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SUPPLEMENTARY MATERIAL

A1. CASE OF STUDY: CÓRDOBA PROVINCE DETAIL

[bookmark: _Ref90362756]Córdoba is a Mediterranean region, as shown in Figure SM1, with an area of 165,321 km2 [[endnoteRef:1]] and a moderate-temperate climate with four well-defined seasons. It is divided into 26 subregions, each one called Department (Table SM1). It is the second-most populous province in Argentina with 3,798,261 inhabitants to date [[endnoteRef:2]] and constitutes one of the main agricultural regions of the country. For the last four harvests (2017/2018, 2018/2019, 2019/2020, and 2020/2021), the surface planted with corn and soybean in Córdoba province represented 31 % and 26 % of the national area sown with these crops, respectively [[endnoteRef:3]]. There are currently 10 bioelectric plants in operation, of which 3 are based on biomass and 7 on biogas. These plants began to participate in the electricity matrix in 2017, and by 2021 they generated a total of 166 GWh/year. They operate mainly on the combustion of peanut shells (Industrial Agricultural Waste) in the case of biomass, and in the case of biogas through anaerobic digestion of vinasse or corn silage, livestock manure, organic, agro-industrial waste, or waste from cattle or dairy farms. Figure SM1b show that bioelectric plants in operation. [1: [] Argentine Nation Government [Internet]. Córdoba Province; [cited 2021 Oct 12]. Available from: https://www.argentina.gob.ar/cordoba]  [2: [] INDEC – National Institute of Statistics and Censuses, Córdoba Provincial Statistics Directorate. [Projections made based on the results of the 2010 National Population, Household and Housing Census] Spanish. [cited 2021 Oct 12]. Available from: https://www.indec.gob.ar/indec/web/Nivel4-Tema-2-24-119]  [3: [] Ministry of Agriculture, Livestock and Fisheries of Argentina. [Internet]. [Agricultural estimates]. Spanish. [cited 2022 Feb 22]. Available from: http://datosestimaciones.magyp.gob.ar/] 


[image: ]
Figure SM1. Thematic maps showing a) location of the Province of Córdoba in Argentina; b) the 26 departments of the Province of Córdoba, and the 11 current bioelectric plants (dark green circles = biomass, light green circles = biogas); and c) Wheat, Soybean, Corn, Peanut and Sorghum distributions crops.

	Departament
	[image: ]Area [km2]

	
	
	

	1
	Calamuchita
	4,769
	

	2
	Capital
	576
	

	3
	Colón
	2,369
	

	4
	Cruz del Eje
	6,595
	

	5
	Gral. Roca
	12,717
	

	6
	Gral. San Martín
	4,99
	

	7
	Inschilín
	5,047
	

	8
	Juárez Celman
	7,929
	

	9
	Marcos Juárez 
	9,198
	

	10
	Minas
	3,581
	

	11
	Pocho
	3,067
	

	12
	Pte. Roque Sáenz Peña
	8,238
	

	13
	Punilla
	2,503
	

	14
	Río Cuarto
	1,8575
	

	15
	Río Primero
	6,73
	

	16
	Río Seco
	7,072
	

	17
	Río Segundo
	5,156
	

	18
	San Alberto
	3,393
	

	19
	San Javier
	1,55
	

	20
	San Justo
	15,55
	

	21
	Santa María
	3,229
	

	22
	Sobremonte
	3,24
	

	23
	Tercero Arriba
	5,137
	

	24
	Totoral
	3,051
	

	25
	Tulumba
	9,609
	

	26
	Unión
	10,891
	



Table SM1. Area by department of the province of Córdoba-Argentina.


A2. CROP YIELD SPATIAL AND TEMPORAL DEPENDENCE

[bookmark: _Ref80093352][bookmark: _Ref80093472][bookmark: _Ref80092762][bookmark: _Ref84237291]Crop yield, , is a function of spatial and temporal variables including crop type, planting schedule, planting method and density, physicochemical and biological features of the soil, prevailing climatic conditions during the season (temperature, radiation, precipitation, among others), technological variations (new hybrids, use of herbicides and fertilizers, farming systems, irrigation systems) and environmental management policies [[endnoteRef:4],[endnoteRef:5],[endnoteRef:6],[endnoteRef:7],[endnoteRef:8],[endnoteRef:9],[endnoteRef:10]]. [4: [] Menéndez JE, Hilbert JA. [Crop residues biomass quantification and bioenergy use in Argentina]. Bioenerg Technical reports. INTA - National Institute of Agricultural Technology Editions year 2 Nº4;2013. ISSN 2250-8481.]  [5: [] Giayetto O, Cerioni G, Fernández EM, Morla F. [Changes in yield and commercial quality of two peanut cultivars due to variations in sowing date, temperature and radiation]. In: March GJ. Science and Industrial Crops Technology. Córdoba: INTA Editions; 2012. p. 212-218. Spanish. Available from: https://inta.gob.ar/sites/default/files/script-tmp-inta-revista-ciencia-y-tecnologa-de-los-cultivos-indu_2.pdf ]  [6: [] Cicchino M. [Dissertation]. [Effect of sowing density on yield of grain sorghum in north of Salado Basin River.]. III National Symposium. I International Sorghum Conference. INTA EEA Cuenca del Salado – Argentina; 2016. Available from: https://inta.gob.ar/sites/default/files/densidad_de_siembra_y_rendimiento_en_sorgo.pdf]  [7: [] Ortiz Solorio CA, Gutiérrez Castoreña M, Nieves Frausto J. [Corn yields estimation with the FAO method in the common of Atenco, State of Mexico]. Journal of Agricultural Geography. 2005;35:57-65. Spanish. ]  [8: [] Tolk JA, Evett SR, Howell TA. Evapotranspiration and yield of corn grown on three high plains soils. Agronomy Journal. 1998;90:447-454. https://doi.org/10.2134/agronj1998.00021962009000040001x]  [9: [] Rivetti AR. [Maize production under different complementary irrigation regimes in Río Cuarto. Córdoba, Argentina. II. Yield of dry matter]. Rev. FCA UNCuyo. 2007;1:29-39. Spanish.]  [10: [] Andrade FH. [Agricultural production expansion possibilities]. Interscience.1998; 23:218-226.] 


[bookmark: _Ref117092326]In order to demonstrate the temporal variation of , Figure SM2a shows the values for the 11 seasons between 2008 and 2019 as reported by the Córdoba Cereals Exchange (Bolsa de Cereales de Córdoba – BCCBA, in Spanish) [[endnoteRef:11]]. The relatively low yields registered for all analyzed crops (except wheat) in the 2017/2018 season (used in the present study, Table SM2), are marked with a black dot. According to the Regional Agroclimatic Report, the water deficit during the 2017/18 season [[endnoteRef:12]] led to lower-than-normal accumulated monthly rainfall values, except for the west of the province, where the values were close to the historical average. The water reserves in the soils showed conditions of water deficit and drought in the central region of the country, which includes Córdoba. [11: [] BCCBA. Córdoba Cereals Exchange [Internet]. [cited 2021 Feb 17]. Available from: https://www.bccba.org.ar]  [12: [] INTA. National Institute of Agricultural Technology.  [Regional agroclimatic report – Emergency due to water deficit]. March - April 2018. Agricultural Emergency Team - Manfredi-EEA Marcos Juárez. Spanish. Available from: https://inta.gob.ar/sites/default/files/inta_informe_sequia_abril_comision_nacional_sin_pedanias_membrete.pdf] 


[image: ]

Figure SM2. Box plot showing descriptive statistics of  in tn/km2. a) Provincial weighted average values for the 11 campaigns between 2008 and 2019 (inclusive), b) Values for the 26 departments of Córdoba, for the particular case of the 2017/18 season. In a) the values of the 2017/18 season are marked with black dots. The mean and median values are shown with the symbol x and lines (inside the box), respectively.



As mentioned above,  also presents spatial variations. Córdoba is an extensive province in which climatic and environmental factors vary considerably. This characteristic makes it necessary to consider geographical variations in  even within the same season. Figure SM2b shows box plots with the yield values for the 5 crops considered in the particular case of the 2017/18 season, for the 26 departments of the Province of Córdoba [11], described in Table SM2.

	Departament
	Crop yields [tn/km2]

	
	Wheat
	Soybean
	Corn
	Peanut
	Sorghum

	1
	Calamuchita
	180
	340
	640
	180
	700

	2
	Capital
	190
	180
	630
	- 
	- 

	3
	Colón
	200
	150
	500
	- 
	450

	4
	Cruz del Eje
	 -
	- 
	- 
	- 
	- 

	5
	Gral. Roca
	360
	250
	640
	240
	600

	6
	Gral. San Martín
	380
	180
	640
	190
	560

	7
	Inschilín
	 -
	90
	450
	- 
	- 

	8
	Juárez Celman
	360
	210
	640
	230
	500

	9
	Marcos Juárez 
	450
	330
	960
	410
	350

	10
	Minas
	 -
	- 
	 -
	 -
	- 

	11
	Pocho
	 -
	100
	400
	- 
	 -

	12
	Pte. Roque Sáenz Peña
	400
	260
	730
	300
	450

	13
	Punilla
	 -
	 -
	450
	 -
	- 

	14
	Río Cuarto
	290
	190
	530
	180
	530

	15
	Río Primero
	170
	140
	490
	150
	350

	16
	Río Seco
	150
	120
	510
	- 
	460

	17
	Río Segundo
	270
	190
	650
	200
	480

	18
	San Alberto
	570
	190
	710
	630
	490

	19
	San Javier
	620
	370
	640
	- 
	- 

	20
	San Justo
	270
	210
	570
	100
	390

	21
	Santa María
	200
	180
	650
	230
	480

	22
	Sobremonte
	 -
	- 
	 -
	 -
	- 

	23
	Tercero Arriba
	270
	190
	650
	220
	500

	24
	Totoral
	210
	130
	540
	- 
	540

	25
	Tulumba
	160
	110
	500
	190
	480

	26
	Unión
	430
	300
	820
	330
	500



Table SM2. Values of the crop yields used, by departments of the province of Córdoba-Argentina, for the 2017/18 season.


A3. SOWING/HARVEST RATIO SPATIAL AND TEMPORAL DEPENDENCE 


The spatially and temporally dependent sowing/harvest ratio, , is another important statistical variable that takes into account non-harvested areas due to factors such as partial flooding, areas inaccessible to machinery, general loss, etc., giving an idea of the efficiency of the process. Figures SM3a and SM3b show the  values for each type of crop for the seasons between 2008 and 2019 (temporal variation), and by department for the 2017/18 season (spatial variation) [11]. The latter is shown in Table SM3.


From the comparison between the two Figures (SM2a vs SM3a and SM2b vs SM3b) it can be noted that the spatial variation is statistically more important than the temporal variation for  and .

[image: ]
Figure SM3. Box plot showing descriptive statistics of the seeded area/harvested area ratio for: a) the 11 seasons from 2008 to 2019 (included); b) Values for the 26 departments of Córdoba, for the particular case of the 2017/2018 season. In a) the 2017/2018 season is marked with black dots. The mean and median values are shown with the symbol x and lines (inside the box), respectively


	Departament
	Sowing/Harvest ratio

	
	Soybean
	Corn
	Wheat
	Peanut
	Sorghum

	1
	Calamuchita
	0,88
	0,94
	0,97
	1,00
	1,00

	2
	Capital
	0,79
	0,94
	0,72
	-
	-

	3
	Colón
	0,94
	0,73
	0,98
	-
	1,00

	4
	Cruz del Eje
	-
	-
	-
	-
	-

	5
	Gral. Roca
	0,87
	0,90
	0,69
	0,94
	0,04

	6
	Gral. San Martín
	0,89
	0,60
	0,89
	0,98
	1,00

	7
	Inschilín
	0,50
	0,44
	-
	-
	-

	8
	Juárez Celman
	0,80
	0,71
	0,91
	0,96
	0,81

	9
	Marcos Juárez 
	0,92
	0,91
	0,98
	0,99
	1,00

	10
	Minas
	-
	-
	-
	-
	-

	11
	Pocho
	0,96
	0,76
	-
	-
	-

	12
	Pte. Roque Sáenz Peña
	0,84
	0,80
	0,93
	0,96
	1,00

	13
	Punilla
	1,00
	1,00
	-
	-
	-

	14
	Río Cuarto
	0,89
	0,71
	0,92
	0,98
	0,50

	15
	Río Primero
	0,89
	0,80
	0,81
	0,90
	0,58

	16
	Río Seco
	0,87
	0,81
	0,87
	-
	1,00

	17
	Río Segundo
	0,94
	0,77
	0,96
	0,99
	0,33

	18
	San Alberto
	0,97
	0,72
	1,00
	1,00
	1,00

	19
	San Javier
	1,00
	1,00
	1,00
	1,00
	-

	20
	San Justo
	0,84
	0,55
	0,91
	0,90
	0,15

	21
	Santa María
	0,76
	0,98
	0,98
	0,90
	0,97

	22
	Sobremonte
	-
	-
	-
	-
	-

	23
	Tercero Arriba
	0,93
	0,83
	0,97
	0,99
	0,98

	24
	Totoral
	0,87
	0,73
	0,91
	-
	1,00

	25
	Tulumba
	0,92
	0,83
	0,90
	0,80
	1,00

	26
	Unión
	0,90
	0,80
	0,98
	1,00
	0,90



Table SM3. Values of the sowing/harvest ratio used, by departments of the province of Córdoba-Argentina, for the 2017/18 season.


A4. GEOPROCESSES
[bookmark: _Ref80095902]Categorization is the process by which elements with similarities are recognized and classified. In this work it was done on the basis of geographical characterization, circumscribing the pixels according to the department to which they belong (see Figure SM1b). The vector layer containing the description of the departments in which the province is divided and the land use raster layer where employed [[endnoteRef:13]]. The procedure involved vector to raster layer transformations and raster layer multiplications. The resulting categorization consisted of 9 raster maps, one for each crop considered, with a description of the department to which each belongs. It should be clarified that each map is associated with a categorization vector. Figures SM4a and SM4b show an example of the categorization process, where the soybean pixels (Figure 2b in the main manuscript) corresponding to different departments of Córdoba province are marked with different colors (only for visual effects). [13: [] IDECOR. Córdoba Maps Geoportal, Spatial Data Infrastructure of the Province of Córdoba. [Internet]. Downloads [cited 2020: May 20]. Available from: https://www.mapascordoba.gob.ar/#/mapas ] 


[bookmark: _Hlk116393477]Polygonization is the geo-process by which neighboring pixels that belong to the same crop category, i.e. they have the same  value (in eq. (3) in the main manuscript) for the same department, are grouped together, obtaining labeled and numbered vector polygons. Figures SM4b and SM4c show an example of the polygonization process for soybean, in the northern extreme of the department of Río Segundo in the Province of Córdoba. As can be seen from Figure SM4c, the contiguous patches are grouped into “clusters” forming a single vectorial element.

[image: ]
Figure SM4. Thematic maps exemplifying the geo-processes used in the main manuscript. a) Map of Córdoba containing the areas planted with soybean. b) Categorization process exemplified in the northern region of Río Segundo department, c) Polygonization process and geometric calculations: determination of the area and geometric center of each polygon. The colors are used for the sole purpose of identifying the spatial categorization. The magnification in the observed area is b) x10 and c) x500.


The geo-processes made it possible to reduce the number of elements to be treated and therefore to reduce the computational time. For example, the total number of pixels () for soybean and corn are 66,323,456 and 30,183,706, respectively. The number of Primary Collection Centers (PCCs) obtained after the geo-processes are 37,896 and 37,933 for soybean and corn, respectively. This reduction in the number of processes by around 3 orders of magnitude allows greater flexibility and speed of evaluation within the model. Table SM4 details the results obtained after applying the geo-processes.

	
	Unit
	Wheat
	Soybean
	Corn
	Peanut
	Sorghum

	
Total number of pixels
	Pixel
	19,697,608
	66,262,456
	30,183,706
	4,237,079
	317,999

	Number of generated polygons
	Polygon
	31,171
	37,896
	37,993
	4,979
	2,457

	Average value of the cluster area 
	km2
	0.47
	1.32
	0.60
	0.64
	0.10

	Cluster area median 
	km2
	0.13
	0.06
	0.20
	0.31
	0.05


Table SM4. Statistical summary of the geo-processes, for computational time optimization.



A5. EXCLUSION MAP
Based on Table 3 of the main manuscript, an exclusion map was elaborated. As a result, environmentally sensitive areas (including floodplains, national and provincial parks and protected areas, making up 35.7% of the excluded zones) are the main constraint on the installation of a biofacility, followed by water bodies and water courses (21.6%) and urban areas (15.8%). It should be mentioned that some of the excluded areas overlap (33,491 km2, 30% of the provincial area), so the real excluded area is 76,170 km2. The total area of the Province of Córdoba (calculated from the raster map within QGIS) is 164,759 km2, which means that 46% of the province falls within the exclusion map. On the other hand, the area covered by crops of corn, peanut, soybean, sorghum and wheat is 47%.
Figure SM5 shows the final thematic map obtained using eq. (6) in the main manuscript. Figure SM5b shows an enlargement of the central zone, around the city of Córdoba Capital, where the excluded zones can be seen in black, given that it corresponds to an urban area and due to the city’s extensive road network.

[image: ]


Figure SM5. Binary final exclusion map. Excluded sites in black (= 0), permitted sites in white ( = 1). Spatial resolution: 25 m x 30 m. a) Province of Córdoba, and b) zoom around the city of Córdoba Capital.


A6. ROAD NETWORK AND ELECTRICAL SYSTEM
Layers of georeferenced information containing roads and highways [13,[endnoteRef:14]] and maps of the high and medium voltage electricity transmission lines (500 kV, 132 kV and 66 kV) [[endnoteRef:15]], were added to the model. Figure SM6a shows the provincial thematic map, centered on the city of Jesús María, containing information on roads, highways, electrical system, departmental lines and PCCs for the particular case of soybean. Figure SM6b shows the region around a random PCC in greater detail (x70 zoom), exemplifying the shortest distances to the road and to the power line calculations. [14: [] National Geographic Institute – IGN. [Internet]. SIG layers [cited 2019: Jun 18]. Available from: https://www.ign.gob.ar/NuestrasActividades/InformacionGeoespacial/CapasSIG]  [15: [] Secretary of Energy of Argentina. Available from: http://datos.energia.gob.ar/] 


[image: ]
[bookmark: _Hlk115848627][bookmark: _Hlk116396236]Figure SM6. a) Thematic map containing information on the electrical system (lines), roads (lines), highways (lines) and PCCs (circles), exemplified in the vicinity of the city of Jesús María (area marked in gray at the top left of the inset). b) Magnified area marked in gray in a), zoom x70. The thin gray lines show the urban commons. The tension lines are represented by: high voltage (66 kV, 132 kV and 500 kV): thick gray line, medium voltage (33 kV): brown line, medium voltage (13.2 kV): mustard line, medium voltage (7.62 kV): green line. The pink and green dots represent the soybean PCCs for different departments. The shortest distance to the tension line and road of a random soybean PCC are marked.


A7. LOCATION OPTIMIZATION ALGORITHM: DETAILED
[bookmark: _Hlk116396329]Figure SM7 shows a scheme exemplifying the algorithm evaluation process for a grid point descripted in main manuscript. Figure SM7a shows a map of the Province of Córdoba with corn SAHR availability, containing an equally spaced grid (gray lines exemplified at a distance of 10 km), where the intersection of the lines generates the grid points to be evaluated. Figure SM7b displays an enlarged area of a random point of the grid (marked in red) and its collection radius of 60 km. Figure SM7c shows in greater detail the polygons (areas) of the PCCs and its geometric center in black dots. A series of arrows exemplify some contributions in mass towards the red point of the evaluated grid.
[image: ]

Figure SM7. a) Thematic map containing the distribution of 1st (orange) and 2nd (blue) season maize PCCs along with a square exploration grid equally spaced every 10 km. b) Zoom showing details of the area of influence of a particular point on the grid (red point) along with its collection radius of 60 km. c) Zoom of the marked area (Tercero Arriba department) showing corn PCCs in greater detail and some contributions to the point of the grid (black arrows).



A8. HOMOGENEOUS INCREASE OF RESIDUE FACTOR SIMULATION
Figure SM7 shows an increase in the effectively transportable SAHR mass deliverable to each biofacility (Figure SM7a), the number of contributing PCCs (Figure SM7b), the number of trucks involved in their transport (Figure SM7c), and the total distance traveled (Figure SM7d), for a 25% increase scenario of RF throughout the province, compared to the 2017/2018 campaign.

[image: ]
Figure SM7. Mass, contributing PCCs, trucks and distance traveled for each biofacility, obtained after optimizations.

Table SM5 summarizes the values obtained after applying the optimization methodology.
	Bio facilities
	Accumulated Mass 
(tn/year)
	Corn 
(tn/year)
	Peanut
(tn/year)
	Soybean
(tn/year)
	Sorghum 
(tn/year)
	Wheat 
(tn/year)
	Contributing PCC 
(%)
	Average distance per trip (km)

	1
	444.440
	188.762
	334
	152.490
	399
	102.455
	45.6
	101

	2
	295.097
	166.097
	2.667
	84.887
	2.244
	39.203
	32.6
	104

	3
	231.231
	118.891
	7.827
	66.279
	591
	37.643
	28.0
	104

	4
	221.065
	117.270
	7.573
	68.111
	35
	28.076
	21.1
	102

	5
	197.064
	89.651
	5.553
	57.434
	508
	43.917
	25.3
	99


Table SM5. Total effectively transportable mass supplied to each biofacility by crop type, average distance traveled (per truck) and contributing PCC, after optimization.




REFERENCES
2

image3.wmf
R


oleObject1.bin

image4.wmf
R


oleObject2.bin

image5.emf
Corn

Wheat

Peanut

Soybean

Sorghum

R

2

  [tn/km]

2017/2018 Campaign

a)

Temporal variation

Corn

Peanut

Sorghum

Wheat

Soybean

R

2

  [tn/km]

b)

Geographic variation


image6.wmf
R


oleObject3.bin

image7.wmf
R


oleObject4.bin

oleObject5.bin

image8.wmf
h


oleObject6.bin

oleObject7.bin

oleObject8.bin

oleObject9.bin

image9.emf


  [dimensionless]

Temporal variation



  [dimensionless]

2017/2018 Campaign

a) b)

Geographic variation

Corn

Wheat

Peanut

Soybean

Sorghum

Corn

Wheat

Peanut

Soybean

Sorghum


image10.wmf
ki

s


oleObject10.bin

image11.emf
Polygon

Primary 

collection 

center

a)                                    b)                                                                         c)


image12.wmf
(

)

ki

j

j

s

å


oleObject11.bin

image13.wmf
(

)

ki

j

j

s

å


oleObject12.bin

image14.emf
a)

b)

0

i



1

i




image15.wmf
i

Q


oleObject13.bin

image16.wmf
i

Q


oleObject14.bin

image17.emf
distance 

(to 13.2 kV) 

220 m

Tension lines: 

132 kV

33.0 kV

13.2 kV

7.62 kV

County boundaries

Colón county PCC

Totoral county PCC

Urban commons

Primary 

collection 

center

a)                                                                                     b)

distance 

(to road) 

505 m


image18.emf
a)

Corn 1

st

Corn 2

nd

Search point

Grid

Grid-PCC 

distance

b)


image19.emf
0

5000

10000

15000

20000

25000

1 2 3 4 5

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

500000

1 2 3 4 5

Mass

[

tn

]

Biofacility

a)

b)

c)

d)

# 

PCCs

Biofacility

# 

Trucks

Biofacility

Distance

[km]

Biofacility

444,440

295,097

231,231

221,065

197,064

4,349

3,580

3,307

2,742

2,557

22,329

14,850

11,655

11,130

9,924

2,261,608

1,542,116

1,208,950

1,132,198

985,462


image1.emf
a)                             b)                                  c)

ARGENTINA

PROVINCE OF CÓRDOBA


image2.png




