the cellulosic ethanol production chain.

The article is divided into four parts. The first presents a brief justification and the
research objective; the second details the methodology, the study area, the data used,
and the fieldwork; the third shows the results and discussion; the fourth summarizes the
main conclusions.

2. Materials and Methods
2.1. Study Area and Data

Mexico has an agricultural frontier of 24.6 million ha, of which a total of 21.68 million ha
was planted in the 2020 agricultural year, 72% in the rainfed system, and 28% in the irrigated
system [29]. The top 10 crops accounting for 80% of the total planted area are: corn (34%),
pasture and grassland (13%), beans (8%), sorghum (7%), sugarcane (4%), coffee (3%), fodder
oats (3%), fodder corn (3%), wheat (3%), and oranges (2%) [30]. Of the crops above, the
most attractive for cellulosic ethanol due to their volumes of residues are corn, sorghum,
sugarcane (tops/leaves and bagasse), and wheat, the former standing out with a sown area
exceeding 7.4 million ha.

Evaluating agricultural residues involves determining their geographic locations and
net available volumes to ensure a sufficient and timely supply within the radius of influence
(40 km) of the biorefinery [10,11,31]. For this case study, first, the agricultural regions of
Mexico were determined; and second, the geographic locations of the leading agricultural
waste producers were determined. For this purpose, the information was classified and
filtered according to the following criteria:

(a) Exclude rainfed agricultural land, given its high dependence on climatic conditions,
which generates uncertainty regarding the production of residues. In addition, a large
portion of this type of agriculture is for self-consumption, and farmers also carry out
livestock activities, which makes it very unlikely that they will decide to sell their
agricultural residues.

(b) Include only regions with sown areas larger than 100,000 ha. The objective is to have
a sufficient volume of agricultural residues for at least one cellulosic ethanol plant.

(c) The set of selected regions must represent at least 80% of the total area of the country,
so that most of the agricultural area in the country is included in the analysis.

Hence, twelve agricultural regions of Mexico were selected, representing 83% of the
irrigated sown area and 66% of the primary gross domestic product (GDP) (see Table 1).
Two aspects stand out: (1) the regions of Sinaloa, Sonora, and Guanajuato represent more
than 40% of the sown area, thereby producing the most significant volumes of agricultural
residues; and (2) eight out of the twelve agricultural regions have corn as their predominant
crop, which presupposes that this crop is the one that generates the most residues in
the country.

Subsequently, the geographic locations of the leading agricultural residue sites in
Mexico were determined. Table 2 shows the six states that account for 80% of corn cul-
tivation. Only one region (Sinaloa) accounts for 46% of the total planted area and more
than 6 million tons of annual production.

Based on the above, the case study selected to validate chain logistics and estimate the
costs of agricultural residues focused on corn production in the Sinaloa region. This result
is consistent with other studies that also found that Sinaloa is the most suitable region for
establishing potential ethanol plants from corn stover [27,28].

It must be made clear that the amount of lignocellulosic biomass available (national,
state, and municipal) varies according to the estimation methodology applied, the agricul-
tural cycles included (spring–summer and autumn–winter), the water system contemplated,
the harvest index (HI) used, the crop residue index (CRI) estimated, the residue removal
rate, the farmers’ practices, etc.
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Table 1. Mexico’s agricultural regions, according to planted area and primary GDP.

Ranking Region Planted Area (Irrigated Hectares,
Annual Average 2016–2020)

Share among
Regions Considered

Primary GDP
(Share, 2019) Main Crops (%)

1 Sinaloa 853,476 20.1% 8.0% corn (65%), bean (10%)
2 Sonora 479,912 11.3% 6.3% wheat (53%), corn (12%)
3 Guanajuato 431,902 10.2% 4.6% corn (31%), sorghum (21%)
4 Chihuahua 364,679 8.6% 6.5% corn (36%), cotton (29%)
5 Tamaulipas 341,470 8.0% 2.4% sorghum (63%), corn (28%)
6 Michoacán 255,827 6.0% 10.4% corn (50%), wheat (17%)
7 Jalisco 168,604 4.0% 13.3% fodder corn (27%), corn (25%)
8 Zacatecas 135,233 3.2% 2.2% corn (22%), dry chili (21%)
9 Durango 127,523 3.0% 3.0% fodder corn (34%), corn (23%)
10 Puebla 127,404 3.0% 3.5% corn (36%), ear of corn (13%)
11 México 124,149 2.9% 3.1% corn (63%), fodder oat (13%)
12 Baja Ca. 121,135 2.9% 2.8% wheat (38%), cotton (19%)
13 Rest 717,497 16.9% 34%

Total 4,248,810 100.0% 100%

Source: own elaboration with data from [30,32].

Table 2. Geographic locations of irrigated corn in Mexico.

Ranking Region Annual Production (ton, 2020) Individual Share Accumulated Share

1 Sinaloa 6,204,815 46% 46%
2 Guanajuato 1,380,260 10% 56%
3 Chihuahua 1,226,803 9% 65%
4 Michoacán 930,624 7% 72%
5 Sonora 633,971 5% 77%
6 Tamaulipas 520,807 4% 81%

Rest 2,668,827 19% 100%
Total 13,566,107 - -

Source: own elaboration with data of [30].

2.2. Agricultural Residue Logistics

A value chain methodology was used for the logistical design of agricultural residue
retrieval [33], with sequentially defined links that make up the chain from the marketer’s
perspective. This economic agent, who may or may not be a farmer, makes it possible
for stover to be transferred from the agricultural producer (original stover owner) to the
livestock farmer (livestock feed) or to the biorefinery (cellulosic ethanol). The marketer adds
value to the stover in this transfer, so its economic activity was analyzed using cost–benefit
accounting principles [11,33]. The MSP was estimated, which would be the purchase price
by the biorefinery, or the production cost [11], in case they decide directly to harvest and
handle the lignocellulosic biomass.

Furthermore, two types of surveys were applied, the first one to stover traders and
the second one to agricultural producers. The methodology for selecting the sample for
the first survey was the convenience method [30], and the second sample was determined
by the probabilistic method [33]. Four traders (wholesalers) and experts in corn stover
logistics were interviewed directly, which combined represent 85% of the total residues
traded in the region. Note that in the region where the study was conducted, there is the
largest cattle fattening company in Mexico (https://www.sukarne.com/en/) (accessed on
30 May 2022), which demands a large amount of stubble. These four wholesalers are the
ones that supply the company with corn stover. The second survey was conducted with
agricultural producers to learn about the practices followed for residues, the destination of
the stover, the proportion of producers who sell it, the average price, and willingness to
sell, among other variables. A total of 192 farmers were interviewed using a 16-question
questionnaire (Appendix A). The sample was statistically analyzed with a confidence level
of 95%, an error rate of 10%, and a variability of 0.5 (negative and positive).

https://www.sukarne.com/en/


Energies 2022, 15, 4480 6 of 18

2.3. Fieldwork

The fieldwork (case study) was conducted in Sinaloa, Mexico in an irrigated and
corn-intensive area where agriculture is done for commercial purposes. Both surveys were
applied in 2020 (second trimester), and they considered all logistical activities. Information
was obtained in the field, and detailed responses were obtained from trading houses,
machinery distributors, transport companies, and insurance companies.

In addition, individual farms were examined at harvest time to estimate the HI and
the CRI. HI is defined as the ratio of the portion of the crop that is harvested to the total
aboveground biomass [34,35]; in the case of corn, it is the percentage of grain of the total
biomass harvested (grain and stover) [36]. CRI is defined as the ratio of the dry weight
of the residue produced to that of the entire crop [37] and it is obtained from HI using
the formula (1/HI-1) [28]. To estimate HI, 14 samples were taken from 14 different plots
in the case study. In each plot, 10 m was measured from the edge towards the center of
the plot to avoid the “edge effect” (problems in plant development due to pest risks from
adjacent plots or agricultural work) [38]; then another ten linear meters were measured,
from which three corn plants were randomly selected. Subsequently, the three plants were
mixed, and their biomass was separated into grain, cobs, and stover. The biomass was
taken to the laboratory and dried until it reached a constant humidity (10%), after which it
was carefully weighed.

The financial variables assumed in the model were at market prices, and for the
fieldwork, the average salary in the region was applied (for 2020). A standardized area of
1000 ha harvested per trader (wholesaler), 4.5 ton/ha harvested, an interest rate of 16% for
capital evaluation, linear depreciation, an exchange rate of 20 $MXN/$USD, 90 days of
field activities, biomass transport within a radius of 40 km, 500 kg/bale, and a traditional
way of collecting stover via three passes of machinery through the plot (shredding, raking,
and baling) were adopted. The technical and financial information was from official sources
(crop yields, harvested area, exchange rate, interest rate, etc.) [29,30,32], and the information
on machinery and input prices was from private companies (obtained conversationally).
The logistical information was found directly in the field thanks to wholesale traders
of agricultural residues and farmers. All the information was contrasted and validated
by cross-checking data [33], and in those cases where there were differences, averages
were obtained.

3. Results and Discussion
3.1. Agricultural Residue Logistics Chain

Although there are variants in the management of agricultural residues, according to
the types of residue and practices of each region, the methods most used to collect them
include three sequential steps: (a) shredding, which consists of shredding the stalks and
other parts of stover (or all of it) to collect a more significant amount of waste; (b) raking,
which consists of collecting the stover scattered on the ground in rows, to facilitate the
collection; (c) baling, which consists of packing the stover found in rows, which is integrated
into bales to be handled and transported to the place of use. This type of logistics process
implies that three additional passes with machinery are necessary after the product (grain)
has been harvested, which are tractor stalk shredding, tractor raking, and tractor baling.
The above logistics do not include the front loading and transporting (usually a flatbed
semi-trailer) of bales, which should certainly be considered, since it determines a high
percentage of the total costs. Furthermore, the harvesting method is related to the amount
of stover that can be extracted. In this regard, Brechbill and Tyner [31] estimated that a
technique with three additional passes (shredding, raking, and baling) allows for harvesting
up to 70% of the stover.

In comparison, a method with two additional passes of machinery (raking and baling)
allows harvesting up to 52%, and a method with only one pass (baling) allows harvesting
up to 38% of stover. The single-pass method requires residues to be ejected in a windrow
behind the harvester. We found that the maximum harvestable quantity with the three-pass
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process is 50% of the total biomass that remains in the soil after harvest. Likewise, the
number of agricultural activities carried out after the grain harvesting is related to the
compaction level of the ground, relating to the erosion; i.e., additional passes of machinery
lead to more compaction and more significant water runoff.

Bales can be collected in three sizes and shapes: large round bales, large square bales,
and small square bales. Bales of the first two types are called “giant bales”, and the third
are called “small bales”. The approximate weight of a giant bales is 500 kg, and that of a
small bale is 20 kg. Bales, once made, can be individually wrapped in plastic to prevent
moisture loss, but this action comes at a cost—not many producers do it on a regular basis.
The most commonly applied system for agricultural residues in the region studied uses
large square bales. Although bale size has implications for the handling and transportation
of residues, it is not relevant when converted to monetary value, since costs were estimated
on a unit basis, per ton and ha.

In common practice, agricultural residues are left in the field after harvesting. Sev-
eral operational tasks are needed to take collect the residues. In this sense, the agricul-
tural residue logistics chain was identified and designed, which was divided into seven
links: (1) management and investment; (2) harvest; (3) loading; (4) transport; (5) unloading;
(6) storage; (7) nutrients replenishment. The first link includes all pre-harvest actions and
investments in machinery and equipment; second, the harvesting of residues; third, bale
loading activities in transportation; fourth, the transport itself; fifth, the unloading of bales
at the destination point; sixth, the storage of bales; seventh, the replenishment of nutrients
in the soil by the extraction of residues. A summary of the logistics involved in each chain
link can be seen in Figure 2.

The agricultural residue logistics chain generates three pricing options, here under-
stood as minimum selling prices (MSPs). MSP1 includes costs up to link 5, leaving out
storage and nutrients. It is the lowest possible price in the chain and occurs when the
stover trader delivers the bales to the biorefinery yards. This price can be even lower when
the ethanol plant decides to carry out certain activities in the chain on its own (baling,
transport, etc.), which implies backward vertical integration [39]. POET-DSM Advanced
Biofuels in Iowa (USA) followed a mixed model: (a) a farmer model, in which the farmer
is responsible for the entire collection chain until the stover is delivered to the biorefinery
(inside); (b) a custom model, in which the farmer only calls the plant immediately after har-
vest. In the latter, POET-DSM performs all links in the agricultural residue chain, although
they may also subcontract part of the chain (technical visit to the plant in 2018).

MSP2 adds the logistics of harvesting residues up to link 6, including storage costs,
such as facilities, construction for the bale base, plastic covers, insurance, and security
guards, among others. This price excludes the nutrient link and is higher than MSP1. This
fieldwork research found that only 10% of the total stover harvested by wholesale traders
is stored by themselves, given the increased costs, the losses due to humidity, and the risk
it represents (fire). Therefore, the stock of harvested residues is usually stored at the point
of consumption, either for livestock feed or for cellulosic ethanol (potential).

MSP3 aggregates all residue logistics activities up to link seven and is the highest of all.
It includes the costs of nutrient replenishment of the soil by stover extraction. This activity
should be sustainable, and therefore, it should not cause harmful effects to the ground
and yields of subsequent crops. It is important to note that when the trader of agricultural
residues is different from the farmer, the former has no economic interests in replenishing
nutrients; however, this must be considered in the production costs for the activity to be
sustainable in the long term.
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Figure 2. Agricultural residue logistics chain. It consists of 7 links with three minimum selling prices
(MSPs) as output.

3.2. Harvest Index and Crop Residue Index

There are different estimates on the amounts of agricultural residues, depending on
the crops included, their varieties, their yields, the water system, the planting density, and
general agro-ecological conditions and crop management [11,20,22,23,27,28]. Moreover, not
all residues are usable for technical and sustainable reasons, meaning that only a portion of
them is available for ethanol production. Furthermore, the owners of these residues are a
large number of producers, generally small-scale farmers, who, for various reasons, may
decide to sell or not. This generates even more uncertainty for biomass availability. A major
problem is knowing the accurate availability of surplus stubble and its supply stability [16].

Therefore, it is imperative to have more precise estimates of the net disposal of agricul-
tural residues at the national and sub-national levels. This implies fieldwork (measurements
and validations) to determine, at the municipality or locality level, the actual disposal of
agricultural residues, the willingness to sell by the owners of the residues, and the current
uses of biomass.

Estimations on residues’ availability has followed a reverse engineering approach,
since the methodologies applied go from the general information to the particular informa-
tion, and from aggregate data to disaggregated data. Estimating residues from communities
and municipalities would be much more accurate, when having specific production rates by
area and crop, the producer’s willingness to sell, and characterization of the geo-referential
location, and only then following a process of data aggregation.

A commonly used mechanism for estimating crop residues involves the HI and
CRI [27,28,34–37]. A review of the literature on these two indices for corn is reported in
Table 3. In general, the HI was found to be between 0.33 and 0.65; the mean was 0.48, and
the standard deviation was 0.08. This implies that the average corn-grain yield is 48% of
the total aerial biomass produced in the crop, with a deviation of 8%. The CRI was in the
range of 0.55–2.0. The mean was 1.15, and the standard deviation was 0.37. This indicates
that, on average, corn stover production is 1.15 tons per ton of corn grain. Note that the
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value of the standard deviation of the CRI is very high with respect to the mean, which
shows low uniformity for this index.

Table 3. Harvest index (HI) and crop residue index (CRI) of corn stover.

Harvest Index (HI) Crop Residue Index (CRI) Applied on Reference

0.40 1.50 Global Gupta et al., 1979 [40]
0.65 0.55 Global Larson et al., 1982 [41]
0.65 0.55 Global Stout, 1990 [42]
0.40 1.50 USA Lal, 1995 [43]
0.40 1.50 Global Kartha and Larson, 2000 [44]
0.50 1.00 USA Lang, 2002 [45]
0.56 0.80 USA Pordesimo et al., 2004 [46]
0.40 1.50 USA Lal, 2005 [47]
0.53 0.89 USA Johnson et al., 2006 [48]
0.40 1.50 Mexico Valdez-Vazquez et al., 2010 [20]
0.51 0.98 USA Wortmann et al., 2012 [49]
0.46 1.20 Mexico Borja-Bravo et al., 2013 [23]
0.50 1.00 Mexico Rios and Kaltschmitt, 2013 [21]
0.51 0.95 USA Thompson and Tyner, 2014 [50]
0.40 1.50 118 Countries IRENA, 2014 [51]
0.50 1.00 Mexico Aldana et al., 2014 [52]
0.48 1.10 Mexico Caballero-Salinas et al., 2017 [53]
0.40 1.50 Mexico Tauro et al., 2018 [54]
0.56 0.80 Mexico Hernández et al., 2019 [27]
0.42 1.41 Mexico Honorato-Salazar; Sadhukhan; 2020 [28]
0.55 0.83 Mexico Lozano-García et al., 2020 [55]
0.33 2.00 Mexico Molina-Guerrero et al., 2020 [56]
0.55 0.82 Mexico Bautista-Herrera et al., 2021 [57]
0.48 1.15 Average
0.45 1.21 Mexico This investigation

Note: HI = harvested product/total above-ground biomass; CRI = (1/HI) − 1. SD of 0.08 (HI) and 0.37 (CRI). A
CRI of 0.15 was estimated for cobs.

An HI of 0.45 and a CRI of 1.21 were calculated for the area studied. Note that the esti-
mates are for by a high-yield agricultural irrigated area (12 ton/ha; 80,000–90,000 plants/ha).
Thus, the region studied generates 1.2 tons of stover per each ton of corn-grain produced.
Additionally, it shows that if a more precise estimate of agricultural residues in Mexico is
wanted, it would be necessary to determine the HI and CRI for each zone, municipality,
and crop, at least for the regions with the most remarkable agricultural development in
the country.

An essential aspect in determining the net availability of agricultural residues for
cellulosic ethanol production is the share of accessible biomass, given the orographic con-
ditions of the terrains, roads, and access to the fields; the shape and size of the stover
(ground, whole, scattered, grouped, etc.); and climatic conditions, among other aspects
that may hamper their collection and use. Due to these multiple uncertain factors, there
is no consensus in the literature on the ratio of residues to be extracted. For example,
Hernández et al. [27] applied 70% for corn stover, 70–90% for wheat straw, 70% for sugar-
cane straw, and 100% for sugarcane bagasse, whereas Honorato-Salazar et al. [28] applied
40% for all agricultural residues in Mexico. Other studies set the removal ratio of agricul-
tural residues to between 30% and 50% [36,39,58–60]. This research found that 45% of the
total residue is being harvested in those plots where stover is being collected.

Another element to consider is the producers’ willingness to sell the residues. This
factor is different in each region and is related to the farmer’s practices (stover burning,
incorporation into the soil, etc.), livestock raising, conservation agriculture, and the uses
and customs of the region. The survey applied to producers in the studied area shows
that only 20% of them currently sell their residues, but 65% would be willing to do so,
a significant percentage if we think in terms of cellulosic ethanol. Of the remaining 35%
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that would not be willing to sell, 75% indicated that doing so would affect the nutrients in
their plots.

3.3. Replacement of Nutrients

When agricultural residues are extracted from the crop area, nutrients are also re-
moved, which will no longer be incorporated into the soil through the biological processes
of mineralization and humification of the biomass. In the case of corn, the most commonly
used nutrients are nitrogen (N), phosphorus (P2O5), and potassium (K2O), regardless of
the source used [31,58]. Although the correct amounts of nutrients are to be supplied
depending on soil analysis (laboratory), in the region studied in this case study, farmers
apply an average of 320 units of N, 52 units of P2O5, and 30 units of K2O.

This research found no evidence that nutrient replacement is taking place. However, it
is common to add nutrients to the new corn crop regardless of whether stover was harvested.
In a scenario of widespread stover harvesting due to cellulosic ethanol production, nutrient
replacement would have to be included in the production costs to make this activity
sustainable in the long term.

Several studies have analyzed stover collection methods with the objective of extract-
ing the least amounts of nutrients and reducing nutrient replacement costs. To this end, it
has been proposed that certain parts of the stover can mostly be extracted, whereas other
parts only to a limited extent. In this regard, [58,61–64] proved the benefits of increasing
the extraction of cobs, husks, and leaves; and decreasing the harvesting of stalks, given the
carbon–nitrogen ratio of the latter. This helps to reduce the problem known as “nitrogen
immobilization” and leads to an approximately 13% reduction in nitrogen requirements in
the following crop [36,63].

The natural drying process of the corn plant is the top-down, causing minerals to tend
to concentrate in the lower part of the plant [36], and the “carbon-to-nitrogen” ratio in
the lower part of the plant is further decreased. Hence, its biological degradation process
immobilizes less nitrogen from the soil, making it available for the development of the new
plant. Thus, leaving the plant stalks on the field is more beneficial to the new crop harvest
than leaving other parts of the stover.

The problem of “nitrogen immobilization” occurs when the decomposing residues
have a carbon-to-nitrogen ratio greater than 24:1 [65]. The carbon-to-nitrogen ratios re-
ported in the literature are: stems 60–70:1; stalks 60–125:1; leaves and husks 40–50:1 [36,58,65].
This implies that by removing less carbon (leaving more stalks in the soil), microorganisms
will demand less organic nitrogen in the stover decomposition process. Therefore, more
nitrogen will be available in the soil for the next crop.

By making logistical changes to harvest fewer stalks, their harvesting can decrease by
between 15% and 20%. In comparison, the leaves and husks can increase by 24%, thereby re-
ducing the problem of nitrogen immobilization and reducing nutrient replenishment [36,62].

Regarding the specific amounts of nutrients to be replenished by the extraction of corn
stover, a review of literature is presented in Table 4. The averages indicate replenishment
of 7 kg N/ton, 2.2 kg P2O5/ton, and 12.2 Kg K2O/ton of harvested corn stover. These
amounts should be multiplied by the market price of each nutrient to know the replacement
costs. Note that it is necessary to convert these amounts to the fertilizer source units.

3.4. Cost Structure of the Agricultural Residue Logistics Chain

Following the agricultural residue logistics chain shown in Section 3.1, a financial
system was developed to estimate the costs, progressively, of each of the seven links that
make up the chain. The different costs were grouped into concepts, such as fuel, workforce,
machinery, and others. In general, all pre-harvest expenses, including the purchase of
stover from the farmer, are accounted for in link 1. Capital investment, although performed
before harvest, maintenance, insurance, and depreciation are included in the corresponding
link where the machinery is used, i.e., tractors, stalk-shredder, rake, and large square bales
in harvest (link 2); front loader in loading (link 3); and truck in transport (link 4). In the case
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of machinery that can be used in other agricultural activities, only the cost corresponding to
the time that the stover harvest lasts (90 days) is included. For the capital analysis, financial
functions were used in a Microsoft Excel spreadsheet, including NPV (net present value),
PV (present value), FV (future value), IPMT (interest payment total), PMT (payment total),
and so on.

Table 4. Suggested additional nutrients by corn stover collected (Kg/ton).

Nitrogen (N) Phosphorus (P2O5) Potassium (K2O) Source

3.2 15.9 Schechinger; Hettenhaus, 2004 [66]
6.8 2.7 11.3 Lang, 2002 [45]
6.2 1.6 8.9 Nielsen, 1995 [67]

2.8 15.0 Petrolia, 2006 [68]
8.6 2.6 14.5 Fixen, 2007 [69]
6.5 0.6 7.6 Karlen et al., 2015 [70]
7.0 2.2 12.2 Average

Note: The most widely used sources are anhydrous ammonia for nitrogen, monoammonium phosphates (MAP)
for phosphorus, and potassium chloride (KCI) for potassium.

The cost structure was made to be followed and replicated for other regions and crops.
With the idea that the structure can be adapted to different conditions at each chain link,
the possibility of including additional costs for activities not contemplated in the current
design was left open. Each concept must be calculated on a unitary basis per bale, ton, and
ha. The complete cost structure can be seen in Figure 3.
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In the case of link 4, there are two alternatives: outsourced transport (link 4a) and own
transport (link 4b). The first implies that the stover harvester outsources transportation, in
which case the average cost of two routes (40 and 80 km) is included; the second means that
the harvester has its own transport, in which case the average costs of fuel, labor, capital,
maintenance, and insurance for the same two routes are included.

In the case of link 6, there is the option of including the costs of stover storage or not.
The first case assumes that the wholesaler trader stores it for later sale, whereas the second
case means that the wholesaler trader sells it immediately after harvesting, delivering the
product directly from the plot to the client. In general, each link was estimated and added
up to the total cost of the agricultural residue logistics chain. The data used for the case
study are presented in the following section.

3.5. Case Study: Corn Stover Harvest Costs

Following the logistics chain of agricultural residues and the cost structure defined in
the previous sections, a case study was carried out for the corn stover. The final stage of the
chain, in which the estimated costs of the seven links must be added, is called the total cost.

In the case study, the total cost of corn stover ($USD/ton, $USD/bale, $USD/ha)
is called the minimum corn stover selling price (MCSSP), and it was assumed that a
wholesaler trader is involved. Furthermore, this study considers three MCSSPs. The first
one considers links up to and including link 5 (i.e., it does not include links 6 and 7), the
second one, links up to and including link 6 (i.e., it does not include link 7), and the third
one, links up to and including link 7 (i.e., all links are included).

This research found that nutrient replacement is not taking place, as the stover collector
is a different agent from the farmer. Therefore, the chain-link called nutrients (link 7) has
the value of zero, since this agent has no economic incentive to cover such costs. However,
it should be considered to make this activity to make the whole system sustainable in the
longer term. Furthermore, we found that the wholesaler trader stores only 10% of the
harvested stover, meaning that MCSSP 2 (which includes storage) does not represent the
current practice either.

Thereby, in practical terms, the cost of corn stover production that best represents the
analyzed region is MCSSP1. There is a high profit margin for the wholesaler trader, since it
is not incurring other costs that might be included, especially the replacement of nutrients,
thereby affecting the agricultural producer.

In order to able determine the potential profitability of cellulosic ethanol production
from corn stover, a plant has at least the following raw material pricing options: (a) purchase
corn stover at MCSSP1; (b) purchase corn stover at MCSSP1 plus the costs of nutrient
replacement (link 7); (c) carry out the entire logistical chain of corn stover collection on
its own, but in this case, its cost would not be very different from that of the wholesaler
trader estimated here. Since those prices come from the cost structure and are minimal, for
options “a” and “b” (described above), the plant would have to add the wholesaler trader’s
profit margin, which is approximately 30%. The options most used by POET-DSM are “b”
and “c”, which involve developing close relationships with farmers, intermediaries, and
independent agents who rent machinery and carry out complementary logistics activities.

The specific costs per link in the corn stover logistics chain are presented in Table 5.
The total estimated costs for different unitary values are $48.14 USD/ton, $24.07 USD/bale,
and $216.62 USD/ha. Note that the nutrient link (link 7) has a high weight, 35%, of the
total harvest costs, even higher than the harvest link (27%). This can be interpreted in
various ways. First, the harvesting of agricultural residues must include the replenishment
of nutrients extracted from the soil, and this has a high cost. Second, since nutrients are not
currently replenished in Mexico, producers who sell their residues are impoverishing their
land, which will have negative consequences on future agricultural yields. Third, the farmer,
by selling his stover and not receiving payment for nutrient replenishment, is transferring
unpaid value to the wholesaler trader of stover (in other words, the farmer is subsidizing



Energies 2022, 15, 4480 13 of 18

the agricultural residue chain). The aggregated corn stover costs per link for different
unitary values—per ton and per bale—are presented in Figures 4 and 5, respectively.

Table 5. Total costs of the corn stover logistic chain.

Link
Total Costs

$USD/ton Share (%) $USD/bale Share (%) $USD/ha Share (%)

1. Management and Investment $3.02 6% $1.51 6% $13.58 6%
2. Harvest $12.91 27% $6.45 27% $58.09 27%
3. Loading $1.06 2% $0.53 2% $4.76 2%

4. Transport $9.55 20% $4.77 20% $42.97 20%
5. Unloading $1.95 4% $0.98 4% $8.78 4%

6. Storage $2.67 6% $1.33 6% $12.00 6%
7. Nutrients $16.99 35% $8.49 35% $76.43 35%

MCSSP 3 $48.14 100% $24.07 100% $216.62 100%
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Figure 5. Costs per bale of corn stover, and sequentially added-up per link of the harvest chain.

Finally, the three estimated prices (MCSSP1, 2, and 3) are presented in Table 6, these
being the basis for the profitability calculations for cellulosic ethanol from corn stover: MC-
SSP1 $28.49 USD/ton, MCSSP2 $31.15 USD/ton, and MCSSP3 $48.14 USD/ton.
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Table 6. Estimates of the three price options for agricultural residues in Mexico.

Corn Stover Prices for Cellulosic Ethanol (USD/ton)

MCSSP 1 (up to link 5) $28.49
MCSSP 2 (up to link 6) $31.15
MCSSP 3 (up to link 7) $48.14

4. Conclusions

Mexico needs to move towards renewable energies that diversify the energy matrix and
help mitigate climate change. Evaluating renewable energy alternatives that take advantage
of available resources without compromising their availability for future generations is
strategic for a nation. In this context, the agricultural residue logistics chain was designed,
which integrates seven links and generates three minimum selling prices (MSP) as output.
Given the variability in the reported estimates for the availability of agricultural residues,
the methodologies applied in the literature were discussed. Such methodologies generally
go from the global perspective to a more particular one, whereas in this paper we proposed
doing things the other way around, i.e., from local data to aggregated global data. To
do this, the harvest index and the crop residue index were calculated for a local area.
The information on nutrient replacement by extraction of agricultural residues was also
reviewed, addressing an assessment of the harvesting methods, and we concluded that,
in the case of corn residues, it is preferable to reduce the extraction of stalks and increase
the harvest of other parts of the stover, e.g., cobs, leaves, and husks. Finally, through a cost
structure template for agricultural residues, the costs of corn stover were determined for a
region of Mexico, which can serve as an example for other areas of the country and abroad.
The calculated minimum selling prices for corn stover are: MCSSP1 $28.49 USD/ton (for
delivery to the biorefinery’s gate), MCSSP2 $31.15 USD/ton (for delivery and storage), and
MCSSP3 $48.14 USD/ton (for delivery, storage, and nutrient replenishment). Given the
large role that the cost of the feedstock has in the profitability of cellulosic ethanol, having
logistical information on agricultural residue and its costs is essential to advancements in
the use of biofuels in Mexico.
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Appendix A Survey to Determine the Use of Corn Stover by the Farmer

Folio: _________
Note: The strictly confidential survey, responses will not be published individually and is only

for statistical purposes on agricultural residues.
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Date: ___________; Locality:_________; Municipality:_________; State: __________.
1. How many hectares of corn did you plant during the last agricultural cycle?

_______ ha.
2. How many tons of corn-grain did you harvest? _______ ton.
3. What variety of hybrid corn did you plant (commercial name)? ________________.
4. As a corn producer, which sector do you belong to?
(a) Social sector (ejido).
(b) Private sector (private property).
(c) Lessor.
5. What did you do with the stover left on your land after harvesting the grain?
(a) Incorporated it into the land.
(b) Burned it.
(c) Sold it as animal feed.
(d) You used it yourself (animal feed and/or another purpose).
6. Regardless of what you did with the corn stover in the last cycle, do you usually

sell it?
(a) Yes
(b) No
Note: if the answer is YES continue, otherwise go to question 12.
7. If you sell it, to whom do you usually sell it?
(a) To a person or company that packs it to sell it (a middleman).
(b) To a person who packs it for his own livestock (final consumer).
(c) To a livestock association, which in turn sells it to its members.
(d) Other, which one? ______________
8. If you sell it, what is the most usual process to take it out of your plot?
(a) It is packed directly by the buyer, after you harvest the grain.
(b) You pack it yourself and then sell it.
(c) The buyer brought the cattle into your field.
9. If you sell it, how do you usually get paid for the stover?
(a) Per hectare.
(b) Per ton.
(c) Per bale.
10. If you sell it, at what price did you sell it last crop cycle?
(a) __________ $MXN/ha.
(b) __________ $MXN/ton.
(c) __________ $MXN/bale.
Note: if the answer is “c”, ask the next question, otherwise skip it.
11. If you sold it by bales, how many bales did you get per ha?
(a) ______ small bales (approximately 20 kg).
(b) _______ giant bales (approximately 500 kg).
12. Regardless of whether you incorporated the stover into the land, burned it or used

it for your own livestock, if someone wanted to buy it, would you be willing to sell it?
(a) Yes
(b) No
Note: if the answer is NO, ask the next question, otherwise skip it.
13. If the answer to the previous question is NO, for what reason? (you can

check several)
(a) It affects the nutrients in the soil.
(b) The price they pay is very low.
(c) You are already using it on your own livestock.
(d) I don’t have the equipment to bale the stover (shredder, rake and baler).
14. Regardless of what you currently do with your stover, which of the following

options seem most appropriate to you?
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(a) Sell it by hectare, as it is after harvesting the grain (without adding expenses
and labor).

(b) Bale it and then sell it (adding expenses and labor).
(c) Not to sell it.
15. According to your experience and the conditions for buying/selling stover in

your community, supposing you decided to sell the stover per hectare, as it is left after
harvesting the grain (without adding expenses and labor), what would be an adequate
price for you?

(a) ______ per ha.
16. If the price you indicated in the previous question were met, how likely would

you be to sign a contract for the sale of stover?
(a) High probability.
(b) Medium probability.
(c) Low probability.
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