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Abstract

Agricultural residues, a renewable source of energy, are widely available in Bolivia. Using
agricultural residues to generate electricity on a large scale could decrease dependence on fossil
fuels and provide a secure energy supply. Although the country depends on natural gas to
generate electricity, the share of renewable energies in the power portfolio is expected to
increase from 36% in 2015 to 78% in 2025. A significant portion will be covered by hydro,
followed by solar and wind. However, there are currently no initiatives that consider using
biomass to generate electricity on a large scale. The present study is focused on electricity
generation in Bolivia using agricultural residues. Most of the time, agricultural residues are left
on fields for soil conservation or simply burned, thereby increasing air pollution. Through a
biomass quantification process, this study estimated biomass availability to be 3.8 M dry t/yr.
The biomass logistics involve collecting and baling the dispersed agricultural residues and
moving the bales to biomass collection points (BCPs) for truck pick-up and further delivery to
the energy conversion facility. A framework was developed in a GIS environment for locating
BCPs considering biomass yield variation and proximity to road networks. The framework was
applied to Bolivia, and 107 BCPs were sited to collect altogether 1.5 M dry t/yr. In order to
assess the suitability of sites for bioenergy facilities, social, environmental, and economic factors
were considered in GIS-based models. Since biomass transportation is a key parameter, mostly
due to associated emissions and costs, a network analysis was conducted to optimally locate
bioenergy facilities such that the weighted transportation distance was minimized. The
conversion technology considered was combustion (grate-firing and fluidized bed). The levelized

cost of electricity (LCOE), considered as an economic indicator, includes only the feedstock
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cost, capital cost, and operating and maintenance cost so that it can be compared with existing
studies and technologies. The LCOE was estimated for a wide range of plant sizes (10-600 MW).
The lowest LCOE was estimated at 111 $/MWh for fluidized bed technology at an optimal
power plant size of 300 MW. The energy cost during the first year of generating electricity was
estimated at 71.6 $/MWh, well above than the actual energy cost of 19.5 $/MWh, which is low
because of the natural gas subsidy. If policies change in favor of renewable energies and the
fossil fuel subsidy is removed, biomass becomes competitive. The results and analysis of this
study are expected to provide information for, and increase the attention of, policy makers about

a potential source that has not yet been well exploited.
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Chapter 1: Introduction

1.1 Background

The world is going through an energy transition in order to address energy security and global
warming issues. Efforts have been made worldwide to decrease anthropogenic greenhouse gas
emissions (GHG), the main contributors to global warming, in order to keep the average near-
surface temperature below 2°C relative to pre-industrial levels [1]. However, worldwide energy
consumption is expected to increase 28% between 2015 and 2040 [2] due to urbanization needs,
population growth, and expansion of electricity access, mostly in developing countries [1, 2]. In
order to mitigate global warming effects by replacing fossil fuels, and meet energy demand, the
share of renewable energy has to increase at a fast rate. Several developing countries are
interested in introducing renewable energy in order to exploit their energy potential, reduce GHG
emissions, decrease their global warming vulnerability, and ensure a sustainable source of

energy; therefore, studies on promoting the use of renewable energy sources are crucial [2].

Bolivia, a developing country with a low GHG emissions contribution (e.g., the energy sector
contributes 0.027% to global emissions) [3, 4], plans to change its power portfolio by increasing
the share of renewable energy sources [5]. According to the government plan, the goal for 2025
is to expand electricity access to the entire Bolivian population and to increase the installed
capacity from 1,600 MW in 2015 to 13,600 MW by 2025 [6]. National consumption is expected
to increase by only 3,000 MW, and the rest will be exported to neighboring countries [7]. Most
of this installed capacity target is expected to be supplied by large hydro power plants (74%);

however, hydro power plants require geographic modifications, such as clearing forest areas,



deviating river channels, and altering river levels, which may impact nearby communities and
ecosystems [8, 9]. The second source of supply of electricity are natural gas-based power plants
(22% in 2025) [6], which are currently the main electricity generators (73% in 2015) [6]. Natural
gas, however, is a non-renewable source with a reserves-to-production ratio (the ratio between
the volume of natural gas that can be economically extracted and the production rate) of 14 years
[10]. Although there are natural gas explorations, no new natural gas reservoirs have been
approved. The lack of fossil fuels and the steady increase in energy demand could lead to an oil
crisis. Therefore, there is a need to seek renewable energy sources in order to meet national

targets and replace fossil fuels in a sustainable way.

Biomass, a carbon-neutral source of energy, can provide dispatchable, baseload electricity [11].
There is a wide variety of biomass, i.e., forest residues, agricultural residues, residues from food
industry processing, waste from municipalities, energy crops, etc. In Bolivia, the sugar
processing industry Guabira uses bagasse (a sugar processing by-product) to generate and inject
21 MW electricity into the grid [12, 13]. Other sugar industries use bagasse at small scales for
their own consumption (e.g., San Buenaventura [6]). There are also two biomass projects under
study based on energy crops in Cobija and Riveralta [6]. There are drawbacks in using energy
crops, such as deforestation to clear farm areas, road construction to increase accessibility, and
the time needed for the energy crop to be adapted in the environmental conditions. Nevertheless,
there are no projects considering agricultural residues, a low-cost and unused source, to generate

electricity at large scales.

While there is no data on either availability or application of agricultural residues in Bolivia, it is
known that farmers leave residues in the fields for soil conservation. When residues are

abundant, farmers burn them in open fields to prepare the land for the next crop; this offers no
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benefit. Using agricultural residues could decrease current dependence on fossil fuels and
provide a sustainable source of energy. Research on biomass quantification is specific to the
study region since the process depends on the type of biomass available, yield, spatial
distribution, and current practice. No study has been conducted on biomass quantification in
Bolivia. An assessment of the energy potential of sustainable agricultural residue biomass could
help decision and policy makers in providing information on this renewable energy source.
Bolivia produces a wide variety of agricultural products because of the different temperatures
and humidity levels across the country. Santa Cruz, one of nine departments in Bolivia, has a
strong agriculture sector and is a good candidate for the location of biomass-based energy

conversion facilities.

Locating biomass-based facilities is a complex process that involves multi-criteria analysis.
Biomass logistics play an important role in this process because it covers the collection of
dispersed agricultural residues in fields and transportation to the biomass-based facility.
Agricultural residues are compacted into bales and these bales are stored on one side of the field
near a road, so that trucks can pick them up [14, 15]. However, this approach is not practical if
not all fields have access to paved roads where large-haul trucks travel. Other studies on
economic assessment have assumed a singular circular area from where biomass is collected at a
constant yield. However, this is not accurate when biomass availability varies greatly. There is a
need, then, to improve the biomass logistics in such a way that biomass bales can be moved to
biomass collection points (BCPs), which are located at the roadside and can provide storage
space for a time. BCPs collect different amounts of biomass depending on biomass availability in
surrounding areas. No previous study has been conducted to locate BCPs in high biomass

availability areas and near paved roads for truck pick-up, and further, to use the obtained



information on BCPs (location and biomass weight collected) as an input for optimally locating

biomass-based energy facilities.

Trucks collect biomass from BCPs and transport it to the facility. Since transportation not only
has a cost but also releases GHGs to the environment, the facility should be located close to the
fields. Economic, social, and environmental aspects also need to be considered in locating
biomass-based facilities. For example, protected areas must be excluded from site consideration.
Several studies [16-20] on locating optimal biomass-based energy facilities used geographic
information systems (GIS) to perform exclusion, preference, and suitability analyses (in order to
consider social, economic, and environmental factors). The suitability analysis can identify
candidate sites for energy facilities. Candidate sites, biomass collection sites, and road networks
are used in a network analysis to identify the optimal location of biomass-based energy facilities.
No studies have been conducted on locating optimal sites for biomass-based energy conversion
facilities in Bolivia. A proper network analysis considers Bolivia’s actual road network, biomass
availability, and its spatial distribution in order to minimize the weighted transportation distance.
Reducing transportation distance and corresponding cost is reflected in the techno-economic

assessment of using biomass to generate energy.

The capital cost of renewable energy technologies is sometimes the main barrier to renewable
energy use. However, global warming concerns have created an increasing cycle of improving
technologies, decreasing technology cost, and financing alternatives [11]. A techno-economic
assessment on the feasibility of using agricultural residues to generate electricity is crucial to
determine the optimal plant size and the cost of energy. Cost components were analyzed and
compared with other studies. The cost analyses help to identify major cost components and may

show possible ways for optimizing them. Although techno-economic assessments of using
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biomass for energy generation purposes has been widely studied [18, 21-24], no previous studies

estimated the cost of generating energy using agricultural residues Bolivia.

1.2 Research objectives

The overall objective of this research is to study the use of biomass from agricultural residues to

generate energy in Bolivia. The specific objectives of this research are as follows:

e To estimate the biomass availability from agricultural residues across the country,

e To create maps using geographic information systems (GIS) to display the biomass
availability at municipal level and identify large residue-producing municipalities,

e To develop a framework for locating biomass collection points using GIS,

e To determine the optimal location of bioenergy facilities in Bolivia, considering social,
environmental, and economic factors,

e To develop a techno-economic model to estimate the cost of electricity from biomass and

optimal plant size,

1.3 Research approach

1.3.1 Biomass quantification

The biomass quantification process consists of estimating the volume of agricultural residues that
is sustainably available to generate energy. Statistical information based on the annual
agricultural production per municipality was collected from the National Institute of Statistics

(Instituto Nacional de Estadistica, INE) [25]. The residue-to-product ratio (RTP) was used to



estimate the volume of residues generated from the crop harvesting activity. Based on common
practices and biomass properties, some portions were reduced to obtain the sustainable biomass
availability amount for energy generation purposes. GIS was used to understand the spatial

distribution of biomass availability and identify the main residue-producer municipalities.

1.3.2 Location of BCPs and biomass-based energy facilities

A framework was developed to locate BCPs. This process consists of an iterative process that
gives preference to high biomass availability and a road network. The optimal facility site is
located through several processes using geospatial data in a GIS environment. Geographical
data was collected from the national geoportal service, GeoBolivia [26]. A multi-criteria
analysis was conducted to identify the most suitable areas to locate a bioenergy facility. In the
model, unsuitable areas were removed while other areas were given preference values,
depending on their distance from preference factors (e.g., roads). The most suitable areas for
biomass-based facilities were identified, and a network analysis was conducted to find the

optimal facility location by minimizing the road transportation distance.

1.3.3 Techno-economic assessment

A techno-economic assessment of the use of agricultural residues to generate electricity in
Bolivia was conducted. A techno-economic model was created to estimate the cost of electricity
from agricultural residues. The combustion technologies considered were grate-firing and
fluidized bed. The cost analysis was divided into biomass logistics cost and energy conversion
cost (at the facility). Biomass logistics costs were estimated based on information available about
current practice and capital cost was collected from a literature review, since this study is the

first of its kind in the country. The model estimated the levelized cost of electricity (LCOE), an



economic indicator, for a wide range of plant sizes and determined the optimal plant size, the one
that corresponds to the minimum LCOE. The cost of electricity was estimated for the first year
of generating electricity and compared with the current cost of natural gas-based thermoelectric

power plants.

1.4 The scope and limitations of this study

This study is focused on power generation using agricultural residue biomass in Bolivia. The
agricultural residues considered here are sugarcane, soybean, corn, rice, sorghum, and sunflower.
Some important factors in the biomass quantification were gathered from a literature review of
different regions rather than from the study area directly because no information is available.
Most of the biomass considered here is generated in the Department of Santa Cruz, hence, the
optimal site location analysis was focussed on this department. The accuracy in locating BCPs
and biomass-based energy facilities was limited to the most updated geographical information
available for the study area. The conversion technology considered was combustion. Costs in the

techno-economic model were converted to US dollars and updated to the base year, 2017.

1.5 Organization of the thesis

Chapter 1, the current chapter, presents the research background, research objectives, research

approach, scope and limitations, and organization of the thesis.

Chapter 2 covers the biomass quantification process in Bolivia. The factors used in the

quantification process are defined and total energy potential is estimated. A map showing the



spatial biomass distribution was created. The major residue producer municipalities were

identified.

Chapter 3 describes the framework developed in a GIS environment to locate BCPs. The model
was applied to the case study, Bolivia. In this chapter, we describe our approach to optimally

locating energy facilities. The analysis included social, environmental, and economic factors.

Chapter 4 describes the techno-economic assessment of using agricultural residues for energy
generation. The cost components were analyzed and estimated for a base case scenario. An
economic model was created to estimate the cost of energy. A sensitivity analysis was conducted
to assess the effects of cost components, energy conversion, and economic model parameters on

the energy cost.

Chapter 5 provides conclusions and recommendations for future work.
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Chapter 2: Assessment of energy production potential from

agricultural residues in Bolivia'

2.1 Introduction

Bolivia, a South American country, has been installing renewable energy plants including wind
and solar since 2014 [1]. There are three reasons for using renewables in the country: to satisfy
local energy demand, increase energy independency, and export excess energy [2]. According to
the Patriotic Agenda 2025 [3, 4], the government target is to universalize electricity access [5-8],
which was only 71% in 2007. Bolivia imports 18% of its total energy consumption [1]; the major
imported fuel is diesel (6.1x10"9 Btu in 2014 or 77% of the imported energy [1]). However, a
government policy was proposed to substitute imported and national fossil fuels with renewable
resources to decrease dependency on imported fuels [9]. There is a high energy demand from
neighboring countries, which is 8,000 MW, 500 MW, and 500 MW from Brazil, Argentina, and
Paraguay, respectively [10]. The government’s plan is to ensure national energy security and
export the excess to neighboring countries [9]. The aim is to export 8,930 MW by 2030 [11].
Therefore, Bolivia requires a significant increase in energy production. Bolivia’s national target
is to increase power generation to 13,387 MW by 2030 [11] with the contribution of renewable
energies to cover 79% [8, 11]. A considerable portion of this goal will be met using hydro, while

535 MW (4% of the target) will come from other renewable resources.

! Paper submitted as Morato T., Vaezi M., Kumar A., to the journal Renewable and Sustainable Energy
Reviews, 2018
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Biomass feedstock (e.g., agricultural residues), an alternative source of energy, if used towards
clean energy production, will not only provide farmers an additional source of income, but also
contribute towards meeting the national and regional energy demands discussed above. In 1997,
a 1 MW biomass conversion plant using nut shells and wood residues was built in Beni, but it is
not yet operational due to issues regarding the conversion process and lack of maintenance
management [5]. Guabira, a sugar producing plant in Santa Cruz, has the biggest biomass facility
in Bolivia using bagasse” to supply 21 MW to the grid [12, 13]. There are three more biomass
projects in the country under study. One is San Buenaventura, a new sugar production plant
located in the north of La Paz that produces 1.9 MW of power for on-site consumption. Its goal
is to inject 10 MW to the grid [14]. The other two, Cobija and Riveralta, each with 20 MW
capacity [14], located in Pando and Beni, respectively, are at various stages of studying and
planning. Figure 2-1 shows the location of the biomass-based power plant in operation and the
three projects under study stage across the country. As shown in the figure, they are located in

different departments (the primary subdivisions of Bolivia).

2 Bagasse is an industrial residue collected after extracting sugarcane juice, a byproduct of sugar
production.
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Figure 2-1: Location of biomass-based power plants across Bolivia

The renewable energy plan elaborated by the Ministry of Hydrocarbons and Energy [5] states
that it is important to conduct research for inventory and the characterization of biomass types by
geographic region in order to identify energy potential zones. Similarly, feasibility studies for
biomass-based energy facilities are necessary [5]. However, there is no information on the
quantification of agricultural residues produced in the country nor any record on the final
disposition of these residues. Depending on the region, residues can be burned on land, used in
small industries (e.g., rice husk for brick production), burned as fuel for cooking in households,
landfilled, or left on the farm for soil conservation. Burning is the most common solution when

agricultural residues are in excess and block the next crop growth. This activity reduces labor
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time and cost; however, it negatively affects the nearby communities, soil properties, and the

environment [15].

It is necessary to conduct an extensive study on the identification/quantification of the biomass
potentially available to generate energy (i.e., electricity) to meet the goals set in Bolivia’s
Patriotic Agenda 2025 [4]. This research project aims to assess the sustainable biomass
availability in Bolivia for energy purposes. To achieve this overall objective, the following

specific objectives have been set:

e To identify major crop residues and estimate the quantity of residues produced in each
municipality using statistical information on crop production and the residue-to-product
ratios obtained from the literature;

e To estimate the sustainable dry biomass available for energy generation purposes in each
municipality considering several factors including soil conservation, machinery capacity,
animal feeding, losses, and moisture content;

e To determine the potential energy per municipality to be generated from agricultural
residues;

e To develop spatial distribution maps of agricultural residues throughout the country and

identify large residue-producing municipalities.

2.2 Method
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2.2.1 The study area

The Plurinational State of Bolivia is located in the central part of South America, without a
coastline and surrounded by Brazil, Paraguay, Argentina, Chile, and Peru. The nation’s total land
1s 1,098,581 km? and the population was 10,969,649 as of July 2016 [16]. Bolivia has three
different physiographic regions. The southwest is characterized by highlands (the highest
elevation is 6,542 meters above sea level), the central region has slopes and valleys, and the
eastern region is a flat lowland area (the lowest elevation is 90 meters above sea level) [16, 17].
The climate varies with the extremes in altitude. For instance, the western side is generally cold
and semi-arid, the central region has a temperate climate, and the eastern region is humid and
tropical [16, 17]. Because of the geographic and climate contrast, Bolivia has an extensive
biodiversity. The Bolivian territory is organized in nine departments, as shown in Figure 2-2, and

subdivided into 112 provinces and 339 municipalities [17].
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Figure 2-2: Map of the study area

2.2.2 Data collection

To the best of our knowledge, there are no data on biomass availability based on agricultural
residues for energy production purposes in Bolivia. Accordingly, the first stage in this study was
data collection on crop production. The data from National Institute of Statistics in Bolivia
(Instituto Nacional de Estadistica, INE) [18], which conducted the first agricultural census in

2013, was used in this stage.
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2.2.3 Identification of potential agricultural residues
Figure 2-3 shows the percentage contributions to total crop production from 32 major crops in
Bolivia. The contribution from sugarcane is the highest (51%), followed by soybean (16%) and

corn (5%) [19].

# Sugarcane
= Soybean
= Corn

51% *=Rice
= Sorghum
& Sunflower

« 26 other crops

Figure 2-3: National crop production, adapted from INE 2013

The six crops listed in Figure 2-3 are mostly produced in the department of Santa Cruz, which is
located in the eastern part of the country. Figure 2-4 shows the location of Santa Cruz in Bolivia
along with the location of 56 municipalities in Santa Cruz, whose corresponding municipality
names are listed below the figure. Concentrated crop production is logistically and economically
preferred when locating a biomass facility. The production of the other 26 crops is distributed
across the country, and their annual production is less than the six major crops. Therefore, six
major crop residues were selected to conduct the present research: sugarcane (top and leaves),
soybean (stalk, leaves and husk), corn (stalk and husk), rice (husk), sorghum (stalk, husk and

leaves), and sunflower (stalk).
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Figure 2-4: Santa Cruz Department and its municipalities

1 Santa Cruz de la Sierra

2 Cotoca

W

Porongo

La Guardia
El Torno

4

5

6 Warnes
7 Okinawa Uno

8 San Ignacio de Velasco
9 San Miguel de Velasco
10 San Rafael

11 Buena Vista

12 San Carlos

13 Yapacani

14 San Juan de Yapacani

15 San José de Chiquitos
16 Pailon

20 Colpa Bélgica
21 Lagunillas
22 Charagua

23 Cabezas

24 Cuevo

25 Gutiérrez

26 Camiri

27 Boyuibe

28 Vallegrande
29 Trigal

30 Moro

31 Postrer Valle
32 Pucard

33 Samaipata
34 Pampa Grande
35 Mairana

19

39 Mineros
40 Fernandez Alonso

41 San Pedro

42 Concepcion

43 San Javier

44 San Julian

45 San Antonio de Lomerio
46 San Ramon

47 Cuatro Cafiadas

48 San Matias

49 Comarapa

50 Saipina

51 Puerto Suérez

52 Puerto Quijarro

53 Carmen Rivero Torrez

54 Ascension de Guarayos




17 Roboré 36 Quirusillas 55 Urubicha
18 Portachuelo 37 Montero 56 El Puente
19 Santa Rosa del Sara 38 Gral, Saavedra

2.2.4 Parameters for quantifying biomass availability

The method for quantifying biomass availability for energy purposes is shown in Figure 2-5.
Statistical information on crop production per municipality and the residue-to-product ratios
were used to estimate the quantity of agricultural residues produced through crop harvesting
activities. Several factors were then considered in a similar way as in previous studies [20, 21] to

estimate the sustainable biomass availability.

Annual crop  __ Straw-to - |, Soil |, Machinery
yield product ratio conservation capacity
|
\
Handling,
. . transporting, Moisture Biomass
—> . —> —>
Animal feeding and storing content feedstock
losses

Figure 2-5: Parameters considered in biomass quantification

2.2.4.1 Annual crop yield

Crop yield is the ratio between the annual crop production and the physical crop area. The data
provided by the INE [22] reported crop production and cropland for summer and winter
separately. There are two factors to consider in the crop yield calculation. One is crop rotation,
which means crops planted in the same land change seasonally. The other factor is the use of the

same cropland for two or three consecutive crops in a year. For this study, a two-crop rotation
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per year was considered, one in summer and the other in winter. Total annual crop production
(the sum of summer and winter production) was calculated. The crop area was considered to be
the maximum of the summer and winter areas. Equation 2-1 estimates the crop yield per year:

QS + QW (2_1)

Yerop = max[As, Ay ]

where yrop 18 crop yield, Qs and Q,, are crop production in summer and winter, and A, and A,,

are croplands in summer and winter.

2.2.4.2 Residue-to-product ratio

The residue-to-product ratio (RPR) is also called the straw-to-grain ratio for grain crops or the
straw-to-stalk ratio when the stalk is the main product, e.g., for sugarcane. In this study, the term
residue-to-product ratio is used for both types of crop products. The ratio is defined as the
relation between the mass of the residues left over and the mass of the crop harvested. Each crop
comes with a specific ratio that depends on local environmental conditions, crop yield, and
harvesting technology. Since there are no data reported on the residue-to-product ratio for crops

in Bolivia, ratios from previous studies were averaged and used for this study (see Table 2-1).
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Table 2-1 lists the RPR for sugarcane, soybean, corn, rice, sorghum, and sunflower. While the
ratio remains almost constant for sugarcane, ratios for soybean and corn are lower in most North
America regions than in southern areas. This could be attributed to both environmental

conditions and technologies. The RPR remains almost constant in four different regions for rice
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and varies noticeably for sorghum. Sunflower has the highest RPR of all the crops. The values

adopted in this study are given in the last row of Table 2-1.

The gross residues yield y_, is calculated using Equation 2-2:

Yres = RPR - YVerop (2-2)

2.2.4.3 Soil conservation

Soil organic matter (SOM) is important for providing nutrients to plants and maintaining the
physical properties of the soil. Removing an excessive quantity of residues over the long term
can lead to soil erosion and compaction [39]. Therefore, some of the residues must be left on the
land. The amount left depends on crop yield, soil quality, and harvesting process. According to
several studies [20, 21, 23, 40, 41], the minimum amount of agricultural residues left on the land
for soil conservation is 0.75 t/ha. . Other sources recommend that 30% of the residues be left on
the land [33, 34, 42]. This study considers 0.75 t/ha/yr as the residue left on the land for the

sustainable soil conservation.

2.2.4.4 Machinery capacity

Depending on the land slope and technical characteristics of the machinery used for harvesting, a
portion, e.g., the bottom of the stalk, cannot be removed because of technical limitations [20].
The percentage of residues left on the land because of machinery capacity is approximately 25%
for soybean, corn, rice, sorghum, and sunflower [20]. This factor is not considered for sugarcane
since the cane (stalk) is the product used for sugar production; therefore, the portion left by the

machinery does not affect the quantity of sugarcane residues.
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The amount left on land for soil conservation and the amount left due to machinery capacity are
compared, and the maximum value is subtracted from the gross residue yield as shown in

Equation 2-3:

Yrem = Yres — maxlqsoilr Qmachl (2-3)

where qg,;; 1s the quantity of residues left for soil conservation (0.75 t/ha/yr), Gmacn 15 the
quantity left for machinery limitations ( @pmgcn = 0.25 - Vyes), and Yy, 1s the amount of

residues removed.

2.2.4.5 Animal feeding

A portion of agricultural residues is generally used for animal feeding. Since there is no
information available on this use of residues in Bolivia, information from the literature [43] has
been used here instead, assuming the same animal feeding requirement. A regression analysis
between the straw for animal feeding and the number of animals (cattle and sheep) in 10
Canadian provinces was developed, and the proportional relationship equation was used to
estimate the required residue for animal feeding based on the number of animals in each

department in Bolivia, according to INE (2013) [18] (Table 2-2).

Table 2-2: Animal feeding by department in Bolivia

Number Number Residue left for alﬁ;f;?lfl:eﬁif; forer
Department of cattle of sheep animal feeding EP
(000) (000) [t/yr] cropland area
[t/ha/yr]
Santa Cruz 2,540,461 165,531 822,313 0.37
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Residue left for

Number Number Residue left for animal feedine per
Department of cattle of sheep animal feeding gp
¢ p cropland area
(‘000) (°000) [t/yr] [t/ha/yr]
Oruro 76,187 1,442,699 30,873 0.29
Beni 3,737,494 12,428 1,210,254 23.33
Pando 79,605 3,645 25,792 1.61
Chugquisaca 695,845 879,704 229,097 1.27
La Paz 597,679 3,301,879 207,726 0.81
Cochabamba 442,719 1,475,302 149,696 0.71
Potosi 211,980 1,635,109 75,670 0.47
Tarija 459,464 371,598 150,372 1.79
Bolivia 8,841,434 9,287,895 2,902,794

Animal feeding in this study considers only cattle and sheep, and the amount of residue for cattle
is significantly higher than for sheep (320kg/yr/cattle and 4.3kg/yr/sheep). Beni has the most
cattle among the department and also high cattle feeding demand; the residue requirement is

likewise high for this department and not viable for energy purposes in this department.

2.2.4.6 Losses

A portion of the estimated yield has to be subtracted because of losses during collection,
transportation, and storage. An earlier study [44] considered a 10% loss for decomposition in
storage and handling. Liu [40] considered an 18% loss: 3% for handling straw in the field, 5%
for loading and transporting bales, and 10% for storing. A reduction of 18% due to losses is

considered here.
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2.2.4.7 Moisture content

The straw moisture content depends on crop type and climate condition. The moisture content
affects conversion technology selection and the process design. Table 2-3 gives different

moisture content values for each crop residue assessed here.

Table 2-3: Moisture content in crop residues

Sugarcane Soybean Corn Rice Sorghum Sunflower
MC% Ref MC% Ref MC% Ref MC% Ref MC% Ref MC% Ref
35 [37] 21.6 [29] 27 [32] 20 Brazil 16.2 [45] 229 [29]

35 [46] 16 [36] 155 [20] 25 UE 17 [47]
17 [32] 262  [29]
20 [48] 30 [25]
20 [49]

Present study for Bolivia

35 20 23 20 16.5 23%

2.2.5 Potential energy

2.2.5.1 Low heating value (LHYV)

After the biomass availability on a dry basis is calculated, it is multiplied by the corresponding
low heating value to estimate the maximum potential energy from the residues by municipality.
Table 2-4 shows the low heating values for the six crops studied here. The values adopted for

this study are in Table 2-5.
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Table 2-4: Low heating value of agricultural residues [GJ/t]

Sugarcane Soybean Corn Rice Sorghum Sunflower
LHV LHV LHV LHV LHV LHV

Ref Ref Ref Ref Ref Ref
[GJ/t] [GI/t] [GI/] [GJ/t] [GJ/t] [GJ/t]

173 [37] 17.6  [29] 183 [33] 14 [24] 14 [24] 186  [24]
18.6 [24] 163 [24] 14 [24] 175 [25] 1255 [27] 175  [25]

18 [48] 17.8 [29] 17 [29]

Table 2-5 summarizes all the factors adopted in this research to estimate the biomass feedstock
from the six major crops produced in Bolivia: sugarcane, soybean, corn, rice, sorghum, and

sunflower.

Table 2-5: Values adopted in this study

Soil

Moisture
31 0
Crop RPR conservation Losses [%] content [%] HHV [GJ/t]
[t/ha]

Sugarcane 0.22 0.75 18 35 18

Soybean 1.6 0.75 18 20 17.3

Corn 1.2 0.75 18 22 16.5

Rice 1.5 0.75 18 20 15.5
Sorghum 1.4 0.75 18 16.5 13
Sunflower 2.5 0.75 18 23 17.5

2.2.5.2 Development of biomass intensity maps in ArcGIS

The software ArcGIS 10.4 [50] was used in this study to create spatial distribution maps based

on the total biomass availability in t/yr, the biomass yield in t/ha/yr, the characterizations of the
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six crop residues, and identify the location of main municipalities in generating agricultural

residues across Bolivia.

2.3 Results and discussion

2.3.1 Biomass quantification

A biomass quantification of agricultural residues from sugarcane, soybean, corn, rice, sorghum
and sunflower was conducted for Bolivia. From the total generation of agricultural residues (i.e.,
9.1 Mt/yr), the sustainable residue biomass available for energy purposes becomes 3.8 dry Mt/yr
after removing biomass for soil conservation, animal feeding, machinery capacity, losses, and

water due to moisture content. The overall biomass breakdown assessment is presented in

Table 2-6 for Bolivia, for Santa Cruz (one of nine departments, and the one where most of the

biomass availability is concentrated), and for the other eight departments together.

Table 2-6: Availability of agricultural residue from different crops in Bolivia

Country: Department: Other 8

Bolivia Santa Cruz Departments
Sugarcane 8,088,316 7,601,300 487,015.65
Soybean 2,628,109 2,616,498 11,611.11
Agricultural crop  Corn 845,982 641,146 204,835.33
production Rice 392,523 331,456 61,067.19
[t/yr] Sorghum 598,272 594,824 3,447.40
Sunflower 291,432 291,116 315.35
Total 12,844,633 12,076,341 768,292
Generation of Sugarcane 1,779,430 1,672,286 107,143.44
crop residues Soybean 4,204,974 4,186,396 18,577.78
[t/yr] Corn 1,015,178 769,376 245,802.40
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Country: Department: Other 8

Bolivia Santa Cruz Departments
Rice 588,785 497,184 91,600.78
Sorghum 837,580 832,754 4,826.35
Sunflower 728,575 727,786 788.37
Total 9,154,521 8,685,782 468,739
Removed for soil
) 2,128,202 1,950,440 177762
conservation
Biomass
Removed for animal
availability ] 931,356 746,794 184562
feeding
assessment )
(tiyr] Handling looses 1,097,093 1,077,939 19155
t/yr
y Water in biomass due to
) 1,203,472 1,176,096 27376
moisture content
Dry biomass availability
Availability [t/yr] 3,794,398 3,734,513 59,884
Percent availability 100% 98.4% 1.6%

Because 98% of the country’s biomass is generated in the department of Santa Cruz, the rest of

the paper discusses only the results obtained for this department.

Figures 2-6 and 2-7 compare the agricultural crop production and the available residue biomass
quantified, showing that the correcting factors applied can influence an initial perception based
only on agricultural production information. As observed in the graphs, although the production
of sugarcane is greater than other crops, the residues generated from this crop represent only
22% of the total stalk production. Soybean, the second major crop, is the main energy potential

source.
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Figure 2-6: Crop production in Santa Cruz
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Figure 2-7: Residue biomass availability in Santa Cruz

The contribution of soybean residues is 49% of the total biomass availability, followed by
sugarcane at 22%. The contribution of corn, sorghum, and sunflower is around 8% each, and the

smallest biomass contribution is 5%, coming from rice.

2.3.2 Spatial biomass distribution in Bolivia

The spatial distribution of residue biomass available [t/yr] and biomass yield [t/ha/yr] is depicted
in Figures 2-8 and 2-9, respectively, for the whole country and enlarged for the department of
Santa Cruz. As shown in these figures, the availability is mostly noticeable in Santa Cruz and

negligible in other departments.
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The technology used for cultivating and harvesting crops varies greatly throughout the country.
In some regions, farmers do not have efficient machines. This situation is reflected in low
biomass yield values. Since biomass yield is the ratio between generated residues and harvesting
area, a low yield is not logistically convenient because the available residues are spatially
scattered in larger areas than high yield farms, and it increases the biomass collection cost. For
example, Portachuelo, the eighteenth municipality in the list in Figure 2-4, generates a
considerable biomass amount (see Figure 2-8); however, the biomass yield is low (see Figure
2-9). Accordingly, the two parameters, biomass availability [t/yr] and biomass yield [t/ha/yr], are
plotted in Figures 2-8 and 2-9. Since the biomass quantification has been conducted at the
municipality level and the exact geographic location of agricultural areas was not considered in
this study, the larger residue-producing municipalities are those that generate greater biomass

amounts at the municipality level, as shown in Figures 2-8.
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Figure 2-8: Dry biomass availability [t/yr]. Numbers in the map of Santa Cruz are taken from Figure 2-4.
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Figure 2-9: Dry biomass yield [t/ha/yr]. Municipality numbers are taken from Figure 2-4.
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The spatial distribution and characterization based on crop residue type are shown in Figure
2-10. The residues from soybean and sugarcane are the two major biomass sources and
contribute 71% of the total sustainable biomass availability for energy purposes. The fact that the
large residue generation of these two crops is concentrated in a few municipalities and they are

adjacent to each other (as shown in Figure 2-10 [a] and [b]) is an advantage for a biomass-based

facility.
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Figure 2-10: Biomass availability in the department of Santa Cruz by crop: a) sugarcane,

b) soybean, c) corn, d) rice, e) sorghum, and f) sunflower. Numbers are taken from Figure

2-4.
The residues generated from the other four crops (corn, rice, sorghum, and sunflower) are
dispersed throughout the department (shown in Figure 2-10 [c - f]); however, a portion of these
residues is also produced in the same municipalities where sugarcane and soybean are mainly

generated, thereby increasing the biomass availability in these regions.
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Figure 2-11: Biomass composition in the main residue-producing municipalities

Figure 2-11 shows the composition of biomass residue in the ten main municipalities that
contribute the largest generation of agricultural residue in the country. The municipalities
generating large sugarcane residues are Fernandez Alonso (0.21 Mt/yr), Mineros (0.13 Mt/yr)
and Gral. Saavedra (0.13 Mt/yr), and the municipalities generating large soybean residues are
San Pedro (0.54 Mt/yr), San Julian (0.39 Mt/yr) and Cuatro Canadas (0.27 MT/yr). The

geographic location of the ten main residue-producing municipalities is enlarged in Figure 2-12.
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Figure 2-12: Location of the ten main municipalities that generate large agricultural

residues for energy purposes

2.3.3 Potential energy in the department of Santa Cruz
To calculate the power and energy potential per municipality, we are assuming that the biomass
per municipality estimated here is collected (there are no barriers in accessibility, nor

transportation distances) and there is one biomass-based facility per municipality. We also
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assume an efficiency of 30% in converting biomass into electricity [51-54] and a capacity factor
of 0.72 (equivalent to 6307 operating hours per year) [8, 55]. The energy and power potentials
are estimated for the ten municipalities identified earlier, both for the department of Santa Cruz

and for Bolivia. Under these conditions, the energy and power potentials are listed in Table 2-7.

Table 2-7: Energy and power potentials of biomass availability

Municipality Biomass Energy potential Capacity

[t/yr] [MWh] [MW]
Warnes 146,965 218,241 35
Okinawa Uno 114,850 163,633 26
Pailon 451,368 611,777 97
Santa Rosa del Sara 141,670 199,749 32
Gral, Saavedra 135,155 202,419 32
Mineros 130,251 195,035 31
Fernandez Alonso 331,109 487,503 77
San Pedro 663,109 948,002 150
San Julidn 626,259 882,289 140
Cuatro Canadas 471,201 642,498 102
Total 10 municipalities 3,211,936 4,551,146 722
Other 46 municipalities in Santa Cruz 522,577 708,047.68 112
Total Santa Cruz 3,734,513 5,259,194 833
Other 8 departments in Bolivia 59,884 84,333 13
Total Bolivia 3,794,398 5,343,527 847

The biomass energy potential energy in Bolivia is 5.34 GWh, and the corresponding power
potential is 847 MW. The national power generation in 2015 was 1,600 MW [14], which means
that biomass has the potential to increase the power generation slightly more than 50%. Ten

municipalities in Santa Cruz contribute 85% of the total biomass potential in Bolivia. The annual
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electricity consumption per capita in Bolivia was 0.7 MWh in 2014 [1]; in other words, the
residues from the six main crops, generated in ten of 339 municipalities, could supply electricity
(4.5 GWh) to 6.4 million inhabitants or 58% of the population. The potential energy from

agricultural residues is enough to reduce considerably the consumption of fossil fuels.

2.3.4 Sensitivity analysis

Because most of the assumptions used in the process to estimate the biomass availability come
from several studies conducted in different regions, a sensitivity analysis was conducted to
identify the factors that most affect biomass potential. The biomass quantification began with
determining the RPR. Although several sources were considered in defining the RPR for each
crop residue in this study (see Table 2-1), there is a deviation of 50% in the data collected with
respect to the average. Therefore, a 50% change is considered in the RPR for each of the six

agricultural residues.
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Figure 2-13: Sensitivity analysis of RPR for each type of residue
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Figure 2-13 shows the RPR of soybean highly affects the biomass potential. Then, the RPR of

soybean should be investigated and carefully determined because using a proper RPR value for

the study area will improve the accuracy of the estimated biomass potential.

The quantification process also included soil conservation, animal feeding, machinery capacity,

losses, and moisture content, whose impact is shown in Figure 2-14.
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Figure 2-14: Sensitivity analysis of factors used in the biomass quantification process

The biomass potential is most affected by moisture content, followed by losses through biomass

collection, storage, and transportation. The highest biomass availability is located in a very

humid region; therefore, research needs to be conducted to analyze the moisture content variation

across this region and throughout the year in order to understand how moisture content affects

biomass potential and energy conversion. Losses can be reduced by a proper biomass handling

(e.g., wrapping bales and covering the storage sites).
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Further research is also required to find the optimum site for biomass-based energy facilities,
considering environmental, social, and economic factors. The most appropriate energy
conversion technology needs to be determined based on local requirements and a techno-

economic assessment.

2.4 Conclusion

A biomass quantification analysis was conducted for Bolivia. Statistical information on crop
production and cropland was collected from the first agricultural census conducted in 2013. The
major agricultural crops identified as potential sources of energy are sugarcane, soybean, corn,
rice, sorghum, and sunflower. The generation of agricultural residues in Bolivia from these six
crops was estimated to be 9.1 Mt/yr. However, this amount falls to 3.8 Mt/yr when several
factors are taken into account in quantifying the sustainable dry residue biomass available.
Nearly all (98%) of this biomass availability (or 3.7 Mt/yr) is from Santa Cruz, one of nine
departments. Ten municipalities in Santa Cruz were identified as major crop residue producers
with a biomass availability of 3.3 dry Mt/yr and a potential energy of 4.5 GWh/yr. The
corresponding power generation is 722 MW, which is equivalent to 45% of the installed capacity
in the country. The estimated biomass quantification has the potential to ensure a sustainable and

environmentally friendly source of energy that will help meet national goals.
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Chapter 3: Developing a Framework to Optimally Locate
Biomass Collection Points to Improve the Biomass-based
Energy Facilities Locating Procedure — A Case for a South

American Country: Bolivia'

3.1 Introduction

Energy is intrinsic to development and wellness in any society. Even though fossil fuel
consumption noticeably contributes to global warming, the current trend in energy production is
expected to continue due to increasing industrialization and population growth. This trend
accordingly increases the need to develop renewable energy facilities to replace fossil fuel-based

plants, lower greenhouse gas (GHG) emission levels and meet the growing demands.

Biomass, a renewable organic matter, can be used to generate not only heat and electricity, but
also biofuels (e.g., biodiesel, biogas, pellets, etc.) depending on the conversion technology (e.g.,
combustion, gasification, anaerobic digestion, composting, etc.) and biomass availability
(agricultural residues, forest residues, municipality solid waste, food processing waste, etc.).
However, regardless of conversion technology and biomass feedstock, the biomass-based facility
should be located as close as possible to the biomass source in order to minimize the costs
associated with collecting and transporting feedstock (biomass delivery cost is about 30% of the

energy cost [1, 2]), as well as CO; emissions from transportation.

! Paper submitted as Morato T., Vaezi M., Kumar A., to the journal Renewable and Sustainable Energy
Reviews, 2018
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Similarly, siting a facility needs consideration of several social and environmental parameters.
Social factors include road networks, airports, power plants, transmission lines, and urban areas,
and environmental factors are protected areas, rivers, lakes, wetlands, etc. Specific constraints
associated with each of these factors must be taken into account throughout the analysis. For
instance, there are areas where human intervention is banned (e.g., protected areas) [3], areas
where closeness to the facility is favored (e.g., roads) [4, 5], and areas with regulations for
keeping a minimum distance from the facility (e.g., urban areas) [5]. The geographic location
and influence of these constraints can be analyzed using a geographic information system (GIS).
This technology uses geospatial data to represent and manipulate geographic compositions. GIS
has been used widely in previous studies for locating biomass-based facilities [5-11]. Identifying
suitable sites also involves multi-criteria analysis (MCA) of environmental and social factors; the
analytical hierarchy process (AHP) [12], which is an MCA method, assigns weights to
corresponding environmental and social factors based on a pair-wise comparison. A similar
combination of the GIS and an AHP has been applied in previous studies for locating candidate
sites for energy facilities, e.g., solid waste conversion facilities [10], pellet plants [5], and food
waste conversion facilities [11]. Afterwards, a location-allocation analysis (a network model
which uses the candidate sites, actual road network, and biomass source points) determines the
optimal location by analyzing numerous ways to efficiently supply biomass to facilities and

minimize the sum of weighted distances [5, 10, 11, 13].

The biomass source used as input data for the network model depends on how biomass is
collected. For example, most cities have transfer stations for collecting and sorting municipality
solid waste (MSW), whose locations across the city become the biomass source points in the

network model [10]. In another example, the input data for locating food waste processing
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facilities are the location of food processing industries [11]. However, agricultural residues are
initially dispersed on fields and a supply chain needs to be developed for collecting and

transporting biomass to the facility.

Previous studies on using agricultural and forest residues assumed the conversion facility is
located in the middle of a circular area from where biomass is collected at a constant biomass
yield and averaged transportation distance [1, 2, 14]. Other studies applied location-allocation
modeling with homogeneously distributed biomass collection points (BCPs) across their study
area, regardless of the possibility/feasibility of locating such points in a restricted area (e.g.,
lakes, roads, etc.) [5, 15]. Furthermore, earlier studies [4, 16] assumed agricultural residues, in
the form of bales, are stored temporarily next to farms and aside the roads. This results in long
collection times due to the high frequency of trucks stopping to load bales at almost every field.
The reliability of all these approaches depends on the collection area. If the region, for instance,
has a road network with a grid pattern, collecting biomass from circular areas, assuming there is
a proportional relationship between travel distance and the square root of plant size, is applicable
[2]. However, if roads have evolved following the topography, and biomass yield changes
greatly within the region, those assumptions cannot be applied and the use of GIS becomes

inevitable through the analysis.

To address these shortcomings, a biomass logistics is proposed here which consists of
transporting biomass in the form of bales over short distances from fields to biomass collection
points (BCPs) by bale stackers or bale movers, and from BCPs to the biomass-based conversion
facilities through long-haul trucks. BCPs receive biomass from small circular areas and are

located close to the roads. BCPs are expected to increase the collection time efficiency since
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trucks do not need to stop frequently at every field for collecting biomass, also it allows the

trucks to use the paved roads only rather than gravel roads.

To apply the logistics proposed here, a model is required to strategically locate BCPs. The model
should consider the spatial variation of biomass availability, as well as the actual road network in
the study region. The model should also give preference to areas with high biomass availability
and proximity to road network. In addition, the geographic location of BCPs and the amount of
biomass collected at each BCP are more precisely calculated to be later used in the network

model for optimally locating the biomass conversion facility.

The aim of this research is to develop a model for locating BCPs considering the road network

and the spatial distribution of biomass. The following are the specific objectives of this study:

e To develop a framework for locating biomass collection points using geographic
information systems
e To conduct a case study for the country of Bolivia, using the developed framework for

locating BCPs to optimally locate biomass-based energy facilities.

3.2 BCP locating framework

Strategically llocating BCPs improves the ability of the network analysis to accurately determine
the optimal location of conversion facilities. In this framework, BCPs are located in such a way
that high amounts of biomass can be conveniently collected close to the roads and loaded onto
trucks. A biomass collection point is defined as the centroid of a circular area where generated
agricultural residues are collected. The radius of the circular area depends on the study region.

The collection area size determines both the amount of biomass amassed at each BCP and the
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total number of BCPs in the study area. The radius should be determined based on
activities/capabilities of transporting bales from fields to BCPs by bale stackers or bale movers.
Previous studies considered different distances for transporting bales from fields to storage sites,
e.g., 16 km [17], 8 km [18], 3-5 km [19], and simply the corner of the field [16]. In this study, 4
km is the assumed distance (the radius of the circular area) for collecting biomass at BCPs. We
also assumed an average field size of 300 ha and that each BCP collects biomass from

approximately 16 fields. Figure 3-1 shows this study’s proposed biomass logistics.

Biomass
collection boint

Road network

Biomass
conversion facility

Collection area

Figure 3-1: Logistics system for accumulating biomass in collection points close to roads
and transporting it from those points to conversion facilities through the actual road

network

The process developed in ArcGIS to identify collection points is iterative and has the key criteria
of high biomass concentration and minimal distance to road network. The flowchart of the

iterative process is depicted in Figure 3-2.
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Figure 3-2: Iteration process for locating BCPs

Initially, the information on biomass availability at the smallest territory sub-division of the
study region is combined with the agricultural map, which can be extracted from the land cover

map, to obtain the spatial location of biomass sources.
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A 1 km x 1 km grid was laid over the biomass source map to divide the map area into small
quadrants [19]. The cropland area was reduced by geographic features such as roads, lakes,
rivers, etc. The cropland area was calculated in each cell and then multiplied by the biomass
yield to find the amount of biomass availability in tonnes per year per quadrant as expressed by

Equation 3-1:
m;j=a;; Ym (3-1)

where i, are the indices for every quadrant in the grid, m; ; is the biomass availability in each
quadrant, a; ; is the cropland area in every quadrant, and y;, is the biomass yield, which depends

on the municipality.

The first step in the iterative process is to assess the ability to concentrate biomass in every
quadrant. In order to do this, the cell values in an area with a 4 km radius were summed up in
ArcGIS, and the result was assigned to the cell in the center. The cell sum was calculated for

each quadrant in the study area. Figure 3-3 shows a representation of the cell sum operation.

2
1] 1]2
11112 F .
1011
1
(a) (b) (c)

Figure 3-3: Example of the cell sum method used to calculate the capacity to concentrate
biomass in the middle. (a) Example of initial values in each cell, (b) arrows indicating the
cell where the sum of the values is assigned, including the middle cell value, and (c) the cell

value in the middle of a region
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The map obtained in GIS (after the cell sum operation) gives information on each cell’s potential
to concentrate biomass in an area with a 4 km radius. From this map, a zone with high capacity
to collect biomass was selected in every iteration. The zones were classified based on the
biomass collection range. The smaller the zone area, the fewer the BCPs, and the higher the

number of zones required to cover the whole agricultural region.

After zone A (the zone with the highest biomass collection range) was selected, a central point
was created inside each cell that belongs to that zone. The distance from each point to the closest
road was calculated, and the model chose a single point, the one with shortest distance to the
roads. A buffer with a radius of 4 km was created around the chosen point and the cell values in
the biomass availability map (values of biomass availability in dry t/yr per cell) falling inside the

buffer area were converted to 0, simulating the collection of biomass in that circular area.

For the second iteration, the sum operation of cells was re-calculated to obtain a new map
showing the remaining potential to collect biomass. The quadrant values close to the first BCP
fell within this new map because of the removed biomass. The iteration process kept selecting
zone A until no more quadrants were available within this zone or the distance from selected
point to road network was higher than 4 km. Then the iteration went to the next zone (zone B)
and the same algorithm was applied. The iteration process continued in the remaining zones.
Finally, all the BCPs were merged into a single map, which was later used in the location-
allocation analysis to locate biomass-based facilities. In this analysis, the estimated amount of
concentrated biomass in tonnes per year for each BCP was used to minimize the weighted

transportation distance.
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3.3 Case study: The Department of Santa Cruz, Bolivia

3.3.1 Background

Bolivia is not exempt from increased use of energy to improve social and economic conditions.
Currently, a major source of energy in Bolivia is natural gas. About 18% of the natural gas goes
towards meeting the domestic energy demand and 82% is exported to Brazil and Argentina [20,
21]. This makes Bolivia the largest gas exporter in South America; however, concerns are arising
because the higher gas production rate might not assure its availability for future years. This
reality is reflected by the reserve-to-production ratio (RPR) which is the relation between the
amount of natural gas that can be economically extracted (volume) and the production rate
(volume per unit time). This value gives the expected remaining number of years to use this
resource if the production rate remains constant. The RTR was reported as only 13.5 years in
2012 [22]. Moreover, the energy targets set by the Patriotic Agenda in Bolivia [16] encourage an
increase in national electricity production to reach the universal electricity access target (to
provide access to electricity to all citizens by 2025), reduce the consumption of imported fuels
(e.g., diesel), and export the surplus to neighboring countries. There is thus a need for renewable

sources to meet the targets and decrease the current dependency on fossil fuels.

Among the several projects on renewable sources to generate energy in Bolivia (e.g., solar, wind,
hydro, geothermal) [23, 24], biomass can be used not only to generate electricity but also to
produce gaseous and liquid fuels. In addition, biomass, which includes forest residues,

agricultural residues, and energy crops, is readily available when needed.

The authors, in a previous study, quantified the biomass potential from agricultural residues

available for energy production purposes in Bolivia [25]. According to the crop production
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statistics reported by the National Institute of Statistics (Instituto Nacional de Estadistica [INE])
[26], the annual production of six major crops (soybean, sugarcane, corn, rice, sorghum, and
sunflower) contributes to more than 90% of the total agricultural production in the Department of
Santa Cruz, one of nine departments of Bolivia and the one with the highest agricultural
production (Figure 3-4) [26]. The authors, therefore, investigated these crops solely in the
Department of Santa Cruz and estimated that the agricultural residue biomass potential is 3.7
million dry tonnes per year. In addition, geospatial analysis identified areas where most of the
residues are generated; these are shown in Figure 3-4. Ten municipalities in Santa Cruz have the
potential to generate 722 MW of electricity, assuming a 30% plant efficiency [27-30] and 0.72
capacity factor [31-33]. This power potential is equivalent to 45% of the country’s installed
capacity, which in 2016 was 1,600 MW [21, 25]. More details on the feedstock potential can be

found in Morato et al. [25].

Although there is a potential for development of biomass-based energy production in Bolivia,
particularly in the Department of Santa Cruz, there have not been any prior analyses on the
economic feasibility of biomass-based energy facilities in Bolivia. There have also not been any
study on assessment of optimal facility location and biomass delivery systems. This research is,
therefore, aimed at finding the optimum locations of biomass-based energy conversion facility
sites and devising the corresponding logistics system considering biomass availability, actual

road networks, and other social and environmental factors.
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Figure 3-4: Biomass availability map in the nine departments of Bolivia [19]

3.3.2 Method

The method section is divided into three sub-sections: the first contains the process for locating
BCPs, the second includes the location analysis of potential candidate sites for conversion
facilities, and the third contains the location-allocation analysis using the actual road network. In
this third sub-section, the optimal locations are selected among all candidate sites in such a way
that the weighted transportation distances from BCPs (supply) to conversion facilities (demand)

are minimized.

ArcGIS 10.1 software, which uses GIS technology to process geospatial data [34], was used in
this study. High-resolution data, in either vector (point, line, or polygon) or raster (cells with 30 x

30 m resolution) format, were used in Model Builder, an application that allows the users to track
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the sequence of geoprocessing tools. In order to locate, display, and integrate geographic features
correctly on the earth’s surface, the geographic coordinate system needs to be defined for the
geospatial data used in this study. The projected coordinate system, which transforms a portion

of the earth’s surface into a flat plan was WGS 1984 UTM Zone 20S.

3.3.2.1 Locating BCPs

The framework for locating BCPs using GIS is now applied to the study case, Bolivia. The study
area is a good candidate for applying the framework explained in the previous section for the

following reasons:

e The road shape does not have a grid pattern due to its topography and frequent river
interceptions. Therefore, calculating transportation distances with theoretical equations is not
appropriate and a GIS is needed.

e The approach to biomass logistics assumes that long-haul trucks travel only on paved roads
(to improve collection efficiency), but not all agricultural fields have direct access to paved
roads. Thus, biomass bales need to be transported from fields to BCPs, which are located on
the roadside.

e Biomass availability changes spatially with no pattern. Thus, we cannot assume a

homogeneous distribution of biomass availability, nor that it decreases radially.

In order to illustrate the location of biomass sources across the study area, the map of biomass
availability at the municipal level developed by the authors for a previous study (Figure 3-5 [a])
[25] was combined with the agricultural map extracted from the land cover map (Figure 3-5 [b]).

Since the agricultural residues analyzed by the authors earlier [25] come from the six crops that
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make up 90% of agricultural production in the Department of Santa Cruz (sugarcane, soybean,
corn, rice, sorghum, and sunflower), it was assumed that the cropland of these crop residues
covers the entire agricultural area map. Figure 3-5 shows the two maps used to create the

biomass source map (Figure 3-5 [c]).

N Dry biomass yield in N
Santa Cruz [t/halyr] Agricultural area
A () oo0-020 A in Santa Cruz

[CJo21-039 @ cropland

[ 040-078 [ Municipaliies
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[ Municipalilies
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Dry biomass yield
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) Municipalilies
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Figure 3-5: (a) Biomass availability at the municipal level, (b) agricultural area, (c) location

of biomass source
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The biomass availability was calculated at every 1x1 km cell by multiplying the biomass yield
times the agricultural area at every cell. Figure 3-6 shows the quadrants’ values in two stages:
initially, the values refer to the yield, which is constant in every municipality (Figure 3-6 [a]),
and later the values refer to the biomass availability which varies, as shown in (Figure 3-6 [b]).

At this stage, the amount of biomass varies spatially.
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Figure 3-6: (a) Biomass yield by quadrant [dry t/ha/yr], (b) Biomass availability by
quadrant [dry t/yr]

The potential of each cell for concentrating biomass in circular areas of 4 km radius was

calculated, and the map obtained based on this potential is shown in Figure 3-7.
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Figure 3-7: Intensity map showing the potential to concentrate biomass in a circular area

with a 4 km radius

From this map, a zone with high capacity to collect biomass was selected in every iteration. In
this study, zone A includes quadrants in which more than 20,000 tonnes of biomass can be
collected; zone B, quadrants in which more than 15,000 tonnes can be collected; and zone C,
quadrants in which more than 10,000 tonnes can be collected. Initially, the iteration process
selected zone A (see Figure 3-8), and it continued to select zone A until there were no more

quadrants available with the potential to collect more than 20,000 tonnes of biomass.
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Figure 3-8: (a) Intensity map showing areas with high potential to collect biomass, (b)

selected zone with the capacity to collect more than 20,000 t of dry biomass per year

After zone A was selected, a central point was created inside each cell that belongs to zone A.
The distance from each point to the closest road was calculated, and the model chose only a
single point, the one with the shortest distance to roads. A buffer with a 4 km radius was created
around the chosen point and the cell values in the biomass availability map (values of biomass
availability in dry t/yr per cell) falling inside the buffer area were converted to 0, simulating the
collection of biomass in that circular area. The steps followed in the first iteration are illustrated

in Figure 3-9.
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Figure 3-9: Steps followed for the first iteration in locating BCPs: (a) potential collection

points in zone A, (b) selection of the first collection point closest to the road, (c) circular
area from where biomass is accumulated and taken to t the central point, and (d) new
biomass availability map showing the circular area around the first collection point, which

simulates the biomass collection in the middle of the circular area
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After considering all the possible quadrants with the capacity to collect more than 20,000 tonnes
of biomass, zone B was selected and the same algorithm as for zone A was used. The iteration
process was similarly applied to zone C. A map joining all the BCPs located at each iteration was

further used in the location-allocation analysis.

3.3.2.2 Locating the conversion facility candidate sites

Geospatial data were used to determine the most suitable sites to locate/build the conversion
facilities. ArcGIS allows the user to visualize and modify geospatial data that represent
geographic features (e.g., roads, rivers, boundaries, land cover, etc.) on maps; these data were
collected from GeoBolivia, a geoportal that provides public access to official spatial data of
Bolivia [35]. Figure 3-10 shows the geospatial data and the steps taken to process the data in the
exclusion and preference analyses. The criteria used for considering the listed environmental and
social geographic features in the exclusion and preference analyses were in accordance with
previous studies [5, 11, 36] and proper characteristics of the country (e.g., type of land property)

that influence the conversion facility location.
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Figure 3-10: Overall methodology for locating suitable sites of conversion facility sites

3.3.2.2.1 Exclusion analysis

The exclusion analysis consists of removing geographic features from the study area. Excluded
features include areas where the facility cannot be located, e.g., airports, mining sites, lakes,
rivers, etc. Some modifications were made on the feature layers to fulfill the exclusion criteria.
For example, airports were edited from points to polygons that included the runway, so that the
buffer zone covered appropriately the security area. The second example is the urban areas; they
were obtained from the land cover/land use map, but the urban area extent needed to be updated

because of its gradual expansion. The layer was changed to cover the entire urban area.
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A buffer zone was created for each excluded feature with a dimension that follows safety
standards and regulations. For example, Figure 3-11 shows the layer of protected areas and the

corresponding buffer zone, which is 5 km.

Legend

[ |Protected Areas

I Buffer zone

[T Municipalilies in Santa Cruz

0 100 200 400 Kilometers

L1 |
Map of Santa Cruz

Figure 3-11: Protected areas and buffer region

The multiple features used in the exclusion analysis are detailed in Table 3-1 with corresponding
buffer distances. Each excluded feature was created on a separate layer. The excluded feature
and its buffer area in each layer had specific attribute data (e.g., road names or river names), and
the suitable area had no data. This difference allows the user to convert any attribute data from
the excluded areas into 0, and areas having no data into 1. Later, the exclusion layers were
overlaid into a single binary raster file with cell values of 0 or 1, indicating non-suitable (“0” for
areas inside buffer borders) and suitable (“1” for areas outside the buffer border) sites for

conversion facilities as expressed by:
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£ = 0, if e;j = Data (excluded site, inside buf fer borders)
BT, if e;j = No data (suitable site, outside buf fer borders)

(3-2)

where 1i,j are the indices of every 30 x 30 m cell in the study map, e;; is any attribute

information in each cell associated to the individual exclusion maps, and E;; = 0 or 1 is the cell

value in the exclusion map (after combining individual excluding layers). The rationale is to

attribute the value 0 to the cells that are occupied by any restricted feature and 1 if the cell is

vacant.

Table 3-1: The multiple constraints used for the exclusion analysis with corresponding

buffer distances

Restriction

Shapefile name, year

Minimum distance

Buffer distance
source

Protected areas

National protected areas, 2015
Departmental protected areas, 2015

Municipal protected areas, 2015

Private Reserve of Natural Heritage -
agrarian superintendency, 2002

Private Reserve of Natural Heritage -
forestry superintendency, 2002

Forest reserves, 2002

5,000 m

Rivers, lakes,
lagoons and
wetlands

Lakes and lagoons, 2006
Rivers, 2002

Wetlands, 2009

150 m

[37]

Transmission
lines

High voltage electrical network, 2016
(230kV, 115kV, 69kV)

Medium voltage electrical network,
2016

100 m

30m

[38, 39]

Roads

Secondary roads, 2016

Main roads network, 2002

50 m

50 m
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Buffer distance

Restriction Shapefile name, year Minimum distance

source
Industrialand -\ .00 Concessions, 2005 1,000 m [40]
mining
Airport Airports, 2016 1,000 m [41]
Substations Electrical substations, 2016 50 m [42]
Power Electrical generation, 2015 50 m [42]
generation
Natural gas
and oil Pipelines, 2016 100 m [17]
pipelines
Urban areas Edited from land cover map, 2001 300 m [43]

3.3.2.2.2 Preference analysis

The preference analysis identifies areas of higher priority to locate the facility. This analysis is
divided into two stages: stage one consists of assigning priority values to multiple-buffer rings
around geographic features (e.g., biomass source, road networks, transmission lines, water
source, and urban area) or assigning the values to specific areas (e.g., land cover type, land
property type, and slope). This study assigned priority values on a scale of 1 to 10, as has been
done in other studies [5, 11, 36]: 10 for areas with highest priority and 1 for areas with lowest
priority. The assigned priority values for this study are listed in Tables 3-2 - 3-8. The multi-
buffer ring region covers a fixed distance of 5 km from corresponding features, and this region is
composed by 5 rings, whose distances were established based on an equal interval classification
method. The same buffer region was previously considered by Khan [36]. The rationale behind
defining this distance depends on the most suitable sites available in the combined preference
map (see the second stage). If this map has no sites or has broad sites with high suitability index

values (e.g., 9 or 10), the multi-buffer ring region should be increased or decreased, respectively.
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Figures 3-12 to 3-19 show individual preference maps for every geographic feature analyzed in

this stage and corresponding priority values.

In the second stage, the eight maps generated previously were combined into a single preference
map. Since the features analyzed vary in significance, the analytical hierarchy process (AHP),
introduced by Saaty (1980) [12] as a multi-criteria decision-making method, was followed to
calculate the weight of each geographic feature. The first step in the AHP is to develop a
pairwise comparison in a matrix table, in which the 1-9 scale of relative importance is used. The
feature with low preference receives a value of 1 and the other feature can receive a value from 1
to 9, depending on its relative importance compared to its pair: 1 if both features have the same
importance, and 9 if the feature is considerably more important than the other. Following the
AHP method, mathematical operations in the matrix table were applied to find the weight values,
and further parameters (e.g., eigenvector, relative weight, consistency ratio) were calculated to
verify the validity of corresponding weight values. The feature layers were then combined with

respective weight values to obtain the preference map (see Equations [3-3] and [3-4]).

k=N
Z wy =1 (3-3)
k=1

k=N
P = z Wy p, (k) (3-4)
k=1

where i, j = are the indices of every 30 x 30 m cell in the map, P; ; can take values from 0 to 10
and are the cell values in the preference map, k = 1 to 8 are the indices for the preference layers
generated, N = 8 is the total number of layers, w;, is the weight value obtained from the AHP
method, each layer (k) has a specific wi value from 0 to 1, and p; (k) are preference values in

each cell that depend on the individual feature layer (k) and can take values from 0 to 10.
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3.3.2.2.2.1 Preference analysis of biomass sources

Proximity to the biomass sources is one of the most important factors in locating a biomass-
based conversion facility since short distances decrease transportation costs. The agricultural
map, extracted from the land cover/land use map of Bolivia [35], was used as the biomass source
map. Table 3-2 shows priority values of different areas depending on the proximity to biomass
sources, and Figure 3-12 shows the multiple buffer rings created for biomass sources. Higher

priorities were given to shorter distances to biomass sources.

Table 3-2: Priority values based on distance from biomass sources

Distance from croplands [m] Values
0-1,000 10
1,000 — 2,000 8
2,000 — 3,000 6
3,000 — 4,000 4
4,000 — 5,000 2
> 5,000 1
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Figure 3-12: Intensity map showing priority values for sites around the biomass source

area

3.3.2.2.2.2 Preference analysis of roads

The roads are classified in two groups: main roads and secondary or dirt roads. Both were
included in the preference analysis. The multiple buffer rings consist of assigning higher values
to areas closer to roads, as has been done in previous studies [5, 10, 11]. In this study, we are
assuming that areas close to main roads are given 20% more preference than areas close to
secondary roads because it is more convenient to locate the facility close to main roads, where
trucks can more easily travel to deliver the biomass. Table 3-3 shows corresponding values
depending on proximity to roads, and Figure 3-13 shows the multiple rings, giving the highest

priority values to areas closer to main roads.
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Table 3-3: Priority values based on distance from road network

Distance from main and secondary roads [m] Values
0 - 1,000 10
1,000 - 2,000
2,000 - 3,000
3,000 - 4,000
4,000 — 5,000
>5,000

- N B~ N

Priority values
Bl 0
K

e

[ ]a

Bl -

B 1

—— Main road
—— Secondary road

Road network map in Santa Cruz Buffer region from road network
0 125 250 500 Kilometers

Figure 3-13: Intensity map showing priority values for sites around the road network

3.3.2.2.2.3 Preference analysis of urban areas

In this case, priority was given to land farther from urban areas since the pollutants emitted by

biomass-based conversion facilities can spread easily over several kilometers [44]. Therefore,
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distances farther from urban areas were preferable to avoid harm to public health. Corresponding
preference values are listed in Table 3-4, and Figure 3-14 shows preference values based on the

proximity to urban areas.

Table 3-4: Priority values based on distance from urban areas.

Distance from urban areas [m] Values
1-1,000 2
1,000 — 2,000 4
2,000 — 3,000 6
3,000 — 4,000 8
> 4,000 10
Priority values
B 0 N
s
Ce A
4
. 2
[ ] Municipalities

I Urban areas

Urban areas map in Santa Cruz Buffer region from urban areas
0 125 250 500 Kilometers

Figure 3-14: Intensity map showing priority values for sites around urban areas
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3.3.2.2.2.4 Preference analysis of transmission lines

Transmission lines are important in establishing a biomass-based facility. They provide
electricity to the facility and could be used to transfer and distribute electricity if the facility
generates power. Transmission lines are classified as medium (11-25 kV) and high voltage (69 -
230 kV) [38, 39, 45]. Electric power is normally generated at 11-25 kV at a power station [46],
and substations are used to step up the voltage if the electricity generated needs to be transferred
a long distance. The higher the voltage on a transmission line, the smaller the fraction of energy
lost in transit [47]. Depending on the transfer distance and the output voltage, the preference
towards the transmission type (i.e., high or medium voltage) might change. However, in this
study, the same preference values were given to both high and medium transmission lines. Table
3-5 lists priority values based on distances from transmission lines, giving high values to closer
areas. Distances from transmission lines and priority values were determined from Khan (2015).
Figure 3-15 shows the network system of transmission lines and corresponding multiple buffer
rings.

Table 3-5: Priority values based on distances from transmission lines.

Distance from transmission lines [m] Value
0- 1,000 10
1,000 - 2,000 8
2,000 - 3,000 6
3,000 — 4,000 4
2
1

4,000 - 5,000
>5,000
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Figure 3-15: Intensity map showing priority values attributed to areas around transmission

lines

3.3.2.2.2.5 Preference analysis of slope

The digital elevation model (DEM) database [35], which is a representation of the altitude data
of the terrain’s surface, was used to obtain the slope map by converting altitude data into slope
data in degrees using ArcGIS. Previous studies considered that low slope values are preferable
for building a conversion facility [5, 36]. A priority value of 10 was assigned to areas with slopes
less than 15° and 1 for slopes greater than 15° (see Equation 3-5). The southwest side of the

department received a value of 1 and some spread small regions, as shown on Figure 3-16.

(3-3)

_ 10, lf Si,j < 15°
PSii =11, if sy =15°
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In Equation 3-5, i, j are the indices of every 30 x 30 m cell in the slope map, s; ; are the slope

values in every cell, and ps; ; = 1 or 10 are the cell values after the slope condition was applied.

Zoom to slope change

Priority values

Bl 0
11

[ ] Municipalities

Slop map of Santa Cruz
0 125 250
|

500 Kilometers
|

Figure 3-16: Map showing priority values for sites based on slope degree

3.3.2.2.2.6 Preference analysis of water availability

The availability of water is necessary not only in the facility for basic service and conversion
processes but also for crop irrigation and yield improvement [5]. Even though most industries
use underground water after appropriate physical and chemical treatment [48, 49], it is not
possible to ensure underground water availability across the entire study area. Here, water is
assumed to be supplied from rivers or lakes. On Table 3-6, higher values are given to places
closer to water sources. Figure 3-17 shows multiple buffer rings around rivers and lakes and

corresponding priority values.
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Table 3-6: Priority values based on distances from water sources.

Distance from water source [m] Value
0 - 1,000 10
1,000 - 2,000 8
2,000 - 3,000 6
3,000 - 4,000 4
4,000 - 5,000 2
>5,000 1

Priority values

B 0
s
[ e

Water resources map in Santa Cruz Buffer region from water resources
0 125 250 500 Kilometers

Figure 3-17: Intensity map showing priority values attributed to sites around water

sources.
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3.3.2.2.2.7 Preference analysis of agrarian property type

Priority values were assigned to the land based on the type of agrarian property, which was set

by the National Institute of Agrarian Reform (Instituto National de Reforma Agraria [INRA])

[50]. The INRA [51] law stablished ways to distribute land depending on location, size, and use.

For example, some areas cannot be used for commercial revenues [50]. Table 3-7 shows the type

of agrarian property together with a brief description and corresponding priority values Figure

3-18 shows the spatial location of different agrarian properties and their priority values.

Table 3-7: Priority grades for types of agrarian property.

Type of land property Description Characteristics Value
_ The land can be sold. Land
Solar farmer Farmer’s residence . ] 3
tax payment is not required.
The land is worked by the The land can be sold. The
Small property farmer and family. Resources ~ owner does not pay land tax. 7
are for subsistence Size: 0-50 ha
Land collectively titled to The land cannot be sold, nor
Community property communities for their divided. Land tax payment is 1
subsistence not required.
Original community o
Land for indigenous Land cannot be sold. Land
lands or Indigenous o _ ) 1
communities. tax payment is not required.
territories
Land where salaried
Medium-sized _ Land can be sold. Owners
employees and machinery 10

property

produce goods for market

pay land tax. Size: 50-500 ha
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Type of land property Description Characteristics Value

Properties for large  Properties with salaried
It can be sold. Owners pay
agricultural employees and modern 10
) ) land taxes.
production machinery for production.

Zoom to property type change

Priority values

[ ] Municipalities

Map of property type
0 125 250 500 Kilometers
]

L 1 1 1 | 1 1 1

Figure 3-18: Intensity map showing priority values based on property type

3.3.2.2.2.8 Preference analysis of land-cover type

The land-cover map classifies the terrestrial surface based on biophysical properties (e.g., urban
area, vegetation, grasslands). The priority values listed in Table 3-8 are assigned based on the
type of surface cover. High values were given to land with appropriate characteristics for

building a facility (e.g., grasslands) [5, 36].
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Figure 3-19 shows the spatial location of preferable areas according to the surface cover.

Table 3-8: Priority grades for types of land cover.

Type of surface cover Value

Urban and rural areas/Sand dunes/Water bodies
Dense forest: Amazon, Andean, Chaco, Chiquitano
Forest
Agriculture
Shrubland/Vegetation

AN W W N =

Agro industry/Commercial plantations

Grasslands 10
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Figure 3-19: Intensity map showing priority values attributed to sites depending on the

type of land cover

3.3.2.2.2.9 Suitability analysis

The suitability analysis gives information on the most suitable sites to locate biomass-based
conversion facilities. In order to create the suitability map, both exclusion and preference maps
are combined. Since the exclusion map is a raster file with cell values of 1 or 0, and the
preference map is also a raster file with cell values ranging from 0 to 10, a multiplication at the

cell level was calculated using Equation 3-6:

Sli,]' = Ei,j - Pi,j (3-6)
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where i, are the indexes of every 30 x 30 m cell in the suitability map, E; ; = 0 or 1 are cell
values in the exclusion map, P; ; are cell values in the preference map and can take a value from

0 to 10, and SI; ; are cell values in suitability map and can take a value from 0 to 10.

Cells with values of 9 and 10 were selected from the suitability map. These cells are the most
suitable areas to locate conversion facilities. Assuming that the minimum area required to build a
conversion facility is 10 ha and the minimum distance between facilities is 10 km [5], centroid
points in each suitable area were located to represent candidates sites for biomass conversion

facilities.

3.3.2.3 Optimal biomass-based conversion facility location

The location-allocation analysis, a type of network analysis, was used in this stage to determine
optimal facility locations, the ones with minimal transportation distance between biomass source
and facility. Three elements — supply, demand, and network — are required for the location-
allocation analysis (see Figure 3-20). The supply points are the BCPs, the demand points are the
facility candidate sites, and the network is the actual road network. Only some of the candidate
sites form part of the solution because the network analysis identifies optimal sites. The network
dataset was created using the actual road network map [35], which was updated using the world
basemap, a map service from ArcGIS, to increase the connection options between supply and

demand points.

Actual biomass-based energy facilities have a broad capacity range [32, 52]. Since 50 MW is the
average capacity of most combustion-based facilities [53], the biomass demand is around

230,000 t per facility (assuming a low heating value of 16 MJ/kg [53], 30% plant efficiency [27-
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30], and 0.72 capacity factor [31, 33]). The number of facilities is determined based on this

facility demand and the total biomass that can be collected in all BCPs.

Road
network
Biomass collection Candidate sites for
points facilities
(supply) (demand)

Location-allocation
analysis

v

Optimal location for
biomass facilities

Figure 3-20: The overall process of selecting optimal conversion facility sites

3.3.3 Results

3.3.3.1 Location of BCPs

The framework developed in this study was applied to the study case, Bolivia. The areas with
high potential to collect biomass are located in a few municipalities in the central west side of the
Santa Cruz Department. The iterative algorithm classified three different zones based on the
capacity to collect biomass. The biomass accumulated in each collection point in thousand dry

tonnes per year in zones A, B, and C is 20-25, 15-20, and 10-15, respectively (see Figure 3-21).
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Figure 3-21: Classification of zones based on biomass availability

The iteration process used here was developed by giving priority to high biomass availability and
short distance to the roads. Figure 3-22 (a) shows the areas with high potential to collect
biomass, and Figure 3-22 (b) shows that following the iterative process, the potential is reduced
by 38%. 107 BCPs were sited. The white area around each collection point represents the
removal of biomass to the central point. Figure 3-22 (c) verifies the criteria set in the iterative
process for prioritizing short distances to roads, that is, that all collection points are right beside

roads.
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Figure 3-22: Maps showing the location of BCPs giving priority to biomass availability and
road network: (a) areas with higher capacity to collect biomass, (b) representation of the

biomass removal to central collection point, and (¢) BCPs located near roads
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An important advantage of the model for locating BCPs is that it considers that biomass
availability is not constant and does not have a geometric pattern. It decreases radially from the
dark green area (see Figure 3-22 [a]) but not proportionally. Moreover, the model also considers
the second priority criterion, the road network, which does not have a grid pattern (see Figure

3-22 [c]), but BCPs are located close to roads for truck accessibility.

BCPs accumulate different amounts of biomass. A few BCPs accumulate a significant portion of
the total biomass availability, as shown in Table 3-9, which summarises the information obtained
from the iterative process. The estimated dry biomass potential in the Department of Santa Cruz
is 3.7 million tonnes per year [25]. The total biomass collected through the iterative process is

estimated to be 1.5 million tonnes per year, or 40% of the total biomass availability.

Table 3-9: Summary of collection points by zone

. . Number of .
Biomass collection . Biomass
Zone collection
range [t] ; collected [t]
points
A 20,000 - 26,000 17 367,561
B 15,000 - 20,000 24 383,678
C 10,000 - 15,000 66 740,143
Total 10,000 - 25,000 107 1,491,382

3.3.3.2 Location of candidate sites for biomass-based energy facilities

Candidate sites were located in the most suitable areas after exclusion and preference analyses

were performed and the resulting maps were combined. The exclusion map is shown in Figure

87



3-23 (a). Most of the removed areas are protected areas. The preference analysis considered
several geographic features (see Figure 3-10), and an individual map for each geographic feature
was created (see Figure 3-12 to 3-19). Then, all the individual maps were merged into a single
map. To combine these maps, a weight value was assigned to each geographic feature. The
weight values were calculated following the AHP method, which requires pair-wise comparison
of each geographic feature in pairs. The comparison is shown in Table 3-10 in a matrix format.
The geographic features were placed in the top row and the first column, and the cell values in
the table show the relative importance. The importance rank is from 1 (equally important) to 9
(meaning the feature in the left column is considerably more important than the feature in the top
row). Values lower than one mean that the feature in the top row is more important than the

feature in the left column by the reciprocal of this decimal.

Table 3-10: Ranking of importance by comparing each geographic feature in pairs.

Biomass Transmission Water Urban Land Type of
Parameter Road Slope
supply line availability area cover property
Biomass
1.00 2.00 5.00 6.00 9.00 6.00 5.00 7.00
supply
Road 0.50 1.00 4.00 6.00 8.00 6.00 5.00 6.00
Transmission
0.20 0.25 1.00 5.00 7.00 6.00 6.00 7.00
lines
Water
0.17 0.17 0.20 1.00 7.00 5.00 3.00 4.00
availability
Slope 0.11 0.13 0.14 0.14 1.00 5.00 0.33 0.50
Urban area 0.17 0.17 0.17 0.20 0.20 1.00 0.25 0.25
Land cover 0.20 0.20 0.17 0.33 3.00 4.00 1.00 2.00
Type of
0.14 0.17 0.14 0.25 2.00 4.00 0.50 1.00
property
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The pair-wise comparison shows that biomass availability and road network have higher
importance than all the parameters analyzed. The closeness to agricultural croplands (biomass
source) guarantees a sustainable supply of feedstock. The high importance of the road network is
because of the facilities’ need for feedstock transportation. Also, short distances to transmission
lines and water resources are important since the costs to connect the conversion facility to
electricity and water supply will be affected by the location of lines/resources. A slope increases
building costs and may affect biomass transportation time and costs. Most of the land in Santa
Cruz is flat, and the highest slope is in the southwest, far from croplands [54]. For this reason,

the slope feature has a low preference value.

This study does not assess a preference towards existing diesel power plants even though a
government objective is to offset the consumption of this imported fossil fuel. Diesel is currently
used in small capacity power plants to distribute electricity to isolated systems. It would be
appropriate to give preference to sites close to diesel-based power plants, so that biomass can
replace this fossil fuel; however, the study considers the targets set for 2025 where most of the

isolated systems will be interconnected to the grid [55].

Following the AHP method, a series of matrix operations were calculated to find the weight

values for each geographic feature analyzed, as shown in Table 3-11.

Table 3-11: Weight values obtained from an AHP

Parameter Weight value Parameter Weight value
Biomass source 0.32 Land cover 0.06
Road network 0.25 Type of property 0.04
Transmission lines 0.17 Slope 0.04
Water source 0.10 Urban areas 0.02
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Figure 3-23: Maps in each stage of the process used to identify the most suitable sites to
locate biomass-based energy facilities: (a) Exclusion analysis map: representing unsuitable
and suitable area, (b) preference analysis map: representing areas with grading priorities,

and (c) suitability analysis map: showing areas with suitability indexes (SI)
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After maps with corresponding weight values are combined, the resulting preference map
(shown in Figure 3-23 [b]) was combined with the exclusion map (Figure 3-23 [a]) to obtain the
suitability map (see Figure 3-23 [c]), which shows areas with values from 0 to 10. Unlike the
preference map, which shows areas ranked from 1 to 10, the suitability map has a suitability
index from 0 to 10. The value “0” in the suitability map is from the screened out areas in the

exclusion map.

After the most suitable areas (i.e., those with suitability indexes of 9 and 10) were selected,
centroid points were created in the selected areas following two restrictions: areas smaller than
10 ha were removed since 10 ha is assumed to be the minimum area required for a biomass
facility, considering the space for biomass storage [5], and 10 km was assumed to be the
minimum distance between facilities. The centroid points are the candidate site locations: 1130
sites in 45 municipalities, as shown in Figure 3-24. Six municipalities where large agricultural
activity takes place make up 40% of the candidate sites. Other candidate sites were located in a
line that matched the main road routes following the criterion of proximity to roads used in the

preference analysis.

91



+  Facility candidate sites

f‘/{}\ [] Municipalities
. S . /
AR
Vi / o
/
160

0 80 320 Kilometers
L L 1 | 1 1 |

Figure 3-24: Map showing potential locations for biomass-based energy facilities

3.3.3.3 Location-allocation analysis

Facility candidate site (demand), biomass collection point (supply), and real road network
(connection) maps were used to identify the optimal location for biomass-based facilities. Since
the total biomass collected is 1.5 M dry t/yr and assuming an average capacity of 50 MW per
facility, seven facilities are located in the study area. The most common plant size according to
IRENA [53] 1s 50 MW, with annual biomass demand of 230,000 dry t per facility. Figure 3-25
shows not only the optimal locations of biomass-based energy conversion facilities but also
connecting lines between BCPs and their corresponding conversion facilities. The optimal
facility sites are located near roads, in accordance to the preference criteria for facilitating

biomass transportation.
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Figure 3-25: Optimal locations of seven biomass-based energy facilities and corresponding

supply from collection points

Table 3-12 lists the amount of biomass that can be transported to each facility per year and the
transportation distance from collection points to corresponding facilities. The estimated capacity
assumes a heating value of 16 MJ per kg, 30% plant efficiency [27-30], and 0.72 capacity factor
(or 6307 operating hours per year) [31-33]. Figure 3-26 shows the location of the seven biomass-
based conversion facilities, their corresponding plant size and the municipality name to which

they belong.
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Table 3-12: Optimally located facilities and corresponding information

Number of

Facili D . .
acility Municipality collection points f‘y biomass Capacity
number . delivered [t/yr] [MW]
for each facility

1 Fernandez Alonso 27 390,000 82

2 San Pedro 22 250,000 53

3 General Saavedra 14 240,000 51

4 Warnes 13 180,000 38

5 Okinawa Uno 12 150,000 32

6 Portachuelo 10 110,000 23

7 General Saavedra 9 160,000 34

Total 107 1,480,000 313

Bioenergy plant capacity [MW] ‘
® v 7
Q 3 /
@ 3¢
@ :s N @
@ 51
@ s3 San Pedro %
@ s2

[ ] Municipalilies
Biomass yield t/ha

0.00 - 0.94
[ 0.95-3.02
I 3.03-5.77

Map of Santa Cruz Department

100 Kilometers

Figure 3-26: Location of biomass-based conversion facilities and their capacity
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The number of facilities was determined based on the average power capacity of existing
biomass facilities (50 MW) [53]; however, this is not the optimal capacity size, and seven might
not be the optimal number of facilities. Power generation plants can range from 4 MW to 300
MW [53]. Higher facility capacities can be more economically attractive because the capital cost
per megawatt decreases due to economies of scale. A higher capacity implies fewer facilities
need to be built but more biomass transported to the facility. As described in this study (see
Figure 3-7), biomass availability changes spatially. In order to transport more biomass, travel
distance increases as biomass decreases radially. Long transportation distances increase costs,

which may not be compensated by the low cost per megawatt of higher plant capacities.

On the other hand, if the number of facilities increases, transportation distance will decrease
and, with it, transportation cost. However, the cost to build an extra facility has to be compared
with the saved transportation cost. These and other factors (e.g., conversion technology) need to
be analyzed through a techno-economic assessment, which determines the optimal number and

capacity of such facilities.

Other factors may influence the optimal site location over time. These factors include new
industrial projects, urban expansion, new road construction, and governmental dispositions, all of
which change in time. Although care has been taken to use the most updated information
available, locating optimal sites relies on having precise information (e.g., geographic features)
and the critical appraisal of factors. To analyze the effects of altering the weights assigned to
geographical features and identify those with greater impact, a multi-scenario sensitivity analysis

needs to be developed.
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3.4 Conclusion

A framework was developed for locating biomass collection points (BCPs) using a GIS
environment. The purpose of optimally locating BCPs is to increase the efficiency of biomass
logistics. BCPs collect biomass bales from circular areas and are close to road network. Trucks
pick up the bales and transport them to the biomass-based facility on paved and main roads. The
model developed for locating BCPs consists of an iteration process that prioritizes high biomass
collection capacity and short distance to roads. The model is meant to be applicable to regions
where agricultural fields do not have access to paved roads in grid patterns and the biomass

availability changes spatially.

The framework was then applied to the Department of Santa Cruz in Bolivia. Its biomass has
great potential as a renewable source of energy. Most of the biomass availability is located in the
east-central part of the department. This region was classified into three zones depending on the
biomass collection capacity range. In total 107 BCPs were sited and together amass 1.5 M dry
t/yr of biomass per year. Optimal locations for biomass-based facilities were then geographically
identified. A suitability analysis was conducted considering economic, social, and environmental
factors for locating facility candidate sites. These factors were analyzed quantitatively after a
weightage value, obtained from the analytical hierarchy process (AHP), was assigned to each
factor. The suitability analysis identified 1130 facility candidate sites in the Santa Cruz
Department. A location-allocation analysis was conducted afterwards using the location of the
BCPs, the facility candidate sites, and the actual road network. Based on the total biomass
collected at BCPs (i.e., 1.5 M dry t/yr) and the most common biomass-based plant capacity, i.e.,

50 MW, seven optimal locations for biomass-based conversion facilities were identified. The
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amount of biomass that can be delivered to each facility depends on the biomass collected at
nearby BCPs, ranging from 110,000 tonnes to 389,000 tonnes per year to generate 23 to 82 MW.
The framework, as well as the location of BCPs and biomass-based facilities, are expected to
provide information to decision makers in order to promote the use of renewable energy sources

in Bolivia.
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Chapter 4: Techno-economic assessment of biomass

combustion technologies to generate electricity in Bolivia

4.1 Introduction

Bolivia is going through an energy portfolio transition to secure demand supply and society
wellbeing. Nowadays, the country depends mostly on natural gas for energy generation;
however, renewables (hydro) and non-renewables had almost equal shares in 2000. Since that
year, the country has gradually increased its dependency on natural gas, as investment on natural
gas-based power plants is economically preferable over investment in renewable technologies. In
2008, the government of Bolivia set the natural gas price for thermoelectric power plants at the
fixed low cost of 1.3 $/MCP (Supreme Decree No. 29510) [1] in order to regularize and reduce
the electricity price. In the same year, several programs emerged to decrease energy consumption
and improve energy efficiency in order to meet growing electricity demand. However, in 2011,
the insufficient power reserves caused power shortages and increased the likelihood of electricity
rationing [2]. In order to surpass electricity demand and ensure power reserves for the coming
years, investment in natural gas-based power plants increased greatly as an immediate need,
giving no opportunity to expand renewable energy technologies. At that time, thermoelectric
power plants was the best option by far since the technology was simple, the capital investment
was nowhere close to that of renewable energy technologies, the fuel was readily available at a
subsidized cost', thermoelectric power plants needed no extensive initial study and planning,

and, finally, the building time was short (e.g., 9 years’ facility building time for hydro vs. 3 years

! The government’s main objective in subsidizing fossil fuels was to increase access to such resources as
established by the “Universalization” target in the Patriotic Agenda for 2025.
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for natural gas-based facilities) [2, 3]. Although thermoelectric power plants solved the lack of
power reserves, the national dependency on natural gas increased drastically. Moreover,
subsidized fossil fuel prices impose an obstacle to introducing renewable energies and increase
the potential for social and economic impact as the gap between international benchmark and

subsidized electricity prices gradually increases.

The target set in the Patriotic Agenda for 2025 (Agenda Patriotica 2025) [4, 5] is to increase
power capacity from 1,600 MW to 13,600 MW. 74% of the 2025 target will be supplied by large
hydro power plants, 4% by other renewable sources, and 10% by fossil fuels. There are two
snags with this energy target. The first is related to four proposed large-scale hydro power plants
(Tachuela Esperanza, El Bala, Rio Grande, and Binacional Madera) intended to cover more than
50% of the national target; the completion of these plants may be put on hold due to
environmental impacts [6-8]. The second concern is the fossil fuel availability intended to cover
the 10% share in the power portfolio. British Petroleum (BP) [9] reported that Bolivia’s natural
gas reserves will last for 14 more years if the production rate remains constant and no new
reservoir 1s explored/approved. Therefore, it is crucial to increase the contribution of renewable

energies as Bolivia’s natural gas reserves enter the depletion phase.

Efforts have been made to diversify the energy matrix in Bolivia and, since 2014, hydro, solar,
wind, and geothermal projects have been implemented [10]. Agricultural residue biomass 1s an
unused and low-cost source of energy that could very well help replace fossil fuels too. A wide
variety of agricultural products is produced in Bolivia due to diverse environmental conditions
across the country. According to the agricultural census carried out by the National Institute of
Statistics (Instituto Nacional de Estadistica, INE) [11], the six major agricultural crops produced

in Bolivia are sugarcane, sorghum, corn, rice, sorghum, and sunflower, and they are mostly
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generated in the Department of Santa Cruz. A previous study by the authors [12] estimated the
sustainable biomass availability in Santa Cruz as 3.7 Mt/year on a dry basis. The spatial

distribution of biomass availability is depicted in Figure 4-1.
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Figure 4-1: Spatial distribution of biomass availability across the country

Sokhansanj et al. and Rosendahl et al. [13, 14] suggest that agricultural residues should be
moved from the points of harvesting to biomass collection points right beside the road to
facilitate truck pick-up. A previous study by the authors [15] used a geographic information
system (GIS) to geographically locate BCPs such that large volumes of biomass are collected
close to a road network. In addition, the most suitable facility sites were identified after
exclusion and preference analyses removed non-suitable areas (e.g., protected areas, lakes,
rivers, roads, etc.) and gave priority to preferred regions (e.g., roads, biomass collection area,

transmission lines, etc.). Finally, a network analysis was conducted using the actual road
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network, BCPs, and facility candidate sites to find the optimum facility location so that biomass

transportation cost is minimized.
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Figure 4-2. Optimal location of biomass-based energy conversion facilities in Santa Cruz,
Bolivia
This study i1s focused on techno-economic assessment of electricity generation from biomass
through thermoelectric conversion processes, particularly combustion technology, in Bolivia.
Biomass combustion technology is mature, commonly used, and commercially available, and has
a relatively low capital cost compared to other thermoelectric conversion technologies, e.g.,

gasification and pyrolysis.
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To the best of the authors’ knowledge, there are no previous studies on techno-economic
assessment of biomass conversion technologies in Bolivia, particularly the cost of electricity
from biomass. This study investigates the costs associated with energy production using
agricultural residues that are affected by biomass yield distribution, selection of BCPs, location
of the bioenergy facility, biomass cost based on current practice in the country, and the capital
cost trend over a capacity range from 5 to 650 MW. This study assesses the economic feasibility
of generating electricity using agricultural residue biomass through combustion technology in

Bolivia. The following are the specific objectives of the present study:

e To estimate the levelized cost of electricity (LCOE) from biomass,

e To determine the optimal capacity of the biomass-based energy power plant,

e To estimate through sensitivity analyses the impact on electricity cost if critical
parameters change,

e To propose alternatives to increase the competitiveness of combustion technology in the

electricity market.

This study provides unique information on the costs associated with using biomass in generating
electricity in Bolivia. No previous studies considered agricultural residues as a source in large-
scale energy conversion facilities, nor analyzed corresponding costs. Policy and decision makers
are the main beneficiaries of the results/analysis of this study. The costs obtained here can be
also used as indicators for further comparison with other renewable energy technologies.
Moreover, the identification of the main barriers currently blocking the introduction of other

renewables may be useful for future decisions and re-consideration of the biomass option, should
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the barriers be removed. The overall work presents an alternative that could help to develop

strategic future plans.

4.2 Method

A model was developed to analyze the economics of a biomass-based power plant based on
logistics costs, capital investment, operating cost, and revenues. The model developed here is
called ENergy from BIOmass Techno Economic Model (ENBIOTEM). It considers combustion
(grate-firing and fluidized bed) as the reference biomass conversion technology. The model
estimates the minimum cost of energy required in order to make investment in biomass-based
power plant profitable for a given internal rate of return (IRR), combustion technology, and plant
capacity. It also estimates the levelized cost of electricity (LCOE) for a range of plant capacities
(5 to 600 MW) and identifies the minimum LCOE that corresponds to the optimal plant capacity.
The ENBIOTEM model further identifies the key cost parameters through sensitivity analyses.
The following sections describe, in detail, the techno-economic model and corresponding

parameters.

4.2.1 Biomass feedstock characteristics

Biomass in this study refers to agricultural residues from sugarcane, soybean, corn, rice,
sorghum, and sunflower. Agricultural residues have low bulk densities of 80 to 140 dry kg/m’
[14, 16]. Some drawbacks of low bulk density feedstock are the large spaces required for storage
and large trucks required for transportation. These factors accordingly increase biomass delivery
cost [13]. Moisture content is a biomass characteristic that affects power generation in the

conversion facility. It is assumed that moisture is partially reduced when residues are stored on
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fields, at BCPs, and in an energy facility. For this study, the moisture content is assumed to be
23%. However, the study area, Santa Cruz, has a humid tropical climate and a more detailed
study is needed to assess moisture variance and the effect on fungi formation and power
generation. The low heating value (LHV), another biomass specification used in the model, is
assumed to be the average of the individual low heating values of the six agricultural residues

considered in this study, which is 16.3 GJ/t [12].

4.2.2 Biomass-based energy conversion facility characteristics

In biomass combustion technology, the conversion efficiency depends on several factors,
including the biomass feedstock properties (e.g., moisture content, size, LHV) and the generation
system (e.g., type of combustor, turbine). While previous studies reported efficiencies of 25%-

35% [17-20], 30% is assumed in this study.

Capacity factor is defined as the ratio between the energy generated in a period of time and the
total energy that could be generated if the facility runs at the maximum output during the same

period and without interruption [21], as expressed in Equation 4-1.

_ Electricity generated [MWh/yr]
* " Plant capacity [MW]-24h/d-365d

(4-1)

The 2015 annual report of the Electricity Authority (La Autoridad de Electricidad, AE) of
Bolivia [22] listed the energy generated and the maximum capacity achieved by thermoelectric
power plants, where the capacity factor was calculated and averaged at 0.45. The capacity factor
has been calculated from data reported in other studies in Bolivia as 0.86 [23] and 0.61 [24].

REN 21 [25] reports the range of capacity factors for different regions in the world: 0.16-0.93 in

110



North America, with a weighted average of 0.78, and 0.21-0.95 in South America, with a
weighted average of 0.53. Several studies in Canada use a capacity factor of 0.85 [16, 20, 26,
27]. IRENA [28] reports a capacity factor of 0.85 can be achieved, but most power plants using
agricultural residues do not usually operate at this level due to variable year-round access to
feedstock. Therefore, the capacity factor for the study area should be considered to be lower than
0.85. We assume a capacity factor of 0.60 the first year, 0.66 the second year, and 0.72 from the

third year onwards.

The operating hours are the number of the hours per year that the facility generates electricity.
To estimate the operating hours, we used Equation 4-2. The capacity factor and operating hours

for the first three years are shown in Table 1.

OH = ©24h 365 d (4-2)

Table 4-1: Capacity factor and operating hours for the facility during the first three years

of operation and onwards

Operating hours

Year Capacity factor per year
Year 1 0.60 5,256
Year 2 0.66 5,782
Year 3 onwards 0.72 6,307

Equation 4-3 was used in the economic model to estimate the amount of biomass required by the

conversion facility to generate a particular electrical power output:
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V= w3600 -OH 43)
- pLHV (4-
where M is the biomass feedstock [t/yr], W is the net electric power output [MW], 3600 is the

conversion factor, and 7 is the power plant’s efficiency.

4.2.3 Economic parameters

In order to analyze the cost data collected from different sources and compare our results with
previous studies, the currency unit in this study is set to the US dollar and the base year to 2017.
For consistency purposes, costs reported in US dollars were inflated to the base year, and costs
reported in other currencies were first inflated based on the local rate and then converted to the
US dollar using the currency conversion factor for December 2017. Reported capital costs were
inflated using the power capital cost index, PCCI. Similar to the consumer price index (CPI), the
PCCI is an index tracking the price variation of power generation construction, which includes
the cost variations of equipment, materials, etc. This study used the PCCI for North America
(NAPCCI) and Europe (EPCCI) tracked by IHS Markit [29]. In order to inflate costs related to
biomass logistics collected from Bolivian sources, the regional CPI reported by the Central Bank

of Bolivia (Banco Central de Bolivia, BCB) was used [30].

The inflation rate in Bolivia fluctuates from year to year (e.g., 11.85, 0.26, and 7.18% in 2008,
2009, and 2010, respectively) [30-32]. The inflation rate used in the economic model to predict
future costs is 2.71%, which corresponds to the inflation rate at the base year of this study, 2017.
Moreover, the inflation rate is assumed to remain constant throughout the lifetime of the energy
conversion facility. Since inflation rate may play an important role in our economic model, due

to its fluctuation, this parameter is further assessed in sensitivity analyses.
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While the lifetime of biomass power facilities is usually from 20 to 25 years [33], there have
been studies considering 30 years for facilities in Canada [16, 20, 26] and 20 years for facilities
(e.g., thermoelectric , hydro, and bagasse-based power plants) in Bolivia [23, 34, 35]. This study

assumes the lifetime of the biomass power plant is 20 years.

The internal rate of return (IRR) is assumed to be 12%. Previous economic studies in the
electricity sector conducted for Bolivia considered 10% [23] and 12% [24]. Gomes [2] states that

the revenue in generator plants should allow an IRR of 12% per year.

Table 4-2 gives the characteristics of biomass feedstock, energy conversion facilities, and

parameters used in the economic model.

Table 4-2: Input data used in the economic model

Factor Value
Moisture content 23%
Low heating value 16.3 GIit
Plant conversion efficiency 30%
Base year 2017
Inflation rate 2.71%
Lifetime 20 years
IRR 12%
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4.2.4 Facility cost and revenue components

The energy production cost structure in the economic model is composed of the cost related to

biomass logistics and the cost related to energy conversion, as shown in Figure 4-3.

Biomass
collection cost

Biomass logistic
cost

Transportation
cost

—  Energy cost

Capital cost

Energy conversion
cost (at facility)

O&M cost

Figure 4-3: Flowchart of cost components in the economic model

4.2.4.1 Biomass logistics cost analysis

The cost of biomass feedstock logistics is comprised of several costs starting from collecting the
agricultural residues from the farm fields to delivering to the conversion facility. The chain of
processes includes harvesting, nutrient replacement, premium to farmers, baling, transportation
to biomass collection points (BCPs), storing at BCPs, and transporting from BCPs to the
conversion facility as shown in Figure 4-4. It is assumed that a third-party logistics (3PL)
provider is in charge of the biomass supply chain through a contract. The main cost components
for the biomass-to-energy conversion facility are capital cost, and operating and maintenance

cost. Each cost component mentioned here is explained below.
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Figure 4-4: Biomass feedstock supply chain

4.2.4.1.1 Harvesting cost

Harvesting cost depends on the technology used and the type of crop residue. Although there is
no information on the harvesting cost of agricultural residues in Bolivia, the costs associated
with the current practice of harvesting crops were analyzed here. Manual harvesting is still a
common practice for small and medium-sized agricultural fields in Bolivia. The cost of manually
harvesting sugarcane is 9.3 $/t [36]. Mechanized harvesting makes up 55% of sugarcane
harvesting currently [37], is mainly practiced in large-sized farming areas, and is about 8.2 $/t
[36]. Since BCPs are located where biomass is produced at high yields, it is assumed that a
mechanized system will harvest the residues at 8.2 $/t as well. If residues are harvested in one
pass (together with the crop product), there might be savings on fuel consumption, which may

decrease the biomass harvesting cost.

4.2.4.1.2 Nutrient replacement cost

A portion of nutrients is taken when the residues are removed from land. Several articles discuss
fertilizer requirements associated with agricultural residue removal [38-41]. However, the

fertilizers recommended are typically not common in Bolivia; therefore, the nutrient
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requirements of nitrogen, phosphorus, and potassium (N-P-K) were estimated, and later the
appropriate/available fertilizers in Bolivia were selected to calculate corresponding nutrient

replacement cost.

The average nutrient content in agricultural residues based on a literature review is listed on
Table 4-3. The three main fertilizers in the country are urea, diammonium phosphate (DAP), and
triple fifteen (N-P-K) [42]. A lower fertilizer consumption is reported in Bolivia than in
surrounding countries [43, 44], mainly due to the high cost of imported fertilizers [45]. The cost
of domestically produced urea, a source of nitrogen produced in a recently established ammonia
and urea plant in Bolivia, is considered in this study to be 335 $/t [46]. Diammonium phosphate
(DAP), a source of phosphorus, costs 1,226 $/t; this amount has been reduced by the government
as an incentive to improve agricultural production [47]. The third most common fertilizer is
triple fifteen (N-P-K); however, since it is expensive and the potassium composition is low (N-P-
K = 15-15-15), the present study assumes potassium chloride is used instead of triple fifteen at a
cost of 757 $/t [48]. Although potassium chloride is not common in the country, its consumption
is expected to increase due to a fertilizer facility project under construction in the Uyuni salt flats

[49].
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Table 4-3: Nutrient replacement cost for residue removal

Typical nutrient Nutrient cost per

- - Fertilizer Fertilizer
§ Fertilizer composition requirement cost ($/t-F%) tonne of RR
& name 1
E (N-P-K) (”o per RR") (2017) ($/t-RR)
N Urea (46-0-0) 1.17 335 1.8
Diammonium
P phosphate (18-46-0) 0.32 1,226 1.8
(DAP)
Potassium
-0- 1. A
chloride (0-0-60) 77 757 8

Total nutrient cost 11.7

T . .
RR is residue removed

2f is fertilizer

4.2.4.1.3 Premium to farmers

The premium is a reward given to farmers as an incentive for supplying feedstock in a
sustainable way. Although this cost is crucial in securing farmers’ commitment and support [16,
20, 27], we should also consider that some farmers do not use the residues in any efficient
manner and, in fact, residues become inconvenient to handle in large volumes. In those cases,
farmers even opt to burn residues in open fields, causing social discomfort and environmental
pollution. However, if burning residues becomes prohibited, farmers will have to remove the
residues and discard them, which may have an associated cost. Thus, there is a possibility of
considering zero premium cost and only an agreement with farmers for taking the residues and
clearing the fields in exchange. In our economic model, however, we considered a premium to

farmers of 6.5 $/t.
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4.2.4.1.4 Baling cost

The baling cost depends on the bale size, how compact the bale is, and baling technology. The
baling cost is estimated based on the cost of grass bales used for animal feeding. A manual hay
bale costs 13.7 $/t. To manually bale hay, farmers use wood cages of 40 x 70 cm to pack 30 kg
of grass [50]. A large baling machine, on the other hand, can produce rectangular bales of 400
kg, also for livestock, at a high selling price of 70 $/t to 140 $/t in Bolivia [51, 52]. This option
includes a pre-classification process to remove sticks and other unwanted materials in order to
increase product quality. The higher selling price may, as well, be attributed to hay growth and
land rental. In our study, there is no cost related to either pre-classification or biomass growth
since our energy sources are the available agricultural residues. The baling cost in this study is

assumed to be 13.7 $/t.

4.2.4.1.5 Cost of storing biomass and transporting it to BCPs

Biomass can be stored on fields, BCPs, and the conversion facility itself, depending on
requirements and availability [13]. The main drawbacks of storage are costs associated with
losses and quality degradation (e.g., formation of fungi and spores) [13]. Storing on farms can be
acceptable only for a short time since farmers need to prepare the land for the next crop [14].
Biomass is stored at BCPs for a while before being transported to the conversion facility. The
storing management at BCPs and conversion facilities requires space coordination between
harvesting periods and facility feeding requirements. The only storing cost considered here is at
BPCs for land rental, which is assumed to be 3.3 $/t [50], and includes the cost of short
transportation (less than 4 km) from the farms to the BCPs. The biomass feedstock costs

considered in this study are summarized in Table 4-4.
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Table 4-4: Biomass collection costs used in techno-economic model

Factor Cost ($/t)
Harvesting (cutting, hopping) 8.2
Baling 13.7
Transportation to BCPs and storage 33
Nutrient replacement cost 11.7
Premium to farmer 6.5
Total feedstock 433

4.2.4.1.6 Biomass transportation cost from BCPs to energy conversion facility

The cost of transporting biomass from BCPs to the energy conversion facility has two
components: fixed and variable. Fixed costs include the driver’s and assistant’s salaries,
loading/unloading, any transportation toll, insurance, administration, and preventive
maintenance. The variable cost refers to distance traveled and includes fuel, lubricants, and
maintenance costs [53, 54]. There is no standard procedure followed by transportation companies
to calculate the costs associated with transportation. Transportation cost varies greatly across the
country and between companies. In order to estimate the cost components, cost data were
collected through personal communications with transportation companies in Bolivia. The
collected data are presented in Table 4-5. The companies contacted reported costs for fixed

departure and destination points.
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Table 4-5: Collected data on transportation costs in Bolivia

Distance Capacity Cost
Company From To Cost

[km] [t] [$/t]
1 Santa Cruz La Paz 850 14 8,500 Bs 85
1 Santa Cruz Cochabamba 476.1 14 5,500 Bs 55
1 Santa Cruz Mineros 86 14 1,100 Bs 11
2 Santa Cruz Cochabamba 476.1 _ 40 ctvkg 56
2 Santa Cruz La Paz 850 B 60 ctv/kg 84
3 Santa Cruz Camiri 295 25 800  S$/trip 32
3 Santa Cruz  Mineros 86 25 600  $irip 24
4 Santa Cruz Mineros 86 25 3,200 Bs 17.92
5 Santa Cruz Mineros 86 20 450  § 22.5
5 Santa Cruz Camiri 295 20 800 $ 40
5 Santa Cruz Cochabamba 476.1 20 1,200 $ 60
6 La Paz Arica, Chile 488 20 730 $ 36.50
7 Arica La Paz 488 27 1,000 $ 37.04
8 Matarani  El Alto 556 28 40 $/t 40
9 Santa Cruz Cochabamba 476.1 13 or 26 14 Bs/qq 42.61
9 Santa Cruz La Paz 850 130r26 20 Bs/qq 60.87

The collected cost data is plotted in a graph (see Figure 4-5), and through a linear regression

analysis the fixed (y-intercept) and the variable (slop) costs were estimated.
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Figure 4-5: Unit transportation cost per distance travelled

The fixed and variable costs for the study area are 0.0731 $/t and 12.394 $/t/km, respectively.
For comparison purposes, Table 4-6 shows the two transportation cost components in different
regions. The cost components for Canada were collected from previously published studies [27,
55]. The fixed and variable costs for the US [56], Brazil, and Argentina [57] were obtained
through regression analysis of transportation costs reported at various distances (the costs were
based on the transportation of agricultural products). Fuller et al. [57] mentioned that
transportation costs in Bolivia are close to those in Brazil, which is verified in Table 4-6, but

Bolivia has the highest fixed cost.

Table 4-6: Comparison of transportation cost components

Region Fixed cost [$/t] Variable cost [$/t/km] Source

uUS 1.90 0.11 [56]

Canada 5.45 0.22 [27]

Brazil 11.07 0.012 [57]
Argentina 4.067 0.048 [57]

Bolivia 12.39 0.073 Present study

121



The higher fixed cost may reflect the deficient road conditions in Bolivia (i.e., lack of signaling,
geometric design, and deterioration) [58]. The road network in 2008 was comprised of 63% dirt
roads, 30% gravel roads, and 7% paved roads [59, 60]. The deficient road condition increases
transportation cost and time [59], and the risk of transportation accidents [61]. The lower
variable cost is attributed to the subsidised cost of fossil fuels. The biomass logistic system, as
stated in several studies, consists of collecting biomass bales from roadside network set up to
facilitate truck pick-up [14, 16, 27]. However, as seen in Figure 4-6, which compares the road
networks in Alberta, Canada, and Santa Cruz, Bolivia (showing agricultural areas at the same
scale), the Alberta road network in follows a grid pattern while the network in Santa Cruz is
disorganized, mostly due to topology and inappropriate road building planning. Therefore,
assuming a homogeneous distribution of BCPs is appropriate when there is a road pattern, as in
Alberta. Some studies consider a circular area from where biomass is collected, assuming
constant biomass yield distribution and average transportation distance. However, in our study
area, the topology, road shape, and biomass spatial distribution do not allow us to locate BCPs in
a uniform distribution, nor assume a singular circular collection area with homogenous biomass
yield. Thus, we used a GIS-based model to locate BCPs and estimate road transportation

distances.
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Figure 4-6: Road network comparison between (a) Alberta, Canada and (b) Santa Cruz,
Bolivia
In this study, BCPs are located in such a way that it is possible to collect high amounts of
biomass at locations close to the paved road network. In a previous study [15], the authors
developed a model using ArcGIS for locating BCPs. The method they used is an iterative process
that breaks the agricultural area into small square cells of 1 km. Each cell represents a candidate
for a BCP, and the volume of biomass that can be collected in each cell is calculated. It is
assumed that each cell collects the available biomass in a radius of 4 km. Based on the amount of

biomass collected at the cell level, zones are created/classified, as shown in Figure 4-7. The
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model then selects the zone with high biomass concentration and chooses the closest cell to the
road as the first BCP. The biomass around the first BPC is then no longer available; therefore,

the biomass collection at each cell needs to be recalculated for the second iteration.
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Figure 4-7: Classification of zones based on biomass collection

Following the method we used in the previous study [15], we located BCPs here in five different

zones as defined in Table 4-7.
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Table 4-7: Classification of biomass collection points per zone

Zone Biomass collection BCPs per  Biomass [t] Collection Average

criteria at BCP zone collected area [ha] yield [t/ha]
A > 20,000 t 17 367,561 85,452 43
B 15,000 -20,000 t 24 383,678 120,637 3.2
C 10,000 — 15,000 t 66 740,143 331,753 2.2
D 6,000 — 10,000 t 152 979,734 764,037 1.3
E 4,000 — 6,000 t 152 681,314 764,037 0.9
Total 411 3,152,430 2,065,916 1.5

In order to analyze the effect of biomass yield distribution, BCPs are located in two stages as

follows:

1) BCPs are located in zones A, B, and C as suggested in our previous study [15] (see Figure

4-8[a))

2) BCPs are located in zones A to E. The area for locating BCPs is expanded to areas with lower

biomass yield, using the same method as in our previous study [15]. (See Figure 4-8[b])

A location-allocation analysis is conducted in both cases to find the optimal site of a single 300
MW plant. The software ArcGIS calculates the actual road distance between each BCP and the

facility. Figure 4-8 shows connecting lines between BCPs and the facility in both stages.

125



N
| ) |

7 \ I

a) | b)

Figure 4-8: Biomass collection points and optimal plant site for 300 MW: (a) BCPs in zones

A, B, and C and (b) BCPs in zones A to E

Figure 4-8 (a) shows the longer travel distances to collect feedstock from regions with high
biomass availability and Figure 4-8 (b) shows the collection of the same volume including areas

with low biomass yield.

Figure 4-9 shows the unit transportation cost graph for collecting biomass at both stages. The
first stage, zones A, B, and C, shows that the unit transportation cost rate increases for higher
biomass requirements since longer distances need to be traveled for collecting biomass, and yield
decreases with distance. The second stage, zones A to E, shows the cost rate increases
proportionally with biomass requirements. The unit transportation cost for large biomass

requirements is lower when areas of low biomass yield are included for locating BCPs but near
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the facility. It is believed, though, that eventually the unit transportation cost will increase at a

higher rate for very large biomass requirements due to insufficient biomass availability, long

transportation distances, and fewer paved road networks at farther areas.

Unit transportation cost [$/t]
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Figure 4-9: Transportation cost dependence on biomass yield distribution: (a) BCPs are

located in zones A, B, and C, and (b) BCPs are located in zones A to E.

A location-allocation analysis was conducted to find the best location of the biomass power

facility following the same parameters we used in a previous study [15]. The site is located in

such a way that the sum of the products of biomass weight at each BPC and its corresponding

real transportation distance to the facility is minimized. Figure 4-10 shows the biomass collection

area for a 600 MW plant capacity, where BCPs are compacted in the central area and gradually

dispersed at farther areas because of limited road networks and lower biomass availability.
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Figure 4-10: BCPs for a 600 MW power capacity

The location-allocation process in ArcGIS provides the transportation distance through the real
road network between BCPs and the facility. Through this process, the transportation distance
and corresponding cost were calculated for several plant sizes. These costs are shown in Figure
4-11. The unit cost rate increases at large biomass collection volumes. A third order polynomial
regression was used in the economic model to estimate the unit transportation cost at different

biomass requirements depending on the plant size.
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Figure 4-11: Unit transportation cost as a function of required biomass for corresponding

plant size

4.2.4.2 Energy conversion cost analysis

As shown in Figure 4-3, the total energy cost is composed of the biomass logistics cost and the
energy conversion cost (at facility). In this section, we analyze the energy conversion cost, which
includes all the costs associated with the energy conversion that take place at the facility such as

capital cost, labour cost, maintenance, general and insurance costs.

4.2.4.2.1 Capital cost

Due to the large range of biomass conversion technologies, various configurations of a particular
technology, and types, properties, and availability of feedstock in a particular region, the capital
cost of biomass-based energy conversion facilities varies significantly. This study is focused on
combustion technology, the most mature and low-priced technology. Data on capital cost was
collected from the literature [16, 18-20, 26, 33, 62-73]. Although the capital cost is difficult to

compare when cost components are not specified, separation by combustion system type
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classified the capital costs for grate-firing and fluidized bed (including bubbling and circulating

fluidized bed). Care has been taken in collecting data for dedicated biomass combustion.

The most common size for a biomass-based combustion facility is 50 MW; however, the
maximum capacity of a single combustion unit has been reported as high as 300 MW for both
combustion technologies with no technology limitation [74-76]. After 300 MW, two or more
same-size combustion units are considered. The cost of the second or third unit is 95% of the
first [16, 18]. The collected data for capital costs were collected from the studies listed in Table

4-8.

Table 4-8: Reported capital costs at several plant sizes using various biomass combustion

technologies
Capacity Capital cost 3
Region  Feedstock type Combustion system range [million $, E
Denmark  Straw Movable grate 8.3 91 [62]
Wood chi
. O?ica(;)llep:(’) an Direct combustion.
Alberta PP ) Y Conventional steam  up to 500 1,038 [18]
abundant biomass
cycle
source.
W t
ag;)i(;il\t)rijﬂec’:rops Fluid bed
’ tion, foll
Italy by-products, agro- combustion, 0 owed 5-50 45-167 [19]
. . by steam turbine
industrial, and wood
cycle
waste.
Wood, municipal Traveling, circulating
uUsS i . 6-60 26-60 63
waste, crop residues  boiler, and CFB [63]
. Combustion st
US Woody biomass Ombustion steam 8-20 33-75 [67]

boiler/turbine
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US

US

US &
South
America

Alberta

Alberta

uUsS

uUsS

Alberta

uUsS

Forest and
agricultural residues

MSW, agricultural,
and wood residues.

Agricultural and
forestry waste

Agricultural residues
Triticale straw

Urban wood waste,
forest and agricultural
residues

Mill, forest, urban

Woody biomass

Wood, agro waste

Water steam boiler,
no combustor type
specified

Dedicated biopower
stoker

Grate, CFB/BFB
boilers.

Direct combustion

Direct combustion

CHP, no combustor
type specified

Grate stoker and
fluidized bed

CFB

Biomass steam power

plant. Grate and FBC
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Figure 4-12: Capital cost of various biomass combustion technologies

Using the data from the studies listed in Table 4-8, a power regression analysis was applied to

capital cost and plant capacity data to obtain Equation 4-4.

CC/million$] = 7.05 - (Capacity [MW] )78 (4-4)

Equation 4-4 is used to estimate the capital cost of combustion technology as a reference case for
a given plant capacity. Most of the sources in Table 4-8 report the capital cost of combustion
technology with no subdivision specification. Here, a further technology subdivision based on
grate-firing or fluidized bed was considered using only the sources that stated the kind of

combustion technology. The capital cost trend for each technology type is shown in Figure 4-13.
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Figure 4-13: Capital cost trend in sub-classification of combustion technologies: (a) grate-

firing, (b) fluidized bed

Equations 4-5 and 6 obtained from the regression analysis were used to estimate the capital cost
for grate-firing and fluidized bed combustion technology, respectively, for power plant capacities

ranging from 5 to 300 MW, the maximum unit size [74-76].
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CC/million$] = 4.89 -(Capacity [MW] )*% (4-5)

CC/[million$] = 8.72 -(Capacity [MW])73 (4-6)

Although few sources reporting capital cost specify the combustion system type, Figure 4-14 (a)
shows consistency in the cost projection by comparing the cost trend of grate-firing and fluidized
bed with our reference case. The difference in capital cost between grate-firing and fluidized bed
becomes pronounced at large sizes due to economies of scale, which means the capital cost per
unit of power decreases when the power plant capacity increases. Figure 4-14 (a) shows that the
effect of economies of scale is more evident for fluidized bed than grate-firing combustion, as
stated by IRENA [33] as well. Right after 300 MW and 600 MW, the capital costs increase
sharply (see Figure 4-14 [a] and [b]). This is due to the maximum capacity limitation and the
additional same-size combustion unit for larger capacities. The cost of the second or third

combustion unit is 0.95 times the cost of the first [16].
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Figure 4-14: Effect of economies of scale on the capital cost of combustion technologies: (a)

capital cost, (b) capital cost per unit of power

Although Figure 4-14 (b) is obtained from Figure 4-14 (a) and shows the same effect from
economies of scale, it allows us to clearly see that the capital cost of grate-firing for small plant
sizes is lower than for fluidized bed, but this is the opposite for large plant sizes. It also shows

the capital cost per unit product decreases at a low rate for large plant sizes.

4.2.4.2.2 Operating and maintenance cost (O&M)

IRENA classifies the O&M cost as fixed and variable costs [33]. Other sources combine fixed
and variable into a single O&M cost. In this study, the O&M cost is composed of maintenance
cost, ash transport cost, labour cost, insurance and general costs, as Caputo et al. have done [19].
Maintenance is usually estimated as a percentage of capital cost [17, 19, 64, 77]; here 3% was
assumed. The biomass ash, a product from biomass combustion, is transported from the energy

facility to either landfills or farm fields. Caputo et al. [19] assume that the ash flow rate is 2% of
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the total annual biomass combusted. Here, the ash transport cost is assumed to be 2% of the

biomass transport cost. The insurance and general cost is assumed to be 1% of capital cost [19].

The labour cost depends on the plant capacity, number of employees, and employee position.
Labour cost in bio-energy plants are higher than in fossil fuels plants because of the handling
requirement [72]. Table 4-9 shows the employee numbers for different plant capacities reported

in previous studies [19, 20, 64, 67, 72, 79].

Table 4-9: Employee numbers in biomass power plants for different capacities

Conversion technology Flant capacity Number of Source
[MW] employees
Anaerobic digestion 15-45 19 Ullah et al. [79]
Combustion 7-20 14-25 Turnbull [72]
Combustion 5-20 30  Energize Missouri [67]
Fluidized bed combustion 5-50 12-36 Caputo et al. [19]
Combustion 20-40 20-40 IFC [64]
Combustion 300 69 Dassanayake [20]

In order to estimate the number of employees and positions, we divided the biomass-based
energy conversion facility into three sections: biomass reception and handling, energy
conversion, and gas cleaning [19]. Workers in the biomass reception and handling area are
responsible for coordinating biomass delivery, storage, and biomass availability. The energy
conversion area includes the combustor, heat transfer tubs, turbines, and generators. Workers in
this area are responsible for operating and controlling the combustion system. Workers in the gas
cleaning area are in charge of filtration equipment and ash management. There is one supervisor

in each of these three sections. The number of operators in each section changes with plant size

136



(see Figure 4-15 and Table 4-9). Other employees work in areas connected to the previous
section (e.g., maintenance, laboratory, and safety and environment) and administration and

financing. Finally, at the top of the organization chart are the plant manager and plant engineer.

Figure 4-15 shows employee positions and distribution. The employee number in some positions
does not change with plant size, while other positions require more people for larger plant sizes.
These positions are highlighted in the diagram boxes. The increase in employee number is not

directly proportional to plant size because automated processing at large plant sizes is assumed.

Plant manager

l

Plant engineer

Administration and Safety and environmental
financing coordinator
Malnte.nance Lab manager
coordinator
| |
Maintenance Lab technician
technicians
Biomass reception and handling Electricity generation Flue gas treatment
| ] l
Supervisor Supervisor Supervisor
\ \
\ \ \ \ |
Delivery Control Facility
coordinator Operators operators operators Operators

Figure 4-15: Biomass conversion facility employee organization chart

Using the employee organization chart, we determined employee numbers for every position.
The salary was based on the salary scale of ENDE [80]. The number of employees and salary

cost estimates for different plant sizes are presented in Table 4-10.
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Table 4-10: Labour cost estimates

Labour Plant capacity [MW]
Position [$/yr],

2017 5-15 15-30 30-50 50-100  100-300
Plant manager 71,423 1 1 1 1 1
Plant engineer 46,749 1 1 1 1 1
Administration and 15,769 %) 3 3 4 4
financing
Safety and environmental 25,044 P ) ) ) )
coordinator
Maintenance coordinator 25,044 1 1 1 1 2
Maintenance technicians 20,407 4 6 8 10 12
Lab manager 18,551 1 1 1 1 2
Lab technician 13,914 1 2 3 4 5
Biomass reception and handling
Supervisor 29,682 1 1 1 1 2
Delivery coordinator 14,841 1 1 1 1 2
Operators 9,276 7 9 11 13 15
Electricity generation
Supervisor 29,682 1 1 1 1 2
Control operators 17,624 1 2 2 2 4
Facility operators 14,814 1 2 4 6 8
Fuel gas treatment or cleaning
Supervisor 29,682 1 1 1 1 2
Operators 9,276 1 2 3 4 5
Total employee number 27 36 44 53 69
Total labor cost [$/yr] 549,492 680,279 792,515 920,519 1,215,486
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4.2.4.3 Revenue system analysis

In Bolivia, the revenue system is determined by power generator type. Power generators using
natural gas, biomass, and hydro can ensure firm capacity; therefore, these facilities receive
revenue for the energy they inject into the grid and for the capacity they have to generate
electricity instantly. Generators that are not in the regulated market or that provide electricity to
an isolated system have a different revenue system [81]. Solar and wind do not receive revenue
from capacity because they cannot ensure firm capacity, but they receive a single revenue for the
energy they generate, which includes an additional payment and adaptability factors in order to

recover the capital cost [81, 82].

4.2.4.3.1 Revenue from energy

The revenue from energy is the amount of money power generators receive for the electricity
that is delivered into the national interconnected system. The revenue from energy expressed in
$/MWh fluctuates hourly and mostly depends on consumer demand. The entity in charge of
regulating this value is the National Load Dispatch Committee (Comité Nacional de Despacho
de Carga, CNDC). Based on values reported by the CNDC [82], the average revenue from

energy in natural gas-based power plants is assumed to be 19.5 $/MWh (for 2017).

4.2.4.3.2 Revenue from capacity incentives

The revenue from capacity is an incentive for generators to invest in new units or equipment in
order to increase the electricity generation capacity. A higher capacity reserve offsets the risk of
rationing or interruptions due to unexpected higher demand. The revenue from capacity

incentives is updated every six months and is defined by the Wholesale Electricity Market
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(Mercado Electrico Mayorista, MEM) [82]. Based on recorded capacity incentives from the

CNDC [82], a revenue of 9.7 $/kW-month is estimated for the base year of this study.

4.2.4.3.3 Carbon Credits

A project conducted for Guabira [34], a bagasse-based power plant in Bolivia, reported the
Certified Emission Reductions (CERs) price as 16.25 $/tCO, and calculated the emission factor
as 0.68 tCO,/MWh in 2006. However, the carbon credit revenue that Guabira is actually
receiving is 5 $/tCO, with an emission factor of 0.7 tCO,/MWh [83]. The techno-economic
model here considers a carbon credit revenue of 5 $/tCO, and an emission factor of 0.7

tCO,/MWh.

4.2.5 Economic model outputs

4.2.5.1 Levelized cost of electricity (LCOE)

The levelized cost of electricity is an important economic indicator widely used to compare
technologies [28, 77, 84-87]. The LCOE is calculated on the bases of present value, which
includes only the costs to generate electricity: capital cost, fuel cost and O&M cost, and the
discounted lifetime energy generation, which corresponds to the earnings from energy [77, 86].
In order to avoid deviations in the economic indicator value due to various regional price
systems, revenues, incentives, and financial supports are not included in this calculous [28, 77].
The LCOE is a unique value representing the cost of building and operating the power plant

throughout its lifetime and is calculated using Equation 4-7 [85]:
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where I, is the capital cost in year n, M,, is the O&M cost in year n, B, is the biomass cost,
which includes logistics and transportation costs, E,, is the electricity production at year n, 7 is

the discounted rate, and N is the facility lifetime in years.

4.2.5.2 Energy cost

The energy cost is calculated for the first year of generating electricity; its value increases
annually with inflation. This is the minimum cost, expressed in $/MWh, at which electricity is
sold for an IRR of 12%. The energy cost considers sources of revenues of capacity incentives

and carbon credits as well.

4.2.5.3 Sensitivity analysis

The sensitivity analysis evaluates the impact of cost components and other parameters on the
energy cost. The cost components assessed are capital cost, biomass cost (e.g., harvesting,
baling, transportation to BCPs, storing, nutrient replacement, and premium to farmer),
transportation to the facility, and labour cost. Economic parameters assessed include IRR and
inflation rate, and characteristics of the conversion facility include efficiency and capacity factor.

The variation in revenue sources (capacity incentives and carbon credits) was also assessed.
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4.3 Results

An economic model called ENBIOTEM was developed to analyze the cost of generating
electricity using agricultural residues through combustion technology in Bolivia. The biomass
costs corresponding to the chain of processes including harvesting, premium to farmer, nutrient
replacement, baling, transportation to BCPs, and storing were analyzed and defined in our base
case assumptions. The transportation cost components were estimated through a regression
analysis of data collected by personal communication with transportation companies. Using a
GIS, we estimated the transportation distances from BPCs to the energy conversion facility, and
from that, the cost associated with a given plant capacity. Capital costs of combustion
technologies at different capacities were collected from the literature, and through a regression

analysis we obtained an equation to estimate capital cost for a given capacity.

For our base case, the model estimated the optimal plant capacity, the levelized cost of
electricity, and the energy cost. These results were compared with the levelized cost of electricity

reported by others and the current energy cost from various sources in Bolivia.

4.3.1 Optimal plant size and levelized cost of electricity (LCOE)

In order to analyze the optimal plant capacity based on costs, we grouped the costs per unit of
energy produced into two groups: costs that increase with increasing plant size and costs that
decrease with increasing plant size. The first group is made up of the biomass logistic costs,
which include harvesting, premium to farmer, nutrient replacement, baling, transportation to
BCPs, storing, and transportation cost from BPCs to the energy conversion facility. This last cost
increases at a higher rate for large plant capacities. The second group is made up of the energy

conversion costs, which include capital costs and O&M costs (e.g., labour cost, maintenance
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cost, insurance, and general cost). The ENBIOTEM model was used to estimate these two cost
groups; our base case assumptions were kept constant while the plant capacity was changed from
5 to 650 MW. Figure 4-16 shows the biomass logistic costs and energy conversion costs for
grate-firing (Figure 4-16 [a]) and fluidized bed combustion (Figure 4-16 [b]). Both figures show
the opposite behaviour in the two cost groups: increasing the capacity reduces costs due to
economies of scale but increases transportation costs due to increased travel distances to collect

larger volumes of biomass.
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Figure 4-16: Biomass logistics cost and energy conversion cost dependence on plant

capacity for: (a) grate-firing, (b) fluidized bed

The sum of all these costs (biomass logistics, capital cost, O&M cost) throughout the lifetime of
the facility is the LCOE [$/MWh] (Figure 4-17), which has a minimum value at the optimum
plant size. Plant capacities higher than the optimal size are not considered economically viable
options. The LCOEs for both technologies (grate-firing and fluidized bed) are compared on
Figure 4-17; the LCOE for grate-firing combustion is lower than for fluidized bed for small plant

sizes (lower than 50 MW). For capacities above 100 MW, fluidized bed technology offers the

143



lowest LCOE. Figure 4-17 shows that the minimum LCOE is 119 $/MWh for grate-firing and

111 $/MWh for fluidized bed, both for a 300 MW plant capacity.
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Figure 4-17: Levelized cost of electricity for grate-firing and fluidized bed technologies at

different plant capacities

Assuming 300 MW as the maximum unit size significantly increases the LCOE for larger
capacities since two units of the same size need to be built. On the other hand, the LCOE
decreases at a low rate right before the limit size is reached, which indicates the plant could be
built in a range of capacities without significantly affecting the LCOE. For example, the power
plant could be built from 200 to 300 MW and 380 to 600 MW without increasing the LCOE
more than 6% with respect to the minimum LCOE (111 $/MWh for fluidized bed technology). A

similar profile has been reported in previous studies [16, 18, 20].

The LCOE composition for both combustion technologies at the optimal size, 300 MW, is shown
in Table 4-11. The main cost difference between these two technologies is attributed to capital
cost, which is also reflected in maintenance, insurance, and general costs. The other cost

components remain the same for two combustion technologies.
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Table 4-11: LCOE components for power generation

LCOE [$/MWh]

Cost component
Grate-firing Fluidized bed

Capital cost recovery 60.6 45.1
Harvesting (cutting, hopping) 7.2 7.2
Baling 12.0 12.0
Transportation to collecting points and storage 2.9 2.9
Nutrient replacement cost 10.3 10.3
Premium to the farmer 5.7 5.7
Transportation to facility 12.5 12.5
Labour 0.8 0.8
Maintenance 14.7 11.0
Insurance and general costs 4.9 3.7
Ash transport 0.3 0.3
Total cost 131.8 111.3

As shown on Figure 4-17 and Table 4-11, fluidized bed combustion technology has the lower
LCOE. For the rest of the analysis, therefore, the focus will be on this technology at the optimal

plant capacity of 300 MW.

The LCOE calculated here is compared with other LCOEs reported in previous studies. IRENA
[77] reported LCOE values for different renewable energies in various regions; those for biomass
technology are listed in Table 4-12, where the weighted average for South America is 99
$/MWh. The LCOE obtained here is 111 $/MWh, 12% higher, but closer to South America’s

than other regions.
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Table 4-12: Regional weighted-average biomass-based LCOE [77]

Region LCOE [$/MWh]
Asia 46.7
Africa 57.7
North America 78.1
South America 99.3
Europe 144.9

The LCOE components obtained here were compared with the LCOE components from an
economic model presented in a previous study in the same research area, power generation via
combustion technology using triticale straw [20]. Figure 4-18 shows that the cost components are
proportional. Capital cost and transportation cost are slightly lower in the present study. Capital
cost, here, is merely for fluidized bed combustion, while the previous study considered
combustion without specifying the type. Transportation cost is lower here because of the low
variable cost component, which is an advantage for a biomass facility. The higher cost
component in the comparison is the nutrient replacement cost, mostly due to the high importing

cost, which negatively affects agricultural residue use for energy generation.
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Figure 4-18: LCOE comparison with Dassanayake’s study [20]

4.3.2 Energy cost analysis

Assuming the capacity incentives and carbon credits remain constant, the ENBIOTEM model
estimates the energy cost in the first year of operation at 12% IRR. The energy cost at the
optimal case (i.e., 300 MW plant size for fluidized bed technology at a minimum LCOE of 111
$/MWh) is estimated at 71.56 $/MWh for the first year. The energy cost increases annually due
to inflation. The corresponding cash flow for this project is shown in Figure 4-19, which
indicates that the cumulative discounted cash flow at the end of the power plant lifetime is zero

and the investment cost is recovered after 20 years at a 12% IRR.
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Figure 4-19: Cash flow for fluidized bed combustion technology at 300 MW

The current energy cost from natural gas-based power plants in Bolivia is 19.5 $/MWh, which is
lower than the energy cost suggested in this study. A previous study estimated the energy cost
for proposed hydro projects in Bolivia [24]. As it can be observed in Table 4-13, the energy costs
from these hydro projects are higher than the current energy cost, which implies that hydro is not
competitive unless the natural gas subsidy is removed. The energy cost from hydro is lower than
the value suggested here, i.e., 71.6 $/MWh. However, the infrastructure of hydro projects
involves geographic transformations (e.g., clearing forest areas, deviation of river channels and
river levels), relocation of nearby communities, and increase in the vulnerability of protected
areas, fauna, and flora species [88, 89]. On the other hand, the use of biomass from agricultural
residues means exploiting an available source that is being wasted in a facility whose

construction does not require such significant modifications as hydro plants.
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Table 4-13: Energy cost estimated for hydro projects [24]

Hydro projects Capacity [MW] [$/MWh, 2017]
Misicuni 40 52
Unduavi 45 39
Miguillas 203 54
San Jose 69 31
Rositas 400 54

4.3.3 Sensitivity analysis results

A sensitivity analysis was conducted to study the impact on energy cost of changes in the
combustion unit size, main cost components, economic parameters (i.e., IRR, inflation rate),
power plant characteristics (i.e., efficiency and capacity factor), and other sources (i.e., capacity

incentives, carbon credits).

4.3.3.1 Effect of combustion unit size

Since the optimum size and minimum LCOE were determined through the restricted unit size of
300 MW, we considered other unit size limits in order to see the impact on results, as seen in

Figure 4-20.
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Figure 4-20: Effect of unit size limit on optimal capacity and energy cost

If the unit size increases to 350 MW, the energy cost decreases by only 2%. Table 4-14 shows

that the unit limitation is an important parameter for defining the optimal size and energy cost. If

the maximum unit size is 240 MW, the optimal size becomes 480 MW, which means two units

are considered. In most cases, the optimal plant size is determined by the first unit size

limitation.

Table 4-14: Unit size limitations

Unit limitation

Optimal size

Energy cost

[MW] [MW] [$/MWh]
350 350 70.2
300 300 71.6
260 260 73.4
240 480 74.4
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4.3.3.2 Effect of revenue from capacity incentives and carbon credits

Figure 4-21 shows the effects of changing the capacity incentive and carbon credit revenue on
the energy cost. The energy cost could potentially decrease from 71.6 to 64 $/MWh if carbon
credits increase from 5 to 17 $/tCO,, as a previous study suggested for Guabira, a bagasse power
facility in Bolivia [34]. If new policies increase the revenue from capacity incentives from 9.5
$/MWh to 30 $/MWh, the energy cost could decrease from 71.6 to 33 $/MWh. Therefore, there

should be more focus on increasing capacity incentives instead of on carbon credits.
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Figure 4-21: Energy cost sensitivity of revenues

4.3.3.3 Effect of cost components and model assumptions

Figure 4-22 (a) shows the energy cost variation by changing the main costs components. The
figure shows that decreasing the capital cost causes a major energy cost reduction. The second
cost factor that decreases the energy cost significantly is biomass cost, which includes
harvesting, baling, fertilizer cost, premium to farmer, transportation to BCPs, and storing. The

cost component having the least effect on energy cost is labor cost. The effect of inflation rate
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has been analyzed as well by increasing it to 4%, but no significant change was seen. Figure 4-22

shows that increasing the efficiency or capacity factor reduces energy costs.
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Figure 4-22: Effects of (a) main cost components, economic assumptions, and power plant

characteristics, (b) biomass cost, and (c¢) transportation costs on energy cost

Because biomass cost significantly affects energy cost, the change of costs in each stage of
collection and their effects on energy cost are shown in Figure 4-22 (b). Baling and nutrient
replacement costs are the two main components affecting energy cost. Baling agricultural
residues is not a common practice, but its cost may decrease if more companies undertake this
activity. If the nutrient replacement cost decreases from 12 to 5.9 $/t (a 50% decrease), the
energy cost could potentially decrease to 67 $/MWh. Currently the fertilizer price in Bolivia is
higher than elsewhere. Most fertilizers are imported; however, new national fertilizer facilities
may lower costs significantly. The premium to the farmer does not have a significant impact on

energy cost; however, if this cost is removed, the energy cost reduces to 66.8 $/MWh.

Figure 4-22 (c) shows the impact of changing the fixed and variable transportation costs on the
energy cost. The fixed cost variation has a higher impact than the variable cost. The low variable
cost used in this study is attributed to diesel subsidy; however, if the subsidy is removed, the

increased variable cost will not significantly affect the energy cost.
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4.4 Discussion and recommendations

The energy cost found in this research (i.e., 71.6 $/MWh) is 3.7 times more than the current cost
of energy in Bolivia (i.e., 19.5 $/MWh), most of which is generated in natural gas—based power
plants using subsidized natural gas. We analyze below the ways in which the electricity

generated by a biomass-based power plant could become competitive.

The first option is to export electricity to neighboring countries. The electricity price in
neighboring countries is relatively high compared to the price in Bolivia [90]. In 2010, the
electricity price to final consumers was 9 ¢/kWh in Bolivia, 21 ¢/kWh in Brazil, 13 ¢/kWh in
Peru, 23 ¢/kWh in Chile, and 7 ¢/kWh in Paraguay [90, 91]. One of the goals in the Electricity
Plan for 2020 is to export electricity [92]. A few years ago, the potential markets were Brazil,
Paraguay, Peru, and Argentina, but the situation has changed. Electricity demand in Peru
increased at a lower rate than projected; Peru now has an oversupply and is no longer a potential
market for Bolivia for at least the next five years [93]. Paraguay generates inexpensive electricity
largely from hydro plants that were built many years ago and currently exports electricity to
Argentina [93]. Brazil’s energy demand is increasing, especially in the northeast; this area might
be a market for Bolivia but probably only for a short time because Brazil has mega-projects
underway to increase electricity generation from hydro. Argentina is the best destination; there
have been previous agreements for selling electricity to Argentina [94] and there is a connection

planned from Yaguacua in Bolivia to Tartagal in Argentina, a distance of 110 kilometers [94].

The government of Argentina approved the reduction of subsidies on fossil fuels [95]. The sharp
increase in the national electricity price from 37.5 $/MWh in 2015 [96] to 65.3 $/MWh in 2017

[97] increased electricity imports from Brazil, Paraguay, and Uruguay [98]. In view of this
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situation, Bolivia is accelerating the process for exporting electricity to Argentina. Since the big
hydro projects in Bolivia are still under study, and construction may take 9 years [2], the most
feasible and fast option for Bolivia is to export electricity from natural gas-based power plants,
which use natural gas (in this case with no subsidy) at an energy cost of 70 to 72 $/MWh, a
competitive price compared to international costs of around 110 $/MWh [99]. However, using
fossil fuels (with short time availability) is not the best alternative. Increasing the use of natural
gas in power plants for energy production increases dependence on natural gas. It is important to
highlight here Argentina’s strategy, which is to increase the share of renewables. Increasing the
price of electricity (70 $/MWh by 2019 [100]) makes renewables a competitive option and
eventually Argentina’s energy price will be lower than that of imported fossil fuels and
electricity from neighboring countries [101]. Therefore, Bolivia should focus on short
construction-time power plants using renewable sources (i.e., biomass from agricultural residues)
to generate and export electricity to Argentina during the years when its national energy portfolio

transition takes place.

In terms of Bolivia’s energy situation, although natural gas will be available only for the next 14
years, the power generation sector still depends heavily on this fossil fuel due to its low
subsidized price. Although the country invests in exploration, no new natural gas reservoirs have
been approved. Therefore, the country urgently needs to modify the energy cost system in order

to introduce renewable energy into the power energy portfolio.

The second option to make biomass a competitive source of energy is to increase the energy cost
from thermoelectric power plants by removing its natural gas subsidy. The following

assumptions were made for this proposal:
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The annulment of the Hydrocarbons Law No. 3058, Article 87, which states that the
national natural gas prices will not exceed 50% of the minimum export prices [102].
The reduction of the capital cost of biomass technologies due to continuous
technology improvement, competitive procurement, and active research encouraged
by policies in favor of climate change [28]. Since biomass combustion is already a
mature technology, the potential cost reduction is not as high as other renewable
energy technologies. IRENA (2012) reported a 25% reduction by 2020 (3.13 %
reduction per year) [33]. IRENA (2015) reported that the capital cost of combustion
technology can potentially be reduced by 10-15% by 2025 (11 years from 2014;
1.14% reduction per year). A reduction of 1.5% per year in capital cost is assumed
[77].

Energy cost and natural gas price for thermoelectric power plants change
proportionally. For example, the energy cost is 19.5 $/MWh when the natural gas
price is 1.3 $/MCF, but if the natural gas price increases to 2.6 $/MCF, the energy
cost would be 39 $/MWh [2].

Since natural gas availability is projected for only the next 14 years, it is assumed that
after 2031, the country will start importing natural gas for thermoelectric power
plants at the same price as the forecasted export price. The report by the Ministry of
Hydrocarbons and Energy projected the export price of natural gas up to 2022 (Figure
4-23) [24]. Here, as an assumption, the projection is extended to 2031 using the same
gradient originally proposed by the ministry, and then compared with the trend of the
natural gas spot price at Henry Hub [103]. This forecasted natural gas price is used to

estimate the energy cost from thermoelectric power plants.
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Figure 4-23: Forecasted natural gas price

The energy cost from biomass technology is now compared with the electricity cost from natural
gas-based power plants, which will vary throughout the next 14 years based on how natural gas

subsidy is removed.

Scenario 1. Thermoelectric power plants continue to buy natural gas at the fixed subsidy price
(1.3 $/MCF) [104] with no modification. The increase in energy cost from thermoelectric power
plants is only affected by inflation only (Figure 4-24 [a]). In the first 14 years, the gap between
the energy cost from biomass and natural gas generators is wide. Afterwards, however, the
energy cost from thermoelectric power plants will sharply increase due to the import natural gas
price. Scenario 1 has considerable social and economic impact. In this scenario, the energy cost

from biomass will become competitive after 2031.

Scenario 2. The natural gas subsidy is removed immediately. The thermoelectric power
generators buy natural gas at the same price as regional countries (at export price) (Figure 4-24
[b]). In this scenario, energy from biomass becomes competitive. This scenario could decrease
the use of fossil fuels, which may result in natural gas savings for export or in extending its
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availability time. If subsidies were removed and fossil fuel prices were as high as export prices,

the transition from exporting to importing would not impact final consumers.

Scenario 3. The natural gas subsidy is gradually removed from the current subsidy, 1.3 $/MCF,
to the projected import price in 2031, i.e., 8.1 $/MCF (Figure 4-24 [c]). In this scenario, biomass
technology will become competitive by 2027. The continuous increase in energy cost may lead
to constant social dissatisfaction. However, the gradual subsidy removal may also provide an
incentive to introduce other renewable sources, which could partially offset the effects of higher

energy costs.

Scenario 4. The law that fixed the natural gas cost at 1.3 $/MCF is annulled. In this case, the
natural gas price for thermoelectric power plants increases at the same rate as the export natural
gas price. Figure 4-24 (d) shows the two electricity price lines converging, however, not enough

to make biomass competitive by 2032.
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The third option for making biomass a competitive source of energy is to implement policies in
favor of renewable energies. The government of Bolivia has set a renewable energy target by
2020 for adding 163 MW into the power portfolio [105]; however, introducing renewable
energies is still a challenge and requires concrete actions. The strategy should start by funding
institutions working on renewable energies research projects in order to prove the technical and
economic feasibility of promoting renewable energies in Bolivia [105]. Policies such as
preferential dispatch to renewable sources, import tax exemptions, value added tax (VAT)
exemptions, remuneration system incentives, discounted transmission charges, etc. can also help

promote application of renewable energies.

A letter from the president of Bolivia to the Conference of the Parties (COP 14) in 2008 [106]
expressed his concern about GHG emission reduction policies, particularly carbon credit
mechanisms. The president argued that developed countries receive the most benefit from
programs linked to climate change while they are actually the main cause due to the historic
accumulation of GHG emissions. On the other hand, developing countries that produce very few
GHG emissions (i.e., 0.027% from Bolivia’s electricity sector [107]) are the most vulnerable and
suffer greatly from the consequences of global climate change. The president believes the use of
market mechanisms such as carbon credits remove responsibility without actually reducing GHG
emissions. Until now, most countries have set their GHG emissions reduction targets voluntarily,
and the surface average temperature was estimated to verify that it did not surpass the 2°C target
[103]. However, the most responsible way should be to quantify the maximum global GHG
emissions from not surpassing 1.5°C and distribute this allowance worldwide considering

indexes related to historic responsibilities, ecological footprint, technology, financing capacities,
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and the country’s development stage. This method, based on climate justice, could develop new

opportunities to support developing countries in funding and technology transfer [107].

4.5 Conclusion

Bolivia has great potential to generate electricity using biomass from unused agricultural
residues. The ENergy from BIOmas Techno-Economic Model (ENBIOTEM) was developed
here to study the feasibility of collecting and transporting biomass to optimally located energy
conversion facilities in Bolivia. Biomass combustion technology was considered for power
generation, and two combustion systems were compared. The facility parameters and energy
conversion costs were adopted from other regions (e.g., North America, Europe) and the costs of
biomass collection such as harvesting and baling were estimated based on similar activities in the
study area (e.g., crop harvesting, grass baling for animal feeding, etc.). The two transportation
cost components (i.e., fixed and variable) were obtained through a regression analysis of data
collected through personal communications with transportation companies in Bolivia. Labour
cost was estimated based on employee numbers for biomass facilities and salaries for different

positions at an electricity generation facility in Bolivia.

The model estimated the minimum LCOE at 111 $/MWHh; this is from fluidized bed combustion
technology and an optimal plant size of 300 MW. The LCOE components were compared with a
previous study, and the main difference was the high nutrient replacement cost in Bolivia, which
is due to the high cost of imported fertilizers. The energy cost, which takes into account the
revenues from capacity incentives and carbon credits, was estimated at 71.6 $/MWh at the
optimal case (i.e., 300 MW plant capacity and fluidized bed combustion technology). A
sensitivity analysis identified the factors that most affect the energy cost. It was found that
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increasing capacity incentives lowers the energy cost noticeably more than an increase in carbon

credits.

The energy cost (71.6 $/MWh) was then compared to the current energy cost in the country (19.5
$/MWh). This vast difference is due to the subsidized natural gas used for thermoelectric power
generators, which is the main barrier towards introducing renewable energies into the Bolivian
power portfolio. Considering that natural gas resources in Bolivia are available for only 14 more
years and the government is planning to export electricity to neighboring countries in future, the
need for new electricity generation projects becomes obvious. Some options to make biomass
technology a competitive source of energy were analyzed. The first option is to export electricity
generated from biomass to Argentina. That country has an increasing energy demand and is
going through a power portfolio transition by removing the subsidy from fossil fuels. The second
option considers removing Bolivia’s natural gas subsidy. Depending on the removal rate,
biomass may become competitive within the next 14 years. Lastly, supporting research studies
could provide information and increase the interest of decision and policy makers. Changing the
current energy revenue system, financing opportunities, and incorporating new policies in favor
of renewable energies could help the energy transition. Although the introduction of renewables

is still a challenge, there are options and potentials that are not yet being exploited.
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Chapter: S Conclusions and recommendations for future

research

5.1 Conclusion

In this research, we assessed the use of agricultural residues as a biomass feedstock to generate
electricity in Bolivia. The country’s increasing energy demand and the ambitious aim to export
electricity to neighboring countries led to the need to investigate renewable energy options that
have lower environmental impact than fossil fuels. Agricultural residue biomass is an unused
renewable source of energy that could replace fossil fuels and ensure national energy security. In
this study, we developed geographic information system (GIS)-based models for various
analyses. A biomass quantification process was conducted to estimate the volume of agricultural
residues that could be sustainably used for energy generation purposes. A framework was
developed to strategically locate biomass collection points (BCPs). The model was applied to
Bolivia, and the identified BCPs were used to site optimal locations for biomass-based facilities
considering social, environmental, and economic factors. Finally, a techno-economic model was
developed to estimate the cost of generating electricity using agricultural residues for a wide
range of plant capacities and an optimal plant size. The conclusions reached in each section are

presented here.

5.1.1 Biomass quantification in Bolivia

Agricultural residues from Bolivia’s six main agricultural products (sugarcane, soybean, corn,
rice, sorghum, and sunflower) were considered in the quantification process. The residue-to-

product ratio (RPR) of individual crops was used to estimate a total residue generation of 9.1
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Mt/yr. However, this amount cannot be used in its entirety to generate electricity. The total

volume is reduced because of soil conservation and machinery capacity (23%), animal feeding

(10%), losses due to handling, storage and transportation (12%), and moisture content (13%).

With these losses taken into account, the final biomass volume available for energy generation

purposes is an estimated 3.8 M dry t/yr. Most of the residues (i.e., 3.7 M dry t/yr) are generated

in Santa Cruz, one of nine departments of Bolivia (see Figure 5-1).
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Figure 5-1: Dry biomass availability in Bolivia and enlarged in Santa Cruz

This research was, therefore, focused on the Department of Santa Cruz. The residue composition

of biomass availability in Santa Cruz is 49% soybean, 22% sugarcane, 9% sorghum, 8% corn,

7% sunflower, and 5% rice. The energy potential from agricultural residues in the Department of

Santa Cruz is 5.3 GWh, and ten of the 56 municipalities in Santa Cruz have an energy potential

of 4.5 GWh. Moreover, these municipalities share boundaries, which is an important advantage.
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These ten main residue producer municipalities are listed in Table 5-1 with corresponding

biomass availability and energy potential.

Table 5-1: Ten main residue producer municipalities

Municipality Biomass [t/yr] Energy potential [MWh]
Warnes 146,965 218,241
Okinawa Uno 114,850 163,633
Pailon 451,368 611,777
Santa Rosa del Sara 141,670 199,749
Gral, Saavedra 135,155 202,419
Mineros 130,251 195,035
Fernandez Alonso 331,109 487,503
San Pedro 663,109 948,002
San Julian 626,259 882,289
Cuatro Canadas 471,201 642,498

Total 10 municipalities in
3,211,936 4,551,146
Santa Cruz

The sensitivity analyses identified the parameters that most affect the estimation of biomass
availability and energy potential. These parameters are the RPR of soybean and sugarcane and
the moisture content. Therefore, properly determining these values for the study area would

increase the reliability of results.

5.1.2 Location of biomass collection points and biomass-based facilities

In the biomass logistics proposed here, biomass would be compacted in bales, and then moved to
biomass collection points (BCPs), which provide space and storage. Moreover, BCPs are located

close to roads in order to increase the truck pick-up efficiency and provide specific collection
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sites along the trucking routes. Trucks would collect the bales from BCPs and transport them to
the biomass-based facility. A framework was accordingly developed in a GIS environment to site
BCPs by giving preference to locations with high biomass availability and close distance to
roads. The model, consisting of an iterative process, was created for regions where the road
network does not have a grid road pattern, fields do not have access to paved roads, and biomass
availability varies greatly. The framework was applied to Santa Cruz, Bolivia, and three zones
were selected in it based on biomass availability. Within these zones, 107 BCPs were sited,

which together could collect 1.5 M dry t/yr.

GIS-based models were used to site optimal locations of biomass-based facilities considering
social, environmental, and economic factors. The process excluded areas where the facility
cannot be sited (e.g., protected areas, roads, rivers, lakes, lagoons, wetlands, urban areas, etc.)
and assessed areas based on the relative location towards preference factors (e.g., agricultural
areas, road network, transmission lines, land cover, property type, etc.). These preference factors
were integrated based on weightage values obtained from the Analytic Hierarchy Process (AHP).
The integration of exclusion and preference maps resulted in a suitability map with suitability
indexes (SI); areas with high SIs were selected as candidate sites. A network analysis was then
conducted using the facility candidate sites, BCPs, and actual road network. Based on the most
common biomass-based facility size, i.e., 50 MW, and the total biomass volume collected at
BCPs, seven facilities were located as illustrated in Figure 5-2. The biomass-based energy

conversion facilities have a power capacity ranging from 23 to 82 MW
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Figure 5-2: Geographic location of biomass-based energy facilities

The municipalities where each facility is located and the biomass volume assigned to

corresponding facility is listed in Table 5-2.

Table 5-2: Information on biomass-based energy facilities

Number Municipality location of Number of collection Dry biomass Capacity

of facility  facility points for each facility delivered [t/yr] [MW]

1 Fernandez Alonso 27 390,000 82

2 San Pedro 22 250,000 53

3 General Saavedra 14 240,000 51

4 Warnes 13 180,000 38

5 Okinawa Uno 12 150,000 32

6 Portachuelo 10 110,000 23

7 General Saavedra 9 160,000 34
Total 107 1,480,000 313
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5.1.3 Cost to generate electricity using biomass and optimal plant size

A techno-economic model was developed to estimate the cost of generating electricity using
agricultural residues. The cost data was converted to US dollars and updated to 2017, the base
year of this study. Costs in each stage of the biomass logistics were considered. The biomass
logistic process included harvesting, baling, transportation to BCPs, storing, nutrient
replacement, and transportation from BCPs to the biomass-based facility. Travel distances were
obtained from a GIS network analysis. The transportation cost components, fixed and variable,
were determined through personal communication with transportation companies in Bolivia and
a regression analysis. The fixed and variable costs are 12.39 $/t and 0.07 $/km-t, respectively.
Travel costs were estimated for a wide range of plant sizes. The biomass-to-energy conversion
technology considered here is combustion, and grate-firing and fluidized bed (circulating and
bubbling) combustion were compared. The capital costs of a wide range of plant capacities were
collected from different sources. Through a power regression analysis, we obtained scale factors
for gate firing and fluidized bed of 0.85 and 0.73, respectively, which suggests that economies of

scale are more pronounced for fluidized bed than grate-firing technology.

The economic-model estimated the levelized cost of electricity (LCOE) for a wide range of plant
sizes. The lowest LCOE is 111 $/MWh, corresponding to an optimal plant size of 300 MW and
fluidized bed combustion technology. After 300 MW, the LCOE increases sharply because the
maximum capacity of a single unit is 300 MW. For larger capacities, two same-size units are
assumed. Plant sizes smaller than 300 MW slightly increase the LCOE. For example, the LCOE
increases only 6% (relative to the lowest LCOE) if the plant size decreases to 200 MW. At 300
MW, the cost is composed of biomass collection, transportation, and energy conversion (at

facility), and the percentages of each are 34%, 11% and 54%, respectively. The energy cost was

179



estimated to be 71.7 $/MWh in the first year the facility generates electricity. This cost is higher
than the current energy cost, which is considerably low, compared to neighboring regions,
because of the subsidized natural gas for thermos-electrics. If the subsidy is removed, the energy

from biomass conversion could be a competitive source of energy.

5.2 Recommendations for future work

The following research recommendations could expand and improve the use of biomass as a

source of electricity generation in Bolivia:

1. The biomass quantification considered only the agricultural residues of the six main
crops, sugarcane, soybean, corn, rice, sorghum, and sunflower. However, biomass
includes forest residues, municipality solid waste, food processing residues, etc. These
could be equally well used to generate energy. A research study on estimating the
potential of these other biomass sources could increase the interest in the use of biomass
to generate electricity.

2. The biomass quantification used several factors taken from the literature, but using actual
factors for the study area would improve the biomass availability estimate. Since the
sensitivity analysis identified moisture content and the residue-to-product ratio of
soybean and sugarcane as the main factors affecting the biomass availability estimate,
studies should be conducted to determine their actual values in order to increase accuracy
in biomass quantification.

3. The location analysis of BCPs and biomass-based facilities used the most updated maps
available. However, the results of this analysis are subject to change with changes in
geographic features, such as expansion in urban areas, increased road network, new
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facilities, etc. Also, regulations should be reviewed in case new provisions are
incorporated. If there are changes, the model should be updated.

In this study, the conversion technology focused on combustion, specifically two types,
grate-firing and fluidized bed; however, there is a wide variety of conversion
technologies using biomass (e.g., gasification, pyrolysis, anaerobic digestion,
composting, and landfill gas), along with other biofuels (e.g., ethanol, biodiesel, biogas,
and syngas)) that can be assessed for the study area.

Biomass utilization technology is not currently economically feasible due to the high
energy cost. The natural gas subsidy for thermoelectric power plants is the greatest
barrier towards increasing the competitiveness of renewable energy. Studies should be
conducted to look for alternatives to support the use of biomass to generate energy in

order to motivate and increase the interest of decision makers.
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