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The Colombian agricultural sector has the capacity and ambition to reduce its land use and GHG emissions
through sustainable intensification of livestock production. However, the impact of such pathway on the
availability of land for bioenergy crops production has not been thoroughly investigated. Moreover, previous
assessments of the role bioenergy in Colombia have mostly focused on residues, in isolation of land use policies.

To address this gap, we propose a hybrid statistical land balancing and suitability allocation approach to
estimate long term projections of the cost-supply potential of bioenergy crops and residues. Regionalized to the
32 Colombian departments (administrative divisions), this approach could provide higher resolution than global
assessments, while avoiding the complexity of spatially explicit methods. We investigated three scenarios
covering the uncertainty of socioeconomic drivers and agricultural and livestock productivity factors.

Our results suggest that pursuing progressive land use policies (SSP1 scenario) could release up to 14 Mha of
land by 2050, which could be available to produce perennial bioenergy crops. The cumulative potential of crops
in SSP1 could reach up to 2200 PJ, where about half of this potential could be attained at 7 $ GJ~* or less.
Potential supply centers could be identified in Orinoquia, Andean, and Caribbean regions for energy crops and
the Pacific region for residues. Our findings indicate that there could be an opportunity to create synergy be-
tween the low carbon development strategies of the land use and energy sectors in Colombia.

Globally, the agriculture, forestry, and other land use (AFOLU) sector
accounts for just below one quarter of the total anthropogenic GHG
emissions [20]. By contrast, its relative contribution is higher in Latin
America, e.g. up to 55% of the national emissions in Colombia [21,22].

1. Introduction

Bioenergy could play an important cost—efficient role in transitioning
towards a low-carbon economy and achieving stringent mitigation
targets of greenhouse gases (GHG) [1-4]. The potential development of
a bio-based economy critically depends on the availability of biomass
feedstock [5], e.g. as demonstrated by Younis et al. for the case of
Colombia [6]. However, the global estimates of the biomass supply
potential have widely diverged [7-13]. One main cause of this
non-heterogeneity is the lack of consensus over the potential for
large-scale conversion of land for the production of dedicated energy
crops [7,14], and its subsequent impact on food and water security,
biodiversity conservation, and loss of carbon stock through land use
change [11,15-19].

* Corresponding author. Nijenborgh 6, 9747 AG, Groningen, the Netherlands.
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The main source of AFOLU emissions is the deforestation of tropical
forests in Latin America, Southeast Asia, and sub-Saharan Africa
[23-25]. The primary driver of deforestation in Colombia, and more
generally Latin America, is the land conversion to pasture for extensive
cattle ranching [26,27]. The Colombian cattle breeding sector exhibits
low productivity [28], with an average national carrying capacity' (CC)
of 0.6 large animal unit equivalent (LAU) per hectare [29]. The emission
intensity of cattle production is highest in Latin America, South Asia,
and sub-Saharan Africa, where such low productive systems prevail
[301.

Regarding the biomass resources, global assessments have identified

1 The carrying capacity (CC) indicates the number of grazing LAU that a unit area of land can support on the long-term, i.e. while maintaining or improving forage
and other vegetation and related resources [149]. One LAU represents an adult cow of 450 kg.
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Abbreviations

1G First generation

A | yvg  Area of positive imbalance (abundance)
A_vg Area of negative imbalance (shortage)
Asp Area for food, feed, & fiber production
Aszpx Agsr after redistribution of imbalances
Apcr Area within the agricultural frontier
Apar Area for land balancing check

Agio Area available for biomass production
Acrp Area of cropland

Apst Area for balancing redistribution of land
Agxc Area of legally excluded zones

Apry Area of commercial forestry plantations
Anrr Area of natural forests

Apst Area of grazing pastureland

Asgrp Area of surplus land

Asur Area of suitable land for biomass

Aror Total departmental surface area

AEZ Agroecological zoning

AFOLU  Agriculture, forestry, and other land use
Ccapital  Annualized capital cost of biomass crop production
Ccrp Total annualized cost of biomass crop production
Crerti Annual fertilizer cost of biomass crop production
GHG Greenhouse gases

GS Marginally suitable land

ha hectare

HDI Human Development Index

HI Harvesting index

iSPS Intensive silvopastoral system

LAU Large animal unit

LHV Lower heating value

LOSS Supply chain losses

Lw Final live animal weight

M Moisture content

MADR  The Colombian ministry of agriculture
MS Moderately suitable land

NAMA Nationally appropriate mitigation actions
NS Not suitable land

Prerii Fertilizer price

Prand Land rental price

POP Population
PRODcrop Annual crop production
PRODpggp Annual production of feed crop

PRODrpop Annual production of food item
PRODyono Annual production of monogastric animal product

(meat)
PROFOR Commercial potential of reforestation consortium
RF Area redistribution factor
RPR Residue-to—product ratio
RSD.TYP Type of residue
SCL Suitability class
Crand Annual land rental cost of biomass crop production
Crabor Annual labor wages cost of biomass crop production
cC Carrying capacity
CNA National agricultural census
cw Carcass weight
d Department
DANE  The Colombian national administrative department of
statistics
DAP Diammonium Phosphate

DEMroop Annual demand for food item per capita
DEMywoop Annual demand for industrial roundwood per capita

DF Dressing factor

DM Dry matter

ECDBC Colombian strategy for low carbon development
EFF Land use efficiency of meat production

ENA National agricultural survey

EP.CRP Energy potential of bioenergy crops
EP.RSD.AGRpjo Energy potential of agricultural residues

FAO Food and agriculture organization of the united nations

FCO Feed composition factor

FCR Feed conversion rate

FEDEGAN The Colombian association of cattle breeders

GDP Gross domestic product

SIPRA  The Colombian rural agricultural planning information
system

SP.RSD.AGRgco Ecological potential of agricultural residues
SP.RSD.AGRryro Theoretical potential of agricultural residues
SPS Silvopastoral system

SSp Shared socioeconomic pathways
SSR Self-sufficiency ratio
SYS Fraction of domestic meat supply produced by a

production system
UPRA  The Colombian rural agricultural planning unit
VS Very suitable land
Annual crop yield
Annual roundwood yield

Ycrop
Ywoop

a high geographical potential for energy crop production, based on the
premise of closing the gap between current and possible yields for food
and feed production in Latin America [8,11,13,31]. Nevertheless, the
resolution of these assessment tools is aggregated [32], which falls short
of addressing the diverse climates and land use patterns in Colombia.
On the other hand, national resource assessments have either limited
their scope to residue streams and excluded land availability for energy
crops [33-36], or addressed land competition between food and first
generation (1G) energy crops at an average national scale [37]. Jimenez
[38] estimated that increasing agricultural and livestock productivity in
Colombia could reduce their land use by up to 19 Mha, compared to
reference scenario. However, the scope and timeframe of their analysis
were limited. Moreover, none of these assessments has estimated the
potential of lignocellulosic energy crops or the cost of biomass supply.
An immense body of literature has tackled the prospects of

silvopastoral systems2 (SPS) and intensive silvopastoral systems (iSPS)
in Colombia, and elsewhere in Latin America [39-42]. Based on evi-
dence from several demonstration projects, these systems could enable
the intensification of cattle production based on natural processes that
promote increased productivity and resource use efficiency [43,44],
improved GHG balance of livestock production [45], and enhanced
provision of environmental services [28]. Although these systems have
been mainstreamed in sectoral roadmaps [46] and national plans for
emission mitigation and low carbon development [47], little is known
about the impact of their upscaling on biomass availability. Ramir-
ez—Contreras et al. [48] investigated such impact for one region;

2 The SPS are “agroforestry arrangements that purposely combine fodder
plants, such as grasses and leguminous herbs, with shrubs and trees for animal
nutrition and complementary uses” [40]. The iSPS “combine high density
cultivation of fodder shrubs (4000-40,000 plants ha~!) with improved grasses,
and tree or palm species at densities of 100-600 trees ha~'” [40].
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nevertheless, a national scale appraisal of biomass resources, consid-
ering regional differentiation of land use patterns, remains lacking.

The supply potential of biomass resources can be assessed by spa-
tially—explicit or statistical analyses [12]. Spatially—explicit analysis can
better show the distribution of the biomass potential considering loca-
tion-specific biophysiological, environmental and socioeconomic con-
ditions (e.g. Refs. [49-53]). However, it is more complex, laborious, and
data intensive than statistical analyses [12]. Moreover, the propagation
of errors and the limitation of input data are sources of high uncertainty;
this could decrease the reliability of this method, and hence relative
advantage, for long-term projections [54-56].

Statistical analysis is simpler, more transparent and less data inten-
sive. Its level of disaggregation can adapt to the resolution of input data
(e.g. Refs. [57-63]). While incapable of explicit zoning of alternative
land uses, it could determine the general regionalized productivity
trends, which could be suitable for long-term projections.

To use this method for the appraisal of land-based biomass, the
statistical land balancing can be combined with land suitability alloca-
tion for energy crops in a hybrid approach [64-66]. However, since
Colombia, and other developing countries, exhibit an increasing pres-
sure on land, we complemented this hybrid approach with additional
procedure to manage the expansion of land for different uses, at the
national as well as regionalized levels, without compromising sensitive
ecological areas.

The objective of this paper is to demonstrate a hybrid resource
assessment and scenario analysis tool which could estimate the long-
—term supply potential of biomass crops and residues, their associated
costs, and their regionalized distribution, for a resource-rich country
like Colombia.

2. Methods and data
2.1. Conceptual framework

To assess the availability of land for bioenergy, we followed the
concept of surplus land, as demonstrated elsewhere [8,65-69] and
summarized in Appendix A. In the case of Colombia, the agricultural
expansion is limited by the national agricultural frontier’ (see Fig. 1).
Smeets et al. [8] used a geographically optimized allocation of food crop
production to the lands with better suitability conditions, based on ag-
roecological zoning (AEZ) [70]. This approach can estimate the poten-
tial of reducing the area of land required for food production and
releasing the less suitable land for bioenergy crops. However, it requires
access to the land suitability overlaps between different crops at the
geographical scale of this analysis.

Fischer et al. [65] calculated the land availability for energy crops in
Europe using statistical land balance, based on average yields for food
crops at country level. De Wit and Faaij [66] combined this top-down
balance with a spatially—explicit agroecological zoning of energy crops
[64], to estimate the biomass supply potential at regionalized level.

Such a hybrid approach was straight forward for the European case,
since the area of land needed for agriculture was projected to decrease in
all the considered scenarios. In contrast, the demand for food, and hence
pressure on land, is projected to increase in developing countries like
Colombia. Accordingly, the applicability of a hybrid approach to this
case requires an additional procedure to manage the allocation of land
for food, feed, and fiber, and possibly energy crops, while avoiding
expansion into sensitive ecological zones. Therefore, we propose a
regionalized statistical land balancing procedure and an allocation of

3 The national agricultural frontier is defined by the Resolution 261 of 2018,
issued by the Colombian Ministry of Agriculture [150]. The frontier comprises
an official zoning of all the land available for agricultural production, i.e. food,
feed, fiber, and biomass for energy purposes. The frontier limits exclude pro-
tected areas, natural forests and ecosystems with high value.
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soil suitability classes to the energy crops potentially grown on surplus
land.

The modeling framework of this analysis can be divided into three
main components (see Fig. 2):

1. Statistical land balance analysis, where the land availability for
biomass is estimated (section 2.2).

2. Crop-specific allocation of land suitability classes to the available
land for dedicated energy crops (section 2.3).

3 Calculation of the cost-supply potential of energy crops, based on
[66], and residues, based on [71] (section 2.4).

The supply potential of biomass depends on future population
growth, dietary preferences and agricultural and livestock productivity
[31]. We explored these uncertain factors via a scenario analysis (section
2.5).

2.2. Regionalized statistical land balance

Section 2.2.1 describes the statistical balancing and allocation pro-
cedure for the different land use categories, while section 2.2.2 ad-
dresses the calculation of land claims by each land use category.

2.2.1. Land balance and allocation procedure

Colombia consists of 32 departments, grouped into five natural re-
gions4: Andean, Amazonian, Caribbean, Orinoquia and Pacific (see the
mapping in Appendix B [72,73]).

Based on the Colombian “Rural Agricultural Planning Information
System” SIPRA,5 the total surface area (Ator) of each department (d) is
divided into: 1) areas within the boundaries of the national agricultural
frontier (Aacr), 2) natural forests and non-agricultural areas (Anrr), and
3) legally excluded areas (Agxc), which include natural and archeo-
logical protected areas (see equation (1) and the dataset in Appendix C).

For the land balance analysis, the (projected) demand for food, feed,
and fiber (3F), and the associated land use — namely cropland for food
and feed® (Acrp), pasture land for feed (Apsr), and forestry plantation
areas (Apry) — were estimated by bottom-up calculations (see section
2.2.2). The sum of these land claims that precede bioenergy (Asp) is
calculated by equation (2) and compared to the frontier limits per
department (Aagp).

As per equation (3), this balancing check (Apa;) distinguishes be-
tween departments with positive imbalances (A yg), i.e. abundance of
agricultural land after allocation of Asr, and those with negative im-
balances (A.yg), i.e. insufficient land to meet the claims within the
frontier limits. These imbalances are redistributed between departments,
thereby resembling domestic trade. A relative redistribution factor (RF),
calculated by equation (4), is applied such that the departments with
more abundant land availability absorb higher shares of the shortages.

Based on this factor, a balancing redistribution area (Apsr) is calcu-
lated by equation (5). This area is added to Asr to estimate the redis-
tributed agricultural land claims per department Agp+, as per equation
(6). For departments with shortage, Apsr is negative (third case of
equation (5)).

The extent of redistribution depends on the total imbalances at na-
tional scale. If the total surpluses outweigh the total shortages (first case
of equation (5)), then all the shortages are redistributed, and any re-
sidual surplus lands within the frontier are quantified by equation (7).

4 For the scope of this research, islands are counted within the Caribbean
region.

5 SIPRA is managed by the Colombian “Rural Agricultural Planning Unit”
(UPRA). The SIPRA database is an outcome of spatially explicit agroecological
land evaluation and zoning based biophysical, social, economic and environ-
mental criteria [151,152].

6 Cropland included the existing feedstock for (co-)production of 1G biofuels.
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Fig. 1. Illustration of the concept of surplus land, adapted from Ref. [48]. Note that the potential for agricultural expansion is limited by the national agricultural
frontier which is slightly higher than the agricultural land use in 2013 (not to scale).

Regionalized statistical resource analysis for Colombia (32 departments)

Socioeconomic drivers Demands

Supply Chain

Production Systems Resource Claims

1)
&> —

Diet (Affluence)

LTHJ—

Round wood

A J

%

Plant-based food

y

Animal-based food

271

Forestry products

Self

v

sufficiency

M
Losses

>

A J

Population

A J L

by

9

sk —>
i Livestock
;\gI"l]culltural Ty Agricultural and
echnofogy forestry residues
| T
& l
o A
L »
>
Forestry -
plantations Land use analysis

Biomass cost-supply potential

Surplus land Suitable land

Energy crops

Residues

Cost
structures

Supply
potential

Cost-supply
estimates

Fig. 2. Overview of the modeling framework of the analysis.

These surplus lands (Asgp) could be considered for bioenergy crops,
while avoiding land use competition with food or sensitive ecosystems.

On the other hand, if the total shortages outweigh the total surpluses
(second case of equation (5)), then the shortages are partially alleviated
by redistribution, up to the limit of the agricultural frontier. In this case,
the residual imbalances are settled by expansion into the natural forests
(AnrR), i.e. deforestation. In this case, no land is available for bioenergy.
This procedure is in line with observed historical deforestation patterns

in Colombia, which is primarily driven by agricultural expansion [26].
The land balance analysis is calibrated to base year 2013 and applied
to future projections by 2030 and 2050.

ZATOT = ZAAGF + Anrr + Aexc
d d
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2.2.2. Land use of food, feed, and fiber production

The production of food (PRODroop) per item is calculated by the
projected annual food demand per capita (DEMFroop), population (POP),
supply chain losses (LOSS), and self-sufficiency ratio (SSR) — the relative
contribution of domestic production to the demand (see equation (8)).
We considered 16 vegetarian and animal products, owing to their major
contribution to the agricultural output and land use in Colombia (see
Table 1).

The land use associated with animal products was determined by the
cropland and pasture land required to supply the feed for animals [65].
The area of cropland needed for food and feed crops (Acgp) is calculated
by the respective crop production quantity (PRODcrop) and yield (Y)
(see equation (9)). Current yields were retrieved from official statistics
[74] (see departmental data in Appendix E). Future projections per
scenario are explained in section 2.5.

With regard to feed calculation, the livestock was divided into
monogastric animals, i.e. pigs and poultry, and ruminants, i.e. cattle,
owing to their distinct feed requirements7 [67].

Considering ruminants, the Colombian cattle sector is represented by
three main production systems: a traditional extensive system based on
grazing of natural pastures (low technology), an improved extensive
system based on grazing of managed pastures (intermediate technol-
ogy), and a semi-intensive system based on grazing of managed pastures
and forage supplements (high technology) [29,75]. The potential
upscaling of (i)SPS is considered in scenario analysis (section 2.5). The
extensive grazing systems account for more than 90% of the domestic
meat supply [75]. This can explain the low productivity of the Colom-
bian cattle ranching [28], which is indicated by an average national CC
0f 0.6 LAU ha™! [29], and a land use efficiency of meat production (EFF)
below 100 kgrw ha~! [76].

Based on current national and departmental productivity data, we
estimated the CC and EFF per production system in each department.
The national data included the contribution of each production system
to the domestic meat supply (SYS), the final live weight per production
system (LW), a dressing factor (DF) — i.e. the edible fraction of LW, and
the extraction rate —i.e. the fraction of the cattle population slaughtered
per year (see Table 2). The departmental data included the cattle pop-
ulation, herd structure, and the pasture land use (see Table 2 and Ap-
pendix F). For future scenarios, we analyze the potential evolution of
alternative intensification pathways, where Apgy is calculated by

7 Where monogastric animals can rely on feed crops for nutrition, ruminants
require forage from pastures or crop residues, possibly supplemented with crop-
based feed depending on the production system.
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equation (10) (see section 2.5).

In terms of monogastric livestock, the demand for feed crops
(PRODyggp) is calculated by the supply of monogastric product (PROD-
Mono), the feed conversion rate (FCR) - i.e. the dry matter feed intake
per unit carcass weight (CW) edible product, and the feed composition
factor (FCO) - i.e. the share of each feed crop in the total feed intake per
livestock type (see equation (11) and Table 2).

In relation to the land use for fiber, Apry is calculated by the per
capita demand for industrial roundwood (DEMyoop), POP, SSR and the
yield of commerecial forestry plantations (Ywoop) (see equation (12) and
Table 1).

PRODp0p = DEMroop X POP x (1+LOSS) x SSR 8
Ackp =PRODcrop X Yopop 9
Apsy = PRODgpgr X SYS x DF ™! x EFF™! 10
PROD gz = PRODyono X FCR x FCO 11
Arry =DEMyoop X POP X SSR X Yybop 12

2.3. Land suitability allocation

As explained above, our statistical land balancing approach falls
short of prioritizing the allocation of food production to the lands of the
highest soil quality, as proposed by other studies (e.g. Smeets et al. [8]).
However, it could indicate the general potential for agricultural pro-
ductivity increase per region on the long-term. Accordingly, we applied
a ‘food first’ principle by ensuring that the demand for food, feed and
fiber is met prior to any bioenergy crop production. However, we
consider that the question of whether to grow food or biomass crops in a
location of a given land quality is determined by farmers’ choices.

In practice, we handled land suitability via a two-step protocol (see
Fig. 3). First, the surplus land per department was estimated by the
statistical land balancing approach (section 2.2), based on average crop
yields per department. Second, the surplus land was disaggregated into
suitability classes solely for the energy crops considered in the analysis.

Datasets of land suitability per department were retrieved from
SIPRA [100] and consortium CUE [101] (see Appendix G), dis-
tinguishing between four classes: Very suitable (VS), Moderately suit-
able (MS), Marginally suitable (GS), and Not suitable (NS). The
disaggregation was conducted based on two rules:

e the area of land available for biomass (Apjo) is restricted to that of the
surplus land (Asgp) and the total suitable land for bioenergy crops
(Asyr), whichever smaller; where the latter is the sum of the areas of
lands of the VS, MS, and GS suitability classes (SCL).

o the disaggregation of Apjp maintains the same proportions of each
suitability class with respect to Agyr.

2.4. Biomass cost-supply potential

Sections 2.4.1 and 2.4.2 explain the assessment of energy crops and
residues potential, respectively.

2.4.1. Dedicated energy crops

The supply potential of energy crops (EP.CRP) per land suitability
class was calculated by the corresponding area of available land (Ag;o),
associated yield (Y), moisture content (M), lower heating value (LHV)
and a harvesting index (HI) —i.e. the fraction of product compared to the
whole plant on mass basis, for yields reported on product basis (see
equation (13), adapted from de Wit and Faaij [66]). We considered three
energy crops for the analysis (see Table 3). Sugarcane and oil palm are
currently used for biofuels in Colombia. Eucalyptus (grandis), currently
grown for roundwood, is taken as representative of woody biomass.
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Table 1

Baseline projections of food and industrial roundwood demand, self-sufficiency, losses, and population.
Food demand * (kg cap 'y 1) 2013 2030 2050 Self-sufficiency — SSR (—) Calibration factor (—) Losses (%)
Meat
Bovine " 16.4 19.1 21.5 1.05 0.9 22%
Pork 6.5 7.6 8.5 0.77 1.5
Poultry 27.6 321 36.2 0.96 1.2
Cereals
Rice (milled) 28.0 28.8 29.2 0.90 1.0 20-28%
Wheat 29.8 30.6 31.0 0.01 1.0
Maize 30.2 31.0 31.4 0.33 0.8
Roots and tubers
Potato 33.5 33.5 34.0 0.95 0.7 40%
Cassava 38.5 38.5 39.1 0.99 1.2
Sugars
From sugarcane 33.2 33.2 32.4 1.24 1.0 28%
From jaggery (panela) 24.5 24.5 23.9 1.00 0.9
Vegetable oils
Palm oil 6.9 7.7 8.1 1.06 1.1 18-19%
Soybean oil 5.7 6.3 6.7 0.23 1.2
Others
Banana 10.6 11.4 121 3.80 3.1 55%
Plantain 53.1 57.4 61.0 1.02 1.0
Coffee 1.7 1.8 1.9 7.42 1.4 19%
Cocoa 0.90 1.00 1.00 1.04 0.8
Industrial roundwood demand © (m® cap~! y 1) 0.11 0.16 0.16 0.73
Population 4 (millions) 47.3 56.5 62.9

@ References for food demand: Current food consumption per capita was retrieved from the national food balance reported by the Food Agricultural Organization
(FAO) statistics [77]. Baseline diet per capita projections were based on the growth rates per commodity group for Latin America and Caribbean, reported by
Alexandratos and Bruinsma [78]. For the scenario analysis see section 2.5. The SSR per food commodity was calculated from the national trade balance in 2013, as
reported by FAO statistics [77]. The SSR was assumed to remain constant for future projections. A calibration factor was used to calibrate the projections of [78] with
respect to 2013 historical data [77]. Losses per commodity group were based on constant estimates for Latin America and Caribbean, retrieved from FAO [79]. For feed
crops, losses at the consumption phase were excluded.

Y The scope of animal products in this analysis is limited to meat. In Colombia, the dairy cow population is small and breeding of cows for double purpose is a
common practice.

¢ The demand for industrial roundwood and the self-sufficiency ratio are based on the “commercial potential of reforestation” consortium (PROFOR) [80]. The
average yield of roundwood production from forestry plantations is 25 m® ha™! based on PROFOR [81].

d Current population was retrieved from the World Bank [82]; the baseline projection was based on the Shared Socioeconomic Pathways (SSP) database, SSP2
scenario [83,84]. The departmental distribution is based on the national administrative department of statistics (DANE) [85] (see the dataset in Appendix D). For the
scenario analysis see section 2.5.

The cost structure of crops production (Ccgp) included land rental The RPR was empirically calculated as a function of yields where such
(Crand), fertilizer use (Crers), labor (Crapor), and capital & other costs correlations could be established and otherwise assumed constant [71]
(Ccapitar) (see equation (14) and the main data for Colombia in Table 4). (see Table 5). The ecological potential (SP.RSD.AGRgco) was calculated
Considering land, Crqnq per suitability class was calculated by the cor- by equation (18), considering the minimum amount of residues required
responding Apjo and the annual rental prices per hectare (Prqnq) (equa- to stay at the fields to maintain soil organic carbon (2.5 tyet ha™1) [71].
tion (15)). With respect to fertilizers, Crei per suitability class was Finally, the bioenergy potential of available agricultural residues po-
calculated by the corresponding Agjo, the crop-specific nutrient input tential (EP.RSD.AGRgjp) was calculated based on the ecological poten-
per hectare (N) and the corresponding price (Prer,) (equation (16)). We tial, moisture and heat content per type of residue (equation (19)).
considered three nutrient compounds commonly used in Colombia, Regarding forestry residues, the theoretical potential included field
namely Urea (46% N), Diammonium phosphate (DAP: 18% N and 46% logging of commercial forestry plantations, as well as sawmilling resi-
P,0s), and KCl (60% K). dues of industrial wood. The ecological potential was determined as a

In relation to Crapor and Ccgpirar, these were based on Colombian crop- fraction of the theoretical potential, assuming that 40% of the residues
specific data [81,102,103]. The capital cost of establishment includes stay in the field [71]. The ecological potential of field residues was
land preparation, (irrigation) infrastructure and mechanization, among assumed to be available for bioenergy, while process residues were
others. Other expenses represented administrative and contingency considered to be utilized by their existing markets [33].
costs. The cost structure of agricultural residues included harvesting, op-

. erations, storage and drying and transport; whereas that cost of forestry
EP.CRProp, sc. = Ano sct. X Yerop, scu X (1= Merop) X LHVerop X HI, - 13 residues included forwarding, chipping and compression, additional
costs and transport [71] (see Table 6).
Cerp = Crand + Crerii. + Cravor + Ceapitai 14
SP.RSD.AGRyyiz0 = PRODcrop X RPRgsp rvpe 17
Cland scr. =Apio scr. X Prana sci. 15
SP.RSD.AGRco = max|[SP.RSD.AGRyyzo — (2.5 X Acgp)] 18
Creni. sc. =Agio scr. X Nscr X Prerii. 16

EP.RSD.AGRyo = SP.RSD.AGRgco X (1 — Mrsprype) X LHVrsp rvpe 19

2.4.2. Agricultural and forestry residues
Considering agricultural residues, the theoretical supply potential
(SP.RSD.AGRTyE0) per department on wet mass basis was calculated by 2.5. Scenario analysis

PRODcgop and the residue-to—-product ratio (RPR) (see equation (17)).
The availability of biomass depends on several uncertain factors, the
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Table 2
Overview of the livestock production system definitions, efficiency parameters
and their current values.

Cattle production systems per level of Pig Poultry
technology * ” meat © meat ©

Low Medium High

Final live 383 420 450 101 2.3
weight — LW
(kg)

Carcass 79 2.0
weight — CW
(kg)

Dressing 0.53
factor — DF
=)

Extraction 0.20
rate (—)

Feed 6.1 4.5
conversion
rate — FCR
(kgrr.om
kgew)

Feed Natural
composition grasses
- FCO (%) (100%)

Improved
grasses
(100%)

Improved Maize Maize
grasses (70%) 90% 33%
and forage Soy- Sorghum
supplements bean 33%
(30%) 10% Soybean
33%

Contribution 45% 49% 6%

of

production

systems to

meat supply

- SYS (%)
Carrying 0.4 0.9 2.8

capacity —

CC (LAU

ha™h)
Land use 39 96 330

efficiency of

meat

production

— EFF (kgiw

ha™)

m

The cattle production systems are defined, based on Mahecha et al. [75] and
Delgado Rodruguez [86], as follows:e Traditional extensive: A pastoral system,
where the nutrition of cattle is mainly based on grazing of natural pastures. This
low technology system is a proxy for small scale farming, with minimal use of
animal breeding and disease control.e Improved extensive: A pastoral system,
based on partially managed grasses, use of weed control and fertilization. It
entails an intermediate technology system with partial use of preventive health
management, selective breeding and artificial insemination.e Supplemented
semi-intensive: A mixed system, based on highly managed grasses (frequent
fertilization and/or irrigation) supplemented with feed crops and residues. This
represents a high technology system: full use of preventive health management,
selective breeding, and artificial insemination.

b References for cattle production: the LW and FCO are based on Ramirez-
Contreras et al. [48]; the DF and extraction rate are retrieved from Colombian
association of cattle breeders (FEDEGAN) [87]; and the SYS is based on Mahecha
et al. [75]. The cattle population and the herd distribution per department are
based on FEDEGAN and the Colombian ministry of agriculture (MADR) [74,88,
89] (see Appendix F). The baseline pasture land use per department is based on
the national agriculturl survey (ENA) [90] and the national agricultural census
(CNA) [91], both reported by DANE (Appendix F). The reference CC per
department is calculated by the reference cattle population and reference
pasture land use, and crosschecked with the values reported by FEDEGAN for
selected departments [92]. The CC per production system per department was
used to calibrate the departmental cattle population and land use, and the na-
tional average CC per production system [75], within an error margin of 5%. The
average national CC and EFF per production system are based on own calcula-
tions, with a national average EFF of 60 kg w ha .

¢ The Colombian pig sector includes extensive and (semi-) intensive produc-
tion systems [86], where the intensive system represents more than 62% of the
national pig population [93]. For simplification, we used an overall FCR for pig
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meat and poultry meat based on current values in Central and South America, as
reported by Mekonnen and Hoekstra [94]. These values are in line with current
values for Colombia reported by O’Brien et al. [95]. The live and carcass weights
(LW and CW) are retrieved from the national administrative department of
statistics (DANE), for pigs [96] and poultry [97]. The FCO for pigs and poultry is
based on Campabadal [98] and DANE [99], respectively.

most critical of which are socioeconomic projections and the produc-
tivity of land use sectors [12]. We addressed them via a scenario analysis
[121], using the storylines and data of the Shared Socioeconomic
Pathways (SSP) framework [122]. We focused on three scenarios
(SSP1-3) which sufficiently cover wide range of uncertainty.

SSP1 depicts a progressive world with low socioeconomic challenges
to climate change mitigation and adaptation. In the case of Colombia,
this reflected upon accelerated demographic transition, increased low
carbon economic growth, and enhanced agricultural and livestock pro-
ductivity. By contrast, SSP3 projects a regionalized world which faces
high challenges to mitigation and adaptation. For Colombia, these
challenges manifest in a fast-growing population, modest economic
growth, and slow technological change, including the agricultural
sector. In between, SSP2 presents a “middle of the road” scenario with
moderate challenges and future projections that stem from the extrap-
olation of current trends.

These storylines were quantified by socioeconomic, agricultural and
livestock productivity factors. With regards to socioeconomic factors,
the main considered variables are population growth and dietary pref-
erences (affluence), led by income growth [123] (see Table 7). Consid-
ering agricultural productivity, the yield projections were estimated by
analysis of historical data and benchmarking highest yields in Colom-
bian departments and elsewhere (see Table 8).

With respect to livestock productivity, the EFF projections of cattle
production are based on Colombian studies [41,42,44,45] (see Table 9).
The SSP3 scenario represents a conventional intensification pathway,
where the productivity of intermediate technology converges to current
level of high technology monoculture pasture management. The SSP2
scenario depicts an upscaling of (i)SPS cattle breeding, in line with the
Colombian nationally appropriate mitigation actions (NAMAs) target for
the bovine sector, which is roughly 1.3 and 0.4 Mha of land for livestock
production through SPS and iSPS, respectively, based on the Colombian
strategy for low carbon development (ECDBC) [47]. The SSP1 scenario
projects wider upscaling of SPS and iSPS cattle ranching, thereby
achieving higher productivity than that in the SSP2 scenario. Consid-
ering monogastric animals, the FCR projections are based on the esti-
mates of Mekonnen and Hoekstra [94], for South America and other
regions.

3. Results

Section 3.1 provides an overview of the land use balance and
availability of surplus land. Section 3.2 illustrates the regional distri-
bution of the surplus land. Section 3.3 demonstrates the availability of
residues. Section 3.4 sketches the spatial distribution of the supply po-
tential of energy crops and residues. Section 3.5 outlines the cumulative
cost-supply potential of biomass resources.

3.1. National land use balance

Fig. 4 illustrates the national land balance projections for the AFOLU
sectors. In 2013, the land occupancy of the AFOLU sectors exceeded 90%
of the total area designated for agricultural activities, i.e. the national
agricultural frontier. The main contributor to this occupancy (about 87%)
was the production of bovine meat through extensive grazing of pasture.
Despite the net positive availability of land at national level, some de-
partments exhibited local imbalances, which manifested in deforesta-
tion (see Fig. 4). These imbalances, at a departmental level, were caused
by the land use for grazing pasture, whether solely or combined with
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Fig. 3. Illustration of the land suitability allocation protocol.

Table 3
Yields, moisture content, caloric values (on LHV basis) and harvesting index of
the assessed crops.

Crop Attainable Harvesting Moisture — Lower heating
yield-Y* index — HI M ¢ value — LHVpy ¢
GJt™h
Eucalyptus 29 m® ha™! 1.0 10% 17.6
Palm Oil 5.3 t ha ! oil 0.21 59% 27.1
Sugarcane 112 tha! 1.0 72% 17.4
fresh cane

? Yields corresponding to the VS, MS, and GS suitability classes were taken as
100%, 60% and 40% of the maximum attainable yield (Y), respectively,
following the AEZ methodology [70]. For palm oil and sugarcane, Y was based
on national weighted averages of the high yields scenario by 2050 (section 2.5).
Regional yields of eucalyptus were based on PROFOR [81]. The specific weight
of woody biomass was taken as 0.725 tpy m~2 [33].

b Reference: Palm oil extraction per fresh fruit bunch, based on Garcia-Nunez
et al. [104].

¢ Reference: Eucalyptus [105]; Sugarcane [106]. The remaining 28% is
divided into 14% sugar and 14% fibers; Palm oil is based on Garcia-Nunez et al.
[104]. The remaining 41% is divided into 21% oil, 8% empty fruit bunch, 8%
fiber and 5% shell.

d Reference: Eucalyptus and sugarcane cane are based on [106]. The energy
content of sugarcane corresponds to the LHV of its dry sugar and fiber constit-
uents (17 GJt ' and 17.8 GJ t 7, respectively). Likewise, the energy content of
palm oil fresh fruit bunch, calculated based on [33,104], corresponds to the LHV
of its dry constituents (36 GJ t ! for crude palm oil, 17.7 GJ t ! for empty fruit
bunch, 17.9 GJ t! for fiber, and 17.7 GJ t * for shell).

other land uses, exceeding the respective frontier. A notable example is
La Guajira, where the bovine CC was below 0.2 LAU ha! and the
imbalance exceeded 0.8 Mha.

For future projections, avoiding deforestation constituted a precon-
dition for any surplus land availability. In all scenarios, the extensive
grazing for bovine meat production was projected to remain the most

demanding use of land. Nevertheless, the extent of pressure exerted on
the agricultural frontier varied per intensification pathway. In SSP3 sce-
nario, limited increase in agricultural yields and conventional meat
production through managed monoculture grasses could fall short of
reversing the rate of agricultural expansion, driven by the demand for
food, feed, and fiber. Thereby, the AFOLU sectors could be exposed to
the risk of (continued) expansion into sensitive ecological zones, such as
natural forests.

In contrast, the upscaling of more sustainable intensification of meat
production, through (i)SPS, and achieving higher agricultural yields
could help meeting the demand without further expansion of agricul-
tural land. Accordingly, the land occupancy of the agricultural, live-
stock, and forestry sectors could fall below the limits of the agricultural
frontier, saving up a surplus of land, which could be available to produce
energy crops. In SSP2, such surplus of land could amount to 4 Mha by
2030, which reflects current land use policy targets (NAMA), and further
to 8 Mha by 2050. Considering higher ambitions, as reflected in SSP1, up
to 7 Mha and 14 Mha of surplus land could be available by 2030 and
2050, respectively.

3.2. Regional availability of surplus land

Fig. 5 illustrates a pareto diagram of the surplus land availability per
department. In all scenarios where surplus land could be available, the
highest potential for land availability could be observed in the eastern
plain region — Orinoquia, particularly in Vichada department, followed
by Meta, Casanare, and Arauca. These are rural departments that
embrace 36% of the total area of the national agricultural frontier. The
current occupancy of the AFOLU sectors in Vichada is low, which leaves
a room for agricultural expansion. Moreover, the land use productivity
of b?vine meat in the region is low, where the CC is merely 0.4-0.8 LAU
ha™".

On the short term (2030), above 60% of the surplus land potential
could be concentrated in Vichada department. On the longer term
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Table 4
Cost overview for land rental, fertilizers, labor, and capital expenditure for energy crop production.

Cost item * Ranges "

Land lease © ($ ha™")
Fertilizer cost ¢ ($ (10% kg)™%)

VS: 141-167 / MS: 130-154 / GS: 119-141
Urea: 54-68 / DAP: 62-81 / KCl: 61-71

Fertilizer use per crop and suitability class ¢ (kg ha™!) Eucalyptus Palm oil Sugarcane
Vs MS GS Vs Ms GS Vs MS GS
e Urea 254-281 297-328 339-375 148-163 347-348 546-604 250-445 343-539 437-633
o DAP 142-157 166-183 189-209 - - - - 52-58 104-115
e KCl 39-57 77-114 228-286 140-154 343-380 547-605 - 65-71 129-143
Eucalyptus ' Palm oil ¢ Sugarcane "
Labor ($ ha !, $t71 %) 30 * 202 91
Capital ($ ha™!) 290 710-1010 1110
O'her ($ ha™!) 108 118-147 112

2 All costs are standardized and indexed to USDyq;3 values.

b The corresponding land rental cost and fertilizer price per department are reported in Appendix H.

© Reference: own calculation based on a representative “opportunity cost of land” of 167 $ ha~! from a study on palm oil production in Colombia (Moseugera et al.
[107,108]). This figure is allocated to suitability classes and departments based on the ratings of the latter in the human development index (HDI) [109]. The HDI is an
indicator of how developed an area or country is according to factors such as life expectancy, education, and per capita income. The allocation procedure is as follows:e
The “opportunity cost” was allocated to the VS class of the department with the highest HDI rating. The cost of VS land in other departments corresponded to their HDI
ratings in relation to the highest.e The difference between the most and least expensive departmental lands in the VS class was taken as the difference between costs of
the VS and GS soil classes in each department.e The cost of the MS land was considered the average between VS and GS.

d Reference: based on DANE & MADR [110], with regional allocation for departments with unreported data. See more details and the departmental data in Appendix
H.

¢ References: Own calculation based on Colombian data [111-115]. The relation between input requirements and yields was established in two steps. First, the
recommended nutrient application per hectare was estimated as a range for each energy crop and SCL. Second, within each SCL, the fertilizer input range was linearly
allocated to departments in proportion to their yields, such that the department with the highest yield requires the highest fertilizer input. Where no intervals were
found in literature, upper and lower bounds were constructed by a variation of 5% for the reported values.

f For eucalyptus, the main reference is PROFOR [81].

8 For palm oil, the cost of labor is based on DANE [102], while the capital and other costs are based on Mosquera et al. [107,108].

" The reference for sugarcane is DANE [103]. The cost range in the case of the capital and other costs of palm oil reflect the difference between high and intermediate
levels of input and management, where the cost of the former is about 30% higher. In contrast, the capital and other costs of sugarcane and eucalyptus were based on
current practices, which we considered as intermediate technology. Accordingly, like palm oil, we assumed that the cost of high technology production of sugarcane

and eucalyptus would also be about 30% higher than the respective intermediate technology.

(2050), the surplus land could be more distributed, owing to the
increased land use productivity in the other departments. Nevertheless,
with an intermediate rate of productivity increase (SSP2), about 70% of
the surplus land could remain within the four Orinoquia departments.
Considering a higher rate of productivity (SSP1), the contribution of
Orinoquia could fall to 50%, as more land could be available in the
Andean and Caribbean regions.

3.3. Supply of agricultural and forestry residues

Fig. 6 shows the uses and availability of residues. In the base year,
the theoretical potential of agricultural and forestry residues was esti-
mated at 440 PJ. Of this potential, at least 19% was deemed necessary to
stay in the field to maintain soil organic carbon. By 2050, the theoretical
potential is projected to increase by 20%, 30% and 44% in SSP1, SSP2
and SSP3, respectively. The main driver of this increase is the growing
production volumes of the main products. Despite the growth of the
theoretical potential, the minimum fraction of residues required for soil
replenishment is projected to decrease to 15%, 16% and 17% in SSP1,
SSP2, and SSP3, respectively. These reductions reflect the effect of
achieving higher yields, thereby reducing the surface area of productive
land fields, where residues are required to stay. Moreover, about 3% of
the residues, which are generated at sawmills, could be required for
other uses. Accordingly, the available potential of residues is projected
to reach about 435 PJ, 465 PJ, and 505 PJ in SSP1, SSP2, and SSP3,
respectively.

3.4. Spatial distribution of biomass resources

Fig. 7 shows the spatial distribution maps of the energy crops and
residues, in terms of the supply potential (a), and the cost of supply (b).
The maps focus on the SSP1 2050 scenario, which portrays the highest
distinction between departments.

Regarding energy crops, the supply potential could be highest in the
Orinoquia eastern plains, owing to their capacity for generating surplus
land. This region could provide half of the potential for eucalyptus and
oil palm, and about 40% for sugarcane.

Remarkably, some departments in the Andean region (Antioquia and
Santander) and the Caribbean region (Cesar, Magdalena and Cordoba)
demonstrated a competitive supply potential of energy crops than de-
partments in Orinoquia (Arauca and Casanare), despite the lower
availability of surplus land in the former. This is mainly due to the soil
suitability in Orinoquia being much lower than in the Andean and
Caribbean regions. Thus, the achievable yields in these regions could, at
least partially, compensate for the limited availability of surplus land.

Considering the cost of supply, some departments in the Andean,
Caribbean, and Orinoquia regions could stand out as promising pro-
duction centers of low cost perennial crop value chains. A prominent
example is Vichada (Orinoquia), where a very high potential (>400 PJ)
of woody biomass and oil palm could be available at a low (<10 $ GJ _1)
and intermediate (10-15 $ GJ1) production cost, respectively. More-
over, Meta (Orinoquia) and Antioquia (Anean), could become high
supply centers (>200 PJ each) of woody biomass and sugarcane at a cost
below 10 $ GJ~ L. The production of oil palm in these departments could
be considerable, however with a trade-off between the supply potential
and cost.

Furthermore, some other could have an intermediate supply poten-
tial (100-200 PJ) at a low cost (<10 $ GJ™1). Notable examples of this
category are Santander (Andean) for all the considered crops; Arauca
and Casanare (Orinoquia) and Magdalena (Caribbean) for woody
biomass and sugarcane; and Cesar (Caribbean) for sugarcane and oil
palm.

With respect to agricultural and forestry residues, the main supply
centers could be found in the Pacific region, particularly in Valle del
Cauca and to some extent Cauca departments, where the largescale
sugarcane industry is concentrated. Moreover, the Andean departments
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Table 5
Types of residues, residue to product ratio, physical properties (moisture and
density) and lower heating values.

Agricultural residues

Crop Residue Residue-to-product ratio Moisture -  Lower
type — RPR Value — [formula] M (%) heating
(=) value - LHV
GIt™hH
Rice straw 1.94° —[-0.925 x In(Y) 9% ¢ 17.26 ¢
+3.11]°¢
husk 0.25" 11% ¢ 16.42 ¢
Wheat straw 1.30°—[-0.281 x In(Y) 9% ¢ 18.20 ¢
+1.45]
Maize stalks 1.31 " —[-0.138xIn(Y) 8% ¢ 17.55 ¢
+1.23] ¢
cob 0.27 " 8% ¢ 16.15 ¢
husk 0.20 " 7% " 16.83 "
Potato straw 0.96 © 11% © 13.50 ¢
Cassava straw 0.06 " 15% 17.50
Sugarcane  tops and 0.36  — [-0.18 x In(Y) 47% " 17.24"
leaves +0.60] ¢
bagasse 0.31° 48% " 17.25 "
Panela tops and 4.01°% 47%° 17.24 "
leaves
bagasse 2.28¢ 48% " 17.25 "
Palm oil empty 0.22" 65% " 19.27 ¢
fruit
bunch
fiber 0.13" 35% " 19.22¢
shell 0.06 " 14% " 19.24 ¢
Coffee stem 3.18° 20% ° 19.05 "
pulp 2.33° 71% ° 16.85 "
husk 0.22° 11% ¢ 19.71 ¢
Banana stem 5.60 ' 96% ' 11.66 '
leaves 0.35' 83% 11.37°
Plantain stem 4.04" 95% ' 10.89'
leaves 0.34"' 80% ' 11.30"'
Forestry residues
Forest biome Residue-to-product Density Lower
ratio - RPR (-) (tomy m3)  heating
value -
LHV (GJ
t™h
Tropical forest wood 052" 0.72 ¢ 18.50 "

plantation ¢

¢ The assessment of the forestry residues in this analysis is limited to those
associated with industrial roundwood production; thus it can be rather
conservative.

? For dynamic RPR values (RPRyyy), the empirical formulae were applied to
crop groups and not crops. Accordingly, a calibration procedure was introduced
so that the national weighted average RPR in the base year (RPRy 4y, py) matches
with the national values reported in literature (RPR;,p.). The following formula
was used: RPRgyn. = RPRuncaiiv. X RPRygp. X RPRytaypy !. . Yields are in t ha L.

b Reference: Gonzalez-Salazar et al. [33].

¢ Daioglou et al. [71].

4 TNO Phyllis database [105].

¢ Gao etal. [116].

f Koopmans and Koppejan [117].

8 UPME [36].

h Garcia-Nunez et al. [104], and.

i Rodriguez Caceres et al. [118].

of Antioquia and Santander could host another supply center owing to
their high agricultural production volumes. The cost of supply could be
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Table 6
Breakdown of the cost structure for agricultural and forestry residues.

Agricultural residues” Forestry residues”

Harvest cost 57.6 $ha~!  Forwarding 0.7$GJ!
Operations (hauling, nutrient 1.8$GJ? Chipping/ 1.4$GJ!
substitution) compressing

Storage and drying 1.4$GJ?! Additional costs 0.6 $GJ!

Transportb 0.4-0.7 $ Traﬂsportb 0.4-0.7 $
GJ! GJt

Total cost ranges 2.4-78% Total cost ranges  3.0-3.5 %
Gyt GJ*

@ Reference: Daioglou et al. [71]. The lower bound in the total cost ranges
corresponds to agro-industrial residues. Costs are reported by source per unit
energy on higher heating value (HHV) basis. These were converted to LHV basis
based on the formula: LHV = HHV x (1 —M) — 2.447 x M [119].

b For the transport of residues, a truck based system was assumed with a cost
of 0.014 $ GJ.km™! [71] and an economical traveling distance range of 25-50
km [120].The distance range is allocated to the departments in inverse relation
to the population density, through an exponential function [71].

generally low (<4 $ GJ™1) except for remote rural areas, mainly in the
Amazon region.

3.5. Overall biomass cost-supply potential

Fig. 8 presents an overview of the national cost-supply potential for
the production of alternative energy crops on surplus land (eucalyptus,
oil palm, and sugarcane),’ as well as the potential for agricultural and
forestry residues associated with food and fiber production, for all sce-
narios by 2030 and 2050.

In the conservative land use productivity scenario (SSP3), only res-
idues are considered since no land is projected to be available for energy
crops. Their cumulative potential could amount to 500 PJ by 2050, half
of which could be available at 3.1 $ GJ! or less.

Considering the intermediate productivity scenario (SSP2), the sup-
ply of residues could be complemented with energy crops on surplus
land. The cumulative potential of crops could amount up to 600 PJ on
the short term (2030) and possibly double on the longer term (2050).
However, most of this potential is projected to be available in the eastern
region, where the soil productivity is low, and the production cost is
likely to exceed 8 $ GJ*.

Regarding the high productivity scenario (SSP1), the short-term
potential for energy crops could remain concentrated in the eastern
region, where the estimated production cost is costly. However, the
higher availability of surplus land in this scenario, compared to SSP2,
could enable a higher cumulative potential up to 1000 PJ by 2030. On
the longer term, more economic potential could be identified in the
Andean and Caribbean regions. Thus, a cumulative potential up to 2200
PJ could be achieved by 2050, where about half of this potential could
be attained at 7 $ GJ ! or less.

4. Discussion

To the best of our knowledge, this study is one of the first attempts to:
a) estimate, within a single framework, the supply potential for both
energy crops on surplus land and residues in Colombia, b) consider the
impacts of recent trends in livestock production and land use policies on

8 Note that the energy content of 1G crops not only includes oil and sugar but
also the associated residues. These residues are typically separated from the
main product at the mills, and hence are assumed to be available at no addi-
tional cost. In this analysis, the production cost is distributed among the crops
and the residues. The rationale behind this is to demonstrate an optimized use
of dedicated purpose—-grown crops by accounting for their total energy harvest.
However, the quality of lignocellulosic residues is less than the main products
and hence their valorization requires more processing.



A. Younis et al. Biomass and Bioenergy 150 (2021) 106096

Table 7
Projections of socioeconomic scenario variables (population, economic growth, and food demand per capita).
Socioeconomic variables Current SSP1 SSP2 SSP3
2013 2030 2050 2030 2050 2030 2050
Population * (thousands) 47,343 54,538 57,473 56,453 62,925 58,809 70,671
GDP PPP a (billion $ y-1) 599 1147 2388 1088 1945 1046 1517
Diet ” (keal cap ' day 1) 2500 2663 2835 2631 2720 2601 2584

@ The current population and future projections are based on the World Bank [82] and the SSP database [83,84], respectively. Likewise, the current Gross Domestic
Product (GDP) Purchasing Power Parity (PPP) and future projections are based on the World Bank [124] and the SSP database [83,84], respectively.

b The diet per capita (proxy for affluence) is presented by the aggregated nutritional value of the food items considered in this analysis (Table 1), based on the food
composition factors reported by the Dutch food composition database (NEVO) [125]. The per capita diet projections (DEMpoop) are calculated as follows:e In case of
SSP2, DEMpoop corresponds to the business-as-usual projections (see Table 1).e For SSP1 and SSP3, DEMrqop is calculated from that of SSP2, based on the relative
differences in GDP per capita (GDP.q,) and an income elasticity factor of food consumption (taken as 0.14 [126]), as per the equation.DEMroopsspx = DEMroopsspa X

<G D. PCdPsspx> elasticity
GDPeapgspy
Table 8 Table 9
Current weighted average national crop yields in the base year and future pro- Livestock land use productivity and feed conversion efficiency in the base year
jections per scenario. and future scenarios.
Crop yields * (t ha™ 1) Base year SSP1 2050 SSP2 2050 SSP3 2050 Livestock productivity variables Base SSP1 SSP2 SSP3
Rice 5.0 77 73 6.8 year 2050 2050 2050
Maize 3.5 7.0 6.1 5.2 Bovine meat *
Potato 18.6 32.2 28.5 24.8 Land use efficiency of meat production — EFF (kg;w ha™?)
Soy 2.7 4.0 3.2 2.5 e Low technology 39 78 68 57
Wheat 1.7 2.8 2.2 1.7 o Intermediate technology 96 342 329 329
Sorghum 3.5 5.0 4.3 3.5 e High technology 329 827 712 329
Banana 32.0 46.8 30.0 12.3 Dressing factor — DF (—) 0.53 0.57 0.55 0.53
Cocoa 0.5 0.8 0.8 0.6 Pig meat
Coffee 0.9 1.5 1.3 1.1 Feed conversion rate — FCR  (kgpyy 6.1 4.1 5.2 5.8
Jaggery 6.0 14.7 11.0 7.2 kgcw)
Sugarcane 111.6 154.4 130.4 106.5 Poultry meat b
Palm oil 3.2 5.2 4.7 4.2 Feed conversion rate — FCR  (kgpyy 4.5 3.4 3.6 4.2
Plantain 9.2 17.8 14.5 11.2 Kgproduct)
Cassava 11.4 23.7 19.2 14.8 a . . . ,
References for the land use efficiency scenarios of bovine meat production
# Current national weighted average yields are based on MADR [74] (see systems:e The low technology system is based on extensive grazing of natural
departmental data in Appendix E). The attainable yields by 2050 in SSP1 were degraded pastures. This system is characterized by low density of biomass for
set to the highest yield recorded by any department from the historical dataset. feed, about 960 kgpy ha ™!y}, and low daily weight gain per animal, below 0.4

To validate the plausibility of achieving these levels, we compared the yield kg day ™! [41]. The CC in this system ranges between 0.5 and 0.8 LAU ha™!. The
growth rates per crop to the highest achieved in Latin America and globally. The EFF in SSP1, SSP2, and SSP3 is based on Gaviria et al. [44], Calle et al. [41] and

yields in SSP2 represented an average case between SSP1 and SSP3. The yield Cuartas et al. [42].e The intermediate technology system is based on extensive
projections in SSP3 were determined from historical yields by means of time grazing of improved pastures. Compared to traditional grazing, this system ex-
series forecasting, using an exponential smoothing algorithm [127]. Historical hibits higher density of feed intake, about 2900 kgpy ha! y’1 and daily weight
yields were obtained from national weighted average yields of departmental gain per animal of 0.6 kg day '. Thus, the CC in this system can reach between
production between 1987 and 2015 [74]. The nationally determined growth 1.5 and 2.3 LAU ha™'. The EFF in SSP1 is based on Gaviria et al. [44], while in
rates were applied to the current yields in each department. SSP2-3 is based on Calle et al. [41]. Apart from improved monoculture pastures,

we also account for the SPS as an intermediate technology since it achieves
-1 .
the biomass potential, c) emphasize the differentiation of the potential comparable level of CC (2-3 LAU ha™) [47]. Despite the comparable produ-
at a departmental level, and d) account for the cost of biomass supply. tivity of both systems, the SPS relies more on natural processes and requires
Our results show that pursuing ambitious GHG mitigation targets in much less external input; therefore, it performs better on GHG emissions.
. . H , the GHG bal lies b h £ .e The high
the land use sector, by upscaling agroforestry production systems, could owever, the GHG balance lies beyond the scope of our study.s The hig

1 ity f itigation in th b technology production in SSP1 and SSP2 is based on iSPS, which combines
? $0 Cre.ate an opp'ortu.n.lty or GHG mitigation .1n the energy sector, by fodder grasses or leguminous herbs with shrubs and trees for animal nutrition
increasing the availability of land to produce bioenergy crops.

cave . - [76]. This system can provide a nutritional intake of 7760 kgpy ha™! y~! and
In an optimistic trajectory (SSP1 scenario), up to 14 Mha of land daily weight gain per animal of 0.8 kg day ' [41]. Accordingly, the corre-
could become available on the long term (2050). The corresponding sponding CC can reach 3.5-4 LAU ha~'. The EFF in SSP1 and SSP2 is based on

biomass potential could reach up to 2200 PJ, exceeding present day total Gaviria et al. [44] and Naranjo et al. [45].Regarding DF, the current value is
primary energy supply in Colombia, where half of this potential could be based on FEDEGAN statistics [87] and is assumed to remain in SSP3 scenario.
attainable at 7 $ GJ ™! or less. In a moderate trajectory (SSP2), up to 8 Future projections in SSP1 and SSP2 resemble current levels achieved in

Mha could be available, supporting a supply of 1200 PJ from perennial Arbgentina and Brazil, respectively, as reported by FEDEGAN [128].
bioenergy crops. These potentials could complement the biomass po- The FCR values for pigs and poultry are based on Mekonnen and Hoekstra
tential from residues. On the other hand. pursuing a conventional [94]. Current level is an average value for Central and South America; whereas
. ’ . » P g . in SSP1, SSP2, and SSP3, it is assumed to converge towards the levels in North
pathway of agricultural production (SSP3) could lead to continued . .
. N ) N America, Western Europe, and world average, respectively.

deforestation. In this case, no land would be available for bioenergy
crops, and the supply potential of biomass could be limited to that of
residues, about 500 PJ. On a regional level, potential supply centers
could be identified in Orinoquia, Andean, and Caribbean regions for
energy crops and the Pacific region for residues.

To put the results into context, we address below the limitations and

uncertainties of our analysis (section 4.1), the sustainability consider-
ations of biomass production (section 4.2), and the implications of the
results for the land use and energy policy landscapes (section 4.3).
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Fig. 4. Land balance of the agriculture, livestock, and forestry sectors, in relation to the agricultural frontier (Mha).
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Fig. 5. Surplus land availability per department (kha) and the cumulative contribution to the total surplus land in SSP1 and SSP2 scenarios. Note that in SSP3
scenario no surplus land is projected to be available.

lacks the capacity for a spatially explicit allocation of food and biomass
crops. Accordingly, while meeting the ‘food first” principle at a depart-
mental level, we considered biomass production as an equal option to

4.1. Uncertainties and limitations

As established earlier, the hybrid method proposed in this analysis

12
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Fig. 6. Theoretical and available potential of agricultural and forestry residues (PJ).
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Fig. 7. a) Spatial distribution of the supply potential of energy crops and residues in SSP1 2050 scenario (PJ); and b) Spatial distribution of the cost of supply of
energy crops and residues in SSP1 2050 scenario ($ GJ~!); where AN: Andean region, CA: Caribbean region, OR: Orinoquia eastern plains region, and PA: Pa-
cific region.

food crops from a farmer’s perspective. Had the production of food been degraded pastures in dry and semi-humid tropical regions in Colombia

prioritized on the lands of the highest soil quality, following Smeets et al. towards (i)SPS increased the productivity of meat from 85 to 126 kgrw
[8], the land use of food would have been less. Thereby, more land ha™! to 1034-1187 kgpw ha~! within the span of nine years. When
would have been available for bioenergy crops, although most of which applied to pastures of better condition, in Mexico, the meat production
of marginal quality. These effects are counteractive, and thus are ex- increased from 341 to 2670 kgrw ha L. However, the success of iSPS
pected to have a little influence on the magnitude of the estimated ultimately depends on the adequate selection of the plant species,
biomass potential. especially the fodder shrub which represents the backbone of the system

Reflecting on the productivity and upscaling potential of (i)SPS, [41]. In Colombia, the combined suitability of three species of (i)SPS
Chara et al. [40] reported that the transformation of cattle ranching on exceeds 10 Mha, and possibly higher when sub-optimal conditions are
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Fig. 8. National cost-supply potential of alternative dedicated energy crops on surplus land and that of the agricultural and forestry residues associated with food
and fiber production, a) for 2030 and b) for 2050 scenario projections. The energy potentials of the whole sugarcane and palm oil harvest include the corresponding
sugars and oils as well as the lignocellulosic material (sugarcane bagasse and oil palm fresh fruit bunches, fiber, and shells) which is usually separated in processing
mills. The cost of crop supply is based on farm gate, thus excludes the cost of transport and milling.

also considered [40,47]. Accordingly, the potential for upscaling of iSPS
could be realistic, although its realization will require more detailed
analysis at local level.

An inherent limitation of the resource—focused bottom-up approach
used in this analysis lies in its incapacity to consider indirect and
induced effects beyond the defined system boundaries [32], e.g. price
responses and rebound effects in interaction with agricultural and en-
ergy markets [129-131]. These feedbacks within the economic (and
biophysical) system(s) could be better analyzed through CGE (and IAM)
models [32].

Stringent GHG mitigation targets in line with the Paris agreement
could stimulate the demand for international bioenergy trade, where
Latin America is projected to become an important net exporter [132].
The capacity of bioenergy to deliver the anticipated net climate benefit
in a sustainable way will require case- and site-specific investigation
[133].

The role of the AFOLU sector in delivering land-based GHG miti-
gation and supplying biomass is closely tied to the sustainable devel-
opment goals (SDGs) agenda. Frank et al. [134] found that achieving
SDG goals for Zero Hunger, Clean Water and Sanitation, Responsible
Production and Consumption, and Life on Land could be in synergy with
GHG abatement. However, protecting highly biodiverse ecosystems
could reduce the potential of biomass by up to 30%, especially in Latin
America, due to the high share of dedicated energy plantations in the
supply potential. Future research could explicitly address the net GHG
emission savings of different land use scenarios and the role of SDGs at
national level.

Considering key uncertainties, dietary choice is an important factor
that was outside the scope of this analysis. As population growth tends to
stabilize, the highest pressor on land is projected to be the transition
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towards more affluent diets, especially in emerging economies [135,
136]. In this research, we explored the potential of reducing the land
required for (meat-based) affluent diets by optimizing the feed
composition of livestock. However, we neglected options such as shift-
ing towards meat with a lower land requirement or towards a more
vegetarian diet [137].

To understand the role of dietary changes on our results, we analyzed
the effect of partial substitution of bovine meat with pig and poultry
meat.” We compared this factor to other parameters on the demand side,
supply chain, and production of bovine meat, in terms of their influence
on the availability of surplus land in SSP2 2050 scenario (see Fig. 9).

The results of the sensitivity analysis suggest that dietary choice
could have a crucial impact on land use, compared to other factors,
where substituting 10% of the protein intake from bovine meat with pig
and poultry meat could increase the land that could be released by 75%.
Accordingly, reducing the consumption of bovine meat could potentially
reduce the trade-off between the land use and GHG emissions of agri-
culture (see section 4.2), while increasing land availability for bioenergy
crops or nature reserves [136,138]. These results agree with recent
‘dietary shift’ literature, which anticipated the transition towards
healthy diets within planetary boundaries in Colombia and other
developing countries, as opposed to baseline or average western diets, to
achieve remarkable reductions, not only in AFOLU related GHG emis-
sions [139], but also the respective fresh water footprint [140]. How-
ever, the question of responsible consumption extends beyond national

 The substitution of meat products was considered at a constant level of
protein intake, based on conversion factors of 148, 108, and 104 gprotein
kgg}oduct for bovine, pig, and poultry meat, respectively [153].
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Sensitivity analysis
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borders, where about one-third of the tropical deforestation-related
emissions could be attributed to international agricultural and forestry
trade [141].

4.2. The sustainability of agricultural intensification and biomass
production

Some studies highlighted the trade-off between reducing the use of
arable land, via achieving higher crop yields, and increasing the use of
nitrogen fertilizer [142]. Such a trade-off could be augmented in
emerging economies, owing to their transition from basic diets towards
more affluence [143]. The excessive application of synthetic nitrogen
could incur negative implications for water and air quality and GHG
emissions [144]. These concerns also apply to the large scale production
of bioenergy crops [145].

To address these sustainability concerns, we explored the potential
role of livestock intensification through (i)SPS agroforestry systems.
These systems rely on natural processes for increasing the productivity
of forage supply for animal nutrition, thus eliminating the need for
chemical fertilizer input [44]. On the contrary, these systems have been
found to reduce soil erosion and improve nutrient fixation in the soil
[28], recover ecological processes and biodiversity [146], and record a
net negative GHG emission balance of cattle production [45].

Regarding perennial bioenergy crops, their GHG balance is much
more dependent on the changes in soil carbon stock, which is influenced
by site selection, than the nitrogen-induced emissions [147]. Ramir-
ez—Contreras [48] deduced that the intensification of livestock produc-
tion, through iSPS, in the Orinoquia region, and the use of surplus land
for bioenergy crop production could result in carbon sequestration in the
soil and a net negative GHG emission balance for the production food
and bioenergy crops, compared to baseline land use patterns. This is a
rather interesting outcome, considering the concentration of the
biomass supply potential in this region, from a national perspective, as
indicated by our analysis.

4.3. The implications for the Colombian land use and energy landscape

Previous assessments of the supply potential of biomass in Colombia
have mostly limited their scope to residues (e.g. Refs. [33-36]). In
comparison, our estimates of the residues are rather conservative.
However, we argue that the potential for perennial crops, as a comple-
mentary resource that is often neglected by previous studies, could
exceed the estimates of residues, including the more optimistic figures.
The mobilization of such potential for bioenergy crops could provide a

Biomass and Bioenergy 150 (2021) 106096

Fig. 9. Sensitivity the availability of surplus land
availability to the normalized change of key de-
mand, supply chain, and production indicators in
SSP2 2050 scenario. Demand indicators include
population and the substitution of protein intake
from bovine meat with pig and poultry meat. Sup-
ply chain indicators include the self-sufficiency and
losses of bovine meat production and consumption.
—+—Population Production indicators include the land use produc-
Self-sufficiancy tivity of the intermediate technology (SPS) and high
technology (iSPS) systems, and their respective
contribution to the total meat production.

—= Protein substitution

Losses
—&— High tech. productivity
—il— Mid tech. productivity
== High tech. cantribution
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cost—efficient trajectory for achieving deep GHG emission reduction in
the Colombian energy sector and producing biochemicals [6].

Regarding the land availability for biomass, our results show that the
land use productivity potential estimated by Jimenez [38], leading to a
surplus land of 19 Mha by 2030, may not be realistic within such time
frame. By contrast, our projections of the current policy scenario (SSP2)
are consistent with the NAMA target to reduce the GHG emissions of the
bovine sector, where about 4 Mha of land is projected to be released for
“other purposes” [47]. However, no direct link is established between
this target and the GHG mitigation target of the energy sector. In this
context, our results could help identify opportunities to synergize be-
tween the GHG mitigation and sustainable development goals of the
land use and energy sectors, in relation to the development of a low
carbon bio-based economy.

To realize such potential, some challenges and considerations should
be addressed, including the establishment of sustainability standards
that emphasize biodiversity conservation, the creation of employment
opportunities, and rural development issues, particularly the investment
in infrastructure and resolving land ownership issues [148]. Our anal-
ysis confirms these concerns, since it demonstrated that much of the
biomass supply potential could be available in rural regions.

Further research could combine this resource—focused approach with
a demand-driven approach, to analyze the potential of sustainable
biomass value chains within a holistic framework.

5. Conclusion

In this paper, we demonstrated a hybrid biomass resource assessment
tool of an intermediate resolution, between aggregated global assess-
ment models and advanced spatially explicit models. Thereby, our
regionalized method could provide a reasonable level of detalil,
compared to the former, while avoiding the complexity and data in-
tensity of the latter models, which tend to be unreliable for long term
projections.

This tool could be applied for initial screening and mapping of re-
gions which could benefit from further detailed analysis. The adminis-
trative division could be flexibly scaled up or down, e.g. to countries
within a continent, or municipalities within a province, subject to data
availability. The represented land use categories could be adjusted to the
case study. The modular nature of the tool enables incremental im-
provements and the expansion of its scope, e.g. to estimate the energy
intensity and GHG balance of alternative agricultural intensification
pathways.

Compared to previous hybrid assessments, we presented a novel
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procedure to handle the allocation of land use under conditions of
expansion. This amendment increases the relevance of the hybrid
approach to developing countries in demographic transition. Many of
these countries, in Latin America, Southeast Asia, and sub-Saharan Af-
rica, are in the heart of the debate over the global supply potential of
biomass, the global land use-related GHG emissions, and the balance
between climate change mitigation and other sustainable development
goals.
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