
sustainability

Article

A Sustainability Assessment of Bioethanol (EtOH)
Production: The Case of Cassava in Colombia

Claudia Pabon-Pereira 1,* , Maja Slingerland 2, Sanna Hogervorst 3, Jules van Lier 4 and
Rudy Rabbinge 5

1 Faculty of Engineering and Sciences, Universidad Adolfo Ibáñez, Santiago 7910000, Chile
2 Plant Production Systems group, Wageningen University and Research, 6708 PB Wageningen,

The Netherlands
3 Sub-department of Environmental Technology, Agrotechnology & Food Sciences,

Wageningen University and Research, 6708 PB Wageningen, The Netherlands
4 Section Sanitary Engineering, Department of Water Management, Delft University of Technology,

2628 CN Delft, The Netherlands
5 Sustainable Development & Food Security, Wageningen University and Research, 6700 AK Wageningen,

The Netherlands
* Correspondence: claudia.pabon@uai.cl

Received: 29 May 2019; Accepted: 15 July 2019; Published: 22 July 2019
����������
�������

Abstract: This paper shows how system design determines sustainability outcomes of cassava
bioethanol production in Colombia. The recovery of the energy contained in by-products is
recommended as compared to single product production. In particular, this study assesses the
energy, greenhouse gases, water, and land use performance of alternative cassava cascades working
at different scales, highlighting the implications of including anaerobic digestion technology in
the chain. The centralized systems showed a poorer energy and greenhouse gases performance as
compared to decentralized ones in part due to the artificial drying of cassava chips in the centralized
facility. Under solar drying of cassava chips, systems with anaerobic digestion produced three to five
times more energy than demanded and produced greenhouse gas savings of 0.3 kgCO2eq L EtOH−1.
The water balance output depends upon the water reuse within the ethanol industry, which demands
21–23 L EtOH−1. In the anaerobic digestion scenarios, assuming liquid flows are treated separately,
complete water recovery is feasible. Land use for cassava cultivation was calculated to be 0.27–0.35 ha
tEtOH−1. The energy and water content of the material to digest, the options for digestate reuse, and
the recovery of the methane produced are major considerations substantially influencing the role of
anaerobic digestion within cassava cascade configurations.
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1. Introduction

Cassava is a tropical root crop mainly grown in Africa, Asia, and Latin America. It is the fifth
staple food in the world after rice, wheat, maize, and potatoes, being a basic component of the diet of a
billion people [1]. As it takes at least 8 months of warm weather to produce a harvestable root, cassava
is mostly grown in tropical regions. In Latin America, about 12% of the world’s cassava production
takes place in about 11.5% of the world’s cassava cultivated area [1].

Traditionally, cassava is cultivated by small-scale farmers who use it as a food crop. However,
cassava is also used as animal fodder, for the industrial production of starch, gums, adhesives, and
it is also considered an attractive crop for the production of ethanol. In Colombia, cassava’s main
use has been domestic consumption (70.5%), followed by fresh animal feed (18.4%), dry cassava for
concentrated feed (4.1%), bitter starch (2.2%), and sweet starch (1.8%) [2].
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The production of cassava in Colombia amounted to 2.3 million tons in 2012, equivalent to almost
7% of the total agricultural production of the country and 11% of Colombia’s total agricultural land.
An average yield of 10.7 ton ha−1 was reported for 2012 [1]. Cassava is cultivated under various climates
and soils, but the majority (about 70%) is cultivated in the northern coastal provinces (Figure 1).
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Due to the fact that Colombia’s most fertile and flat areas are used for the production of sugarcane
and other crops destined for industrial use or export, food crops like cassava are generally grown
on the Andean hillsides [4]. Cassava traditionally has been planted by small farmers, having less
than 5 ha of cassava per farm, and mostly intercropped with maize and yams. More recently, larger
plantation-style plantings of more than 10 ha of cassava per farm have been started in response to a
sharp increase in demand from cassava processors [5].

Since 2001, the Colombian government has been promoting biofuels through different laws and
reforms. It established a 10% volume blend of bioethanol with gasoline in the main urban centers
of the country along with the necessary technical requisites, tax exemptions, and price regulations.
The implementation of the law has been fast and, as a result, estimations by the Colombian Ministry of
Agriculture and Rural Development indicate that by 2020 about 3.8 million liters of ethanol will be
produced per day as compared to the 900,000 liters produced in 2006 [6]. The previous means that
about 400,000 ha of land will be dedicated to ethanol production in 2020 vs. 40,000 in 2006.

Cassava in Colombia has the second largest theoretical ethanol production potential per ha if
compared to other potential crops. In addition, other advantages of the crop have boosted its popularity
as an ethanol feedstock, including its ability to grow well under marginal conditions where few other
crops can survive, its tolerance to extreme soil pH, and its resistance to most diseases and pests.
Furthermore, cassava is a relatively labor intensive crop which makes it attractive for employment
generation, an objective of the Colombian government. Due to the previous, cassava based bio-ethanol
is expected to become an important provider of ethanol for the Colombian fuel mixing program.
Targets for bioethanol production from cassava mean about 280,000 ha dedicated to ethanol in 2020 vs.
3000 in 2006. The bioethanol target for 2020 also means that the area needed for cassava production
is expected to be 2.5 times that of 2005. As a result, by 2020 cassava will be the major provider of
bioethanol in the country after sugarcane [7].

As bioethanol is a renewable energy alternative to (partially) replace fossil fuels, many consider it
to be a sustainable fuel. However, whether bio-ethanol is truly sustainable, is highly debated [8–12]
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and depends upon several environmental, economic, and societal considerations. Main issues of
concern are the net energy balance of the whole production chain; the overall Greenhouse gases (GHG)
(Abbreviations are presented in Table S1) mitigation potential; the competition for resources like land
and water, which in turn potentially threaten food security and biodiversity; the large quantities of
by-products generated which can lead to substantial pollution; the air pollutant emissions of ethanol
enriched gasoline; the GHG emissions associated with land conversion, and numerous social and
economic considerations including human rights, property rights, income distribution, governance,
and social structures, among others.

So far, no detailed analysis of the environmental implications of bioethanol production from
cassava in Colombia has been conducted. Furthermore, whereas other studies on bioethanol production
from cassava in Thailand and China [13–15] have included the anaerobic digestion step within the
assumptions, no detailed description of the technological choices and analysis of its implications
have been presented. The present study attempts to cover these knowledge gaps by analyzing the
sustainability implications of bioethanol production from cassava in Colombia with two system
configurations, i.e., centralized and decentralized, emphasizing the role of anaerobic digestion (AD) to
improve sustainability of currently planned bioethanol production.

The indicators covered by this study belong to the environmental sustainability compartment,
including energy balance, GHG balance, water, and land use. These indicators have been highlighted
as most relevant in the analysis of environmental sustainability of bioenergy systems and/or biomass
cascades [10,16–21]. In addition, they are most likely to be impacted by the addition of the anaerobic
digestion step [13,22–24].

2. Methodology

2.1. Goal and Scope Definition

The goal of this study is to assess the energy performance, GHG emissions, water, and land use
of alternative cassava cascades for bioethanol production working at different scales, highlighting
the implications of including an anaerobic digestion step in the cascade. Complete balances were
performed including cassava biomass, carbon, energy, nutrients, and water following the flows and
transformation processes in each system. The study comprises the raw materials production, their
conversion into bioethanol, and the end-use of by-products. Emphasis is placed on flows related
to the cultivation and processing of the cassava, including relevant transportation. Carbon flows
associated with the uptake and release of atmospheric carbon during photosynthesis and oxidation
of the (intermediate) products as well as those related to change in land use are included in the
calculations. N2O emissions from fertilization are also covered. Flows related to the construction of
the facilities and transport of the fuels for final use are not included because of the difficulty in their
quantification plus their claimed minor contribution to ethanol energy balances [12]. The systems
boundary, main process units, and flows are presented in Figure 2. For comparability of results, the
functional unit is the production of 100,000 liters fuel ethanol per day, which is about 6% of the expected
ethanol production from cassava in Colombia for the year 2020.
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Figure 2. Overview of main elements in the systems studied. The division in ethanol distillation only
takes places in decentralized systems.

2.2. Data Collection and Validation

At the time this study was performed there were no cassava based bio-ethanol factories in operation
in Colombia, therefore the definition and quantification of the systems are based on field visits, expert
interviews, literature study, and experimental results. Information on the amount and composition of
by-products was obtained by running the ethanol production process at lab scale at the International
Centre for Tropical Agriculture (CIAT) in Palmira, Colombia. The information was cross-validated with
literature information on amounts and quality of by-products from cassava [18,25–27]. Information on
the energy consumption of the ethanol production was obtained from expert interviews according to
current design of the facilities, and such information was cross validated with literature values [13,14,28].
Use of different fossil fuels was foreseen as part of the different systems. Direct energy consumption was
calculated based on the Low Heating Value (LHV) as proposed by the International Panel for Climate
Change (IPCC) [29]. The values are specific for Colombia as reported by local scientific authorities [30].
Indirect energy was calculated as a percentage of the direct energy used, using values reported by
Patzek and de Carvalho Macedo [31,32]. Data on GHG emissions from fossil fuels was obtained from
the conversion of relevant activity rates to their emission equivalents using emission factors specific
for Colombia calculated by local authorities following IPCC guidelines [30,33,34]. Energy content and
emissions related to electricity coming from the grid are specific for Colombia where 75–80% of the
electricity consumed is generated from hydropower. Energy and GHG emissions associated with
agricultural inputs were obtained from different sources [35–38].

2.3. Systems Definition

Four different cassava bioenergy cascades are evaluated in this study. These systems are chosen
to reflect current practices of cassava cultivation and current trends in cassava bioethanol production
in Colombia in which two main types of systems are being implemented (these systems differ mainly
in the centralization or not of production and processing, also showing differences in the variety of
cassava being cultivated). In order to simplify the notation and guide the reader, systems are called
centralized (CS) and decentralized (DS). For each type of system, a scenario with and without the
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anaerobic technology was defined. In the scenarios where AD is not implemented, an alternative use
of the by-products was defined for comparison purposes. As a result, the systems analyzed were
centralized bioethanol production without biogas production (CS); centralized bioethanol production
with biogas production (CS + AD); decentralized bioethanol production without biogas production
(DS); and a decentralized bioethanol production with biogas production (DS + AD) (see Table 1).

Table 1. Main systems characteristics.

System CS CS + AD DS DS + AD

Location Meta Bolivar, Atlantic coast
Average

production size 6–8 ha 2 ha

Soil quality Sandy/clay loam. Extreme acid
Low nutrient content

Sandy/clay loam.
Rich in P and K

Temperature 30 ◦C 27 ◦C
Rainfall 2652 mm 1057 mm

Cassava variety Roja (CM 4574-7) MTAI8 (Rayong 60)

Ethanol production Centralized
Single facility

Decentralized
Separate facilities

Type of energy
used ethanol

Diesel (electricity)
Fuel oil (distillation)

Hydropower (electricity)
Coal (distillation)

Byproducts
treatment Composting Anaerobic digestion Feed production Anaerobic digestion

Labor Mostly mechanized Mainly manual

CS: Centralized System; DS: Decentralized System; AD: Anaerobic Digestion.

The centralized systems are defined as fully mechanized ethanol production systems where both
ethanol production and crop production are concentrated in one place. On the contrary, decentralized
systems are defined as a number of small ethanol production and crop production sites, where
operations are traditionally performed using a significant amount of hand labor, as is the case in
Colombia. In such systems, the distilling and dehydration steps do not take place in the same location.
That is, at the microplant the ethanol is fermented and distilled until it reaches a 50% concentration and
subsequently the resulting EtOH-water mixture is transported to a central factory where the output
of 50 microplants is distilled and dehydrated to 99.6% EtOH. This central step reduces investment
costs and aids in standardizing the quality of the final product. Two out of four systems make use
of anaerobic digestion technology (biogas production) to treat the by-products generated during the
bio-ethanol production process including wastewater from root washing, peels, bagasse, vinasse, and
leaves/stalks. The other two systems make use of other technologies to add value to the by-products,
i.e., composting and animal feed production for the centralized and decentralized system, respectively.

The centralized systems are projected in the eastern plains region (Llanos Orientales) of Colombia.
Currently, the cassava cultivation area in the region accounts for 11.5% of the total in the country and
the production is concentrated in medium size farmers (6–8 ha) [38]. The average temperature in Meta
is 30 ◦C, and the average amount of rainfall is 2652 mm per year [39]. Eastern plains are considered to
have a good potential for centralized cassava cultivation because land is relatively flat, and cassava is
one of the few crops that can resist the prevalent extremely acid soil conditions. The nutrient content
of the soil is very low, especially in P, K, Ca, and Mg [40]. Since connection to the grid is not in place in
this system, the required electricity is coming from burning diesel providing the energy needed for
distillation. The decentralized systems are projected in Bolivar, along the Atlantic Coast. This region is
selected for its tradition of small-scale farming and cassava cultivation. In addition, the Colombian
government has selected this region to establish several cassava based bio-ethanol plants. Bolivar
is a hilly region with a hot climate, with an average temperature of 27 ◦C and an average rainfall of
1057 mm per year [39]. Soils are sandy or clay loam and rich in P and K [40]. It is estimated that the
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average area used for the cultivation of cassava per farmer in Bolivar is 2 ha [41]. Electricity is available
from the grid and coal is used for the distillation as verified on site.

As reflected by the different regional climatic characteristics, two different cassava varieties are
used in the centralized and decentralized systems. Roja (CM 4574-7) is used in the centralized systems
and MTAI8 (Rayong 60) in the decentralized ones, having an average yield of 25.7 and 28.5 ton fresh
roots ha−1 yr−1, respectively. Both varieties have relatively high ethanol yields per ton fresh roots and
are already used for industrial production in the selected regions. Varieties are different as they are the
best adapted to the two regions identified, Roja is cultivated for the production of ethanol in Llanos
Orientales, and MTAI8 has been identified as the best cassava variety for industrial applications in the
Atlantic Coast [42].

3. Process Units and Quantification of Systems Flows

The analysis of the systems was performed considering as systems units: cassava cultivation,
cassava chip production, ethanol production and by-products treatment, i.e., composting, animal feed
or anaerobic digestion.

3.1. Cassava Cultivation

Cultivation of cassava involves ploughing, planting, fertilizer application, pesticide application,
irrigation, harvesting, and packing activities within the farm. In the centralized systems, all processes
are mechanized as much as possible. Planting of cassava is done semi-mechanically, as tractors are
used to prepare the soil. A mixture of chemical and biological herbicides and pesticides are used for
weeding and disease control. As assessed in the field, on average 5.5 kg ha−1 of herbicides (Alacror,
Diuron and Glyphosate) are applied in the centralized system, whereas 2.8 kg ha−1 (Alacror and
Diuron) are applied in the decentralized one. Despite these very high amounts applied, additional
manual weeding is required. Pesticides are applied in the centralized and decentralized systems
at 4.3 and 0.7 kg ha−1, respectively [43]. Cassava harvesting is done using mechanical diggers to
pull out the roots. Based on Ospina et al., the fuel consumption per hectare was calculated from the
power specifications of the machinery a two-row model cassava planter PC-20 of 65 HP and a cassava
harvester P900 of 90 HP, and considering an average fuel consumption of 2.75 HP-h per liter diesel
fuel [44]. The tractors operate at an efficiency of 6.2 and 6.5 ha d−1.

Cassava production in the decentralized systems is performed in a traditional way as is the case in
Bolivar department in Colombia. Planting, weeding, and harvesting are all done manually by the farm
owners and their relatives (field interviews). Herbicides are applied but pesticides are not. Irrigation
is disregarded considering that the minimal amount of water required for cassava cultivation, i.e.,
555 mm per year [45], is exceeded by the rainfall in both regions. Fertilizer requirements are taken from
the recommendations of Howeler and Cadavid considering differences per region [40]. The amount
applied was compared to the nutrient extraction as calculated following the study by Howeler [26]
and compensated in the case of potassium, as in the long-term its application is important to avoid
depletion. The growing period is assumed to be 365 days, one crop rotation takes place once every three
years and 10% of the fresh root harvest is lost due to diseases (field interviews). The labor requirements
per hectare of cassava are based on Cock, Perez Crespo and Ospina [46–48].

3.2. Cassava Chips Production

Fresh cassava needs to be processed into cassava chips to prevent deterioration. Once cassava is
harvested it is transported to the drying facility, where it is weighed, washed, peeled, chopped, and
dried. Per liter EtOH, 8 liters of water are used for root washing [27]. Drying can be done naturally,
taking advantage of solar energy, or artificially, which allows for the operation to be independent
of seasonality. In the decentralized systems cassava is dried using solar energy. A sun drying plant
covering an area of 2000 m2 and working 20 weeks per year, can process 1440 ton of fresh cassava in
the same period. It requires a chopping machine working with a diesel motor of 6 kW and 1 man-day
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working force per ton fresh cassava [49]. In the centralized systems cassava is dried artificially, by a
system operating on diesel, consuming 121 L ton−1 fresh cassava. In addition, electricity is used for
other operations at 78 kWh ton−1 fresh cassava [43].

3.3. Ethanol Production

The ethanol production starts by mixing the cassava chips with water and blending them into
a homogenous pulp. Each ton of cassava chips is mixed with 8 litres of water before entering the
fermentation tanks. After the mixing and blending, the pulp passes through the hydrolysis and
fermentation tanks where enzymes are dosed at 2 mL L−1 of starch [50]. The fermented cassava pulp is
filtered, and the remaining liquid is then purified to 99.6% in distillation and dehydration units. In the
centralized system, ethanol is produced in a modern facility using diesel for electricity generation.
For the distillation, steam is produced using diesel fuel. In the decentralized system, the ethanol
production process follows the design performed by researchers in CIAT, which aims to minimize
investment costs, give opportunities to small holders, and adapt to the available local resources.
Electricity used is coming from the grid and distillation is performed using coal as fuel source. Energy
inputs in ethanol conversion were assessed on site. Emissions associated to the material inputs into
ethanol production other than fossil fuels were considered to be negligible [32].

3.4. Transport

Three segments of transport are considered, which include the transport of crop material, including
roots and aerial biomass, from the fields to the ethanol factories, the transport of crude ethanol from
the microplants to the distillery in the case of the decentralized systems, and from the distillery to
the fields when compost or digestate is transported back. The average distance from the fields to the
ethanol factory in the centralized system was calculated to be 50 km by assuming a circular distribution
of the area needed to produce the 100,000 L EtOH d−1. The cassava is transported in trucks with
10 ton capacity. In the decentralized system, 113 farmers having an average farm size of 2 ha are
needed to supply each microplant with the demanded cassava. They transport their product also in
trucks with 10 ton capacity, with the average distance to the microplant being 6 km. Partially distilled
ethanol is transported 40 km from the microplant to the central dehydration facility by means of trucks
having 6000 liter capacity. In all cases, diesel is used for transportation at an average efficiency of 2.5
km L−1 [35].

3.5. By-Products Characterization and Treatment Options

Five main by-products are generated in the systems, which are cassava aerial biomass, including
leaves, petioles and part of stalks, wastewater from root washing (WWt), peels, bagasse, and vinasse.
It is considered that 87.5% of the stalks produced are available, the rest being used as planting material
for the next season [50,51]. Quantification and characterization of the flows is presented in Table 2.
Amount and composition of peels, bagasse, and vinasse were calculated according to laboratory
experiments and cross-validated with pilot and full-scale facilities found in the literature [13,17,27,52].
Cassava peels and bagasse are produced in similar amounts, showing also similar solids and organic
content. Vinasse is produced in great quantities 12–15 liter per liter EtOH [17,27] and is a crucial
residue to treat due to its undesirable characteristics for direct reuse or disposal including offensive
high organic load and odor. The wastewater from root washing is also a substantial amount with a low
Chemical Oxygen Demand (COD) and nutrient content [27], which can be treated either for reuse at
the ethanol facility or for final disposal in the environment.
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Table 2. Cassava bioethanol production by-product amounts and characteristics.

By-product
Roja MTAI8

Amount TS COD N P K Amount TS COD N P K

[ton ton
EtOH−1]

[g
g−1]

[g
g−1]

[mg
g−1]

[mg
g−1]

[mg
g−1]

[ton ton
EtOH−1]

[g
g−1]

[g
g−1]

[mg
g−1]

[mg
g−1]

[mg
g−1]

Peels a 1.8 0.300 0.252 0.00 0.02 0.13 1.5 0.300 0.252 0.00 0.02 0.13
Bagasse b 1.3 0.250 0.278

1.11 0.18 1.44
1.3 0.250 0.224

1.11 0.18 1.44Vinasse c 17.5 0.027 0.029 17.5 0.027 0.025
WWt d 11.5 0.001 0.001 0 0 0 9.4 0.001 0.001 0 0 0

Leaves, petioles, stalks e 4.3 0.20 0.26 7.2 0.7 4.4 3.09 0.20 0.26 7.2 0.7 4.4

TS = Total Solids; COD = Chemical Oxygen Demand. a. The quantity, TS and COD content of peels was determined
in laboratory experiments. Nutrient composition from [25]. b. The quantity, TS and COD content of bagasse was
determined in laboratory experiments. Nutrient composition calculated from nutrient mass balance. c. The quantity
of vinasse was assumed as13 l per L EtOH according to [17,27] TS and COD content of vinasse were determined
in laboratory experiments and concentrations recalculated considering the total amount. Nutrient composition
calculated from nutrient mass balance. d. Amount and composition of wastewater from root washing according
to [27]. e. The quantity of leaves, stalks and petioles was calculated considering the harvest index of the varieties
selected and corresponds to the amount of this by-product after subtraction of 12.5% seed material. Nutrient
composition was calculated according to the nutrient extraction expected from the cassava yield as reported by [26].
TS and COD content were adapted from [25].

Different conversion alternatives could be used to add value to cassava by-products. In this study
alternatives chosen for the systems without AD correspond with the current situation in Colombia
(Figure 3). In the CS, composting of the main by-products of the ethanol industry is considered,
whereas aerial biomass is left on the land. In the DS, conversion of main by-products for animal feed
production is implemented. In CS + AD, all residues including aerial biomass are added value whereas
in the DS + AD, aerial biomass is left on the land as it is produced in a different location from where
ethanol conversion is taking place. In all cases, wastewater flows not treated by AD are assumed to
be treated by aerobic treatment to meet discharge standards using intermediate rate trickling filters,
allowing concomitant nitrification with a loading of 0.24–0.48 kg BOD m−3 d−1 at 5 kW 10−3 m−3 [52].

3.5.1. Composting

In the CS, peels, bagasse, and vinasse are composted. Composting was chosen as the alternative
for this system as it is current practice in sugarcane based bioethanol producing facilities in Colombia.
Vinasse is evaporated to 35% Total Solids (TS) content in order to be incorporated into the composting
process. The efficiency of the composting process in converting COD is assumed to be 50%, with 4 tons
of water being removed per ton COD converted. In addition, it is considered that 35% of the N in
the input is lost in the process, with 5% of total N emitted consisting nitrous oxide emissions (N2O as
CO2eq) [24]. Energy consumption in the process is calculated assuming 0.4 kg steam needed per liter of
water evaporated [53] and 32.5 kWh used per ton of compost produced [25]. GHG emissions were
calculated as the sum of carbon dioxide (CO2) and methane (CH4) as CO2eq, which together account
for the total amount of COD removed by the composting process. Methane emissions were calculated
as 0.35% of the emissions of CO2. The remaining COD corresponds to the long-term emissions of CO2,
which were calculated stoichiometrically as 44/32 grams of carbon dioxide produced per gram of COD
removed [26].
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2. Composting, 3. Animal feed.

3.5.2. Animal Feed Production

In the DS, residues from ethanol production are used for producing animal feed. Conventional
animal feed production is an energy intensive process requiring about the same amount of energy
as required for the ethanol process [54]. Decision makers in Colombia are considering an approach
in which the vinasse is pre-treated by adding polymers to concentrate it to 10%TS, followed by
centrifugation to reach 25%TS. Nutritional blocks and nutritional salt bags for ruminant animals
are produced requiring 45% and 30% weight basis of concentrated vinasse and weighing 25 and
40 kg, respectively. In both cases, additional root flour, leaf and stalk flour, urea, and mineral salts
are required. A basket centrifuge using 105 kWh t TS−1 direct electricity and working at 90% solids
efficiency is assumed to be used and polymers to be dosed at 3 g per kg TS−1. The energy demand for
the preparation of the feed is 1.3 and 1.1 kWh per block/bag, respectively [43].

3.5.3. Anaerobic Digestion

The methane output for all digesters was calculated based on the COD content and the volume
of the input flows considering a theoretical methane yield of 0.35 m3 CH4 kg−1 COD. The biogas is
turned into electricity and heat using a Combined Heat and Power (CHP )unit expected to operate
at 90% efficiency, i.e., 35% electricity and 55% heat [55]. Calculations of the net energy output were
made considering electricity and heat produced are partially used in the anaerobic digestion facility
for pretreatment, digester operation, and digestate dewatering.

For the purpose of calculating electricity use and emissions different operations were included as
part of the AD facility (Figure 4). For materials with more than 10%TS, pretreatment is needed for
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substrate homogenization, requiring 33 MJ per ton by-product input [56]. The use of electricity for
the operation of the biogas plant is assumed to be 66 MJ per ton raw material [56]. In all cases single
stage continuous mesophilic digesters managing more than 10 tons raw material per year are used.
Due to constant high temperature conditions in the studied areas and the high temperature of vinasse,
i.e., 72–80 ◦C [57], it is not required to use the produced heat from the CHP for the operation of the
digester at mesophilic temperature. Reuse of the digestate is a crucial consideration when evaluating
the incorporation of anaerobic digestion in the bioenergy chain [58]. Digestate offers many advantages
as part of an agricultural production system, including the high content of mineralized nutrients.
The content of organic matter in the digestate can help improve soil structure and has reported
weed suppression capacity [59,60]. Nonetheless energy needs associated with its transportation and
spreading, and the emissions taking place during storage and spreading, also need to be considered.
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The amount of digestate produced was calculated by assuming a 25% TS removal during the
AD process [60] whereas its COD content was calculated by subtracting the COD used for methane
generation from the total influent. All nutrients coming from the input materials are preserved in
the digestate. Based on previous research on digestate properties of manure-maize codigestion it
was assumed that 50%, 50%, 70%, and 30% of COD, N, P, and K, respectively, remain in the liquid
digestate [60]. Energy needs for dewatering were assumed to be 10 MJ kg−1, while requirements for
loading and spreading were calculated to be 0.63 and 0.52 liters diesel per ton liquid and solid digestate,
respectively [56]. The energy needed for transport of the digestate was calculated following the same
assumptions previously outlined (see Section 3.4). When relevant, the (empty) transport provided
by the trucks delivering cassava to the ethanol facilities was subtracted from the energy demand for
digestate transport differentiating liquid and solid flows. Following the previous considerations, AD
scenarios were designed departing from the amount and characteristics of the different flows, i.e., TS,
nutrient content and energy potential, and the possibilities for reuse of the digestate (See Table 3).
The alternative digestion of leaves and stalks was considered as well as the separate treatment of
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wastewater from washing tubers. In all alternatives, digestate is dewatered, the resulting solids are
composted for further stabilization, and the liquid digestate is left for reuse in cassava fields.

Table 3. Evaluation of anaerobic treatment options considering different available flows and characteristics.

CS + AD
Alt 1 Alt 2 Alt 3 Alt 4

Input All Bg, Pls,
AeBio Vi, WWt Vi, Bg, Pls,

AeBio WWt All excl.
AeBio

AD treatm PF/CSTR PF UASB + TF PF/CSTR TF PF
Digestate end use Fld Fld Et. plt Fld Et.plt Fld

Digestate handling Dw Dw n.a. Dw n.a. Dw
End product Lq.Fr, Sl.A Lq.Fr, Sl.A Wr Lq.Fr, Sl.A Wr Lq.Fr, Sl.A
Q [m3 d−1] 2865 579 1377 1956 909 2526

COD [ton COD d−1] 193 152 39 191 1.0 104
BEO-AD [TJ yr−1] a 633 629 629 340
NEO-AD [TJ yr−1] b 492 539 458 227
E Eff [%Brut energy] 78% 86% 73% 67%

(a)

DS + AD
Alt 1 Alt 2 Alt 3

Input Vm, Bg,
Pls,WWt Vd Vi, WWt Bg,

Pls Vd Vi, WWt Bg, Pls,
AeBio Vd

AD treatm PF UASB + TF UASB + TF PF UASB + TF UASB + TF PF UASB+ TF
Digestate end use Fld Dch Et.plt Fld Dch Et.plt Fld Dch

Digestate handling Dw n.a. n.a. Dw n.a. n.a. Dw n.a.

End product Lq.Fr,
Sl.A W Wr Lq.Fr,

Sl.A W Wr Lq.Fr,
Sl.A W

Q [m3 d−1] 2237 100 4980 1277 100 466 1277 100
COD [ton COD d−1] 86 2.5 125 32 1.7 117 32 1.7
BEO-AD [TJ yr−1] a 291 288 498
NEO-AD [TJ yr−1] b 226 198 364
E Eff [%Brut energy] 78% 69% 73%

(b)

Bg: Bagasse; Pls: Peels; AeBio: Aerial Biomass; Vi: Vinasse total: Vm: Vinasse microplant; Vd: Vinasse distillery;
WWt: Wastewater washing tubers; PF: Plug Flow or CSTR: Continuously Stirred Reactor; UASB: Upflow Anaerobic
Blanket; TF: Trickling Filter; Fld: Field; Et.plt: Ethanol plant; Dch: Discharge; Dw: Dewatering; Lq.Fr: Liquid
fertilizer; Sl.A: Solid Amendment; Wr: Water for reuse; W: water; BEO-AD: Brut Energy Output AD units; NEO-AD:
Net Energy Output AD units; E Eff: Energy Efficiency. a Considering 90% COD conversion efficiency into methane
and 90% conversion efficiency from the CHP unit (35% electricity, 55% heat). Based on [16,55,61,62]. b Brut energy
output minus energy consumed in transport of raw materials, pretreatment of materials with TS > 10%, electricity
use by the digester, digestate dewatering, solid digestate composting, digestate transport, digestate spreading, and
aerobic post-treatment of the effluents. Assumptions explained in the text.

In the CS + AD, four alternatives were evaluated. In alternatives 1 and 2 the digestion of all
by-products is considered, including leaves and stalks, meaning that extra transport and handling
is required. Whereas in alternative 1 all flows are codigested, in alternative 2 solid and liquid flows
are digested apart. In alternative 3 the digestion of all by-products except wastewater from washing
tubers is assumed. In this case such wastewater is aerobically treated to meet reuse standards within
the ethanol plant. Alternative 4 considers the digestion of all by-products except aerial biomass. In the
DS + AD, three alternatives are considered. In alternative 1 wastewater from washing tubers, peel,
bagasse, and vinasse are mixed and digested together. Alternatives 2 and 3 consider the separate
digestion of solid and liquid by-products in the microplant. In the first case, only industrial by-products
are treated whereas alternative 3 also considers the digestion of leaves and stalks. In all alternatives, the
extra vinasse produced in the central distillation-dehydration facility is treated in an Upflow Anaerobic
Sludge Blanket UASB reactor and further polished by means of trickling filters.

Among the different sub-units considered in the alternatives evaluated, the electricity for running
the biogas plant is the most energy consuming activity, followed by the energy needed for aerobic
polishing of the wastewater when necessary. From comparing CS1 and CS4, it is concluded that it
is energy profitable to use the aerial biomass for biogas production and subsequently disposing it in



Sustainability 2019, 11, 3968 12 of 23

land as the double amount of energy can be produced. Further, when comparing CS2 and CS3, it is
noticed that it is profitable to separately digest the solid and liquid flows and to avoid the anaerobic
treatment of the water from tuber washing due to its low energy content. Hence, alternative CS2 is
selected as it is the one producing more energy, the most energy efficient and the one providing more
possibilities for water reuse in the ethanol facility. In the case of the decentralized systems, alternative
3, considering the digestion of aerial biomass, is also the most energy profitable, its energy efficiency
being comparable to that of digesting only the industrial by-products.

4. Systems Performance

4.1. Energy Performance

The energy performance was evaluated by means of different indicators, which include Energy
Balance (Ebalance), Net Energy Ratio (NER), the Net Renewable Energy Ratio (NRER), and Biomass
Energy Efficiency (BEff). The Ebalance indicates the net energy produced by the systems after subtraction
of all energy inputs. The NER reports the net energy recovered as a fraction of the total energy
input of the system. In turn, the NRER reports a ratio of the energy recovered but compared to the
non-renewable energy input only, this is an estimation of the fossil replacement value of the system.
The BEff represents the percentage of energy from the cassava plant (root, leaves, and stacks) that is
recovered in ‘usable’ energy (ethanol, electricity, heat), being a measurement of resource use efficiency
(see Equations (1)–(4)).

Ebalance = Eoutput−Einput (1)

NER =
Eoutput − Einput

Einput
(2)

NER =
Eoutput − Einput

E f ossilinput
(3)

NER =
Eoutput

Einput biomass
(4)

As can be seen in Table 4, the CS demands 1809 TJ yr−1 extra energy, which results in a negative NER
of −0.70, meaning that 70% more energy than produced is needed for such a system. The conversion of
by-products by AD improves the energy balance leading to 10% more energy produced than demanded
in the CS + AD. In both centralized systems, ethanol conversion is the most energy consuming step.
In the CS ethanol conversion demands 70% of the total energy input, whereas only 6% of the energy is
demanded by cassava cultivation, and an extra 23% of the energy demand goes to the composting
process in the system without AD. Among ethanol conversion activities, artificial drying of the cassava
represents most of the direct energy input, accounting for 74% in the CS. Given this large contribution,
alternatives are explored in the sensitivity analysis. In the CS + AD, the energy output from AD is
able to cover most ethanol conversion energy inputs. In addition, savings are produced due to the
avoidance of composting, giving a total difference in the energy balance of 1899 TJ yr−1.

Decentralized systems are substantially less energy intensive as compared to centralized systems
due to the use of solar drying or the artificial process. The system with AD has a positive Ebalance

producing 637 TJ yr−1. The system producing animal feed appears approximately energy neutral
(−82 TJ yr−1). Nevertheless, in this system the energy needed for the additives to the animal feed has
not been considered, therefore indirect energy inputs are expected to be higher.

The NRER in all systems is equal or very similar to the NER, meaning that energy inputs other
than fossil fuels make an insignificant contribution to the system.
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Table 4. Energy performance of alternative bioethanol production systems from cassava in Colombia.

CS CS + AD DS DS + AD
TJ yr−1 TJ yr−1 TJ yr−1 TJ yr−1

Cassava cultivation
Direct 44 59 3 12

Indirect 120 117 141 43
Total 163 166 144 55

Ethanol conversion
Direct 1515 403 550 39

Indirect 300 80 19 2
Total 1816 482 569 40

Transport (cassava and
ethanol)

Direct 15 15 29 29
Indirect 3 3 6 6

Total 18 18 35 35

Byproduct conversion
Direct 470 0 52 0

Indirect 111 0 49 0
Total 581 0 101 0

Byproduct transport
Direct 0 11 1 2

Indirect 0 2 0 0
Total 0 13 2 1

Total Direct Energy In 2044 488 637 81
Total Indirect Energy In 534 210 214 50

TOTAL ENERGY INPUT 2578 698 851 131
Ethanol 769 769 769 769

Extra electricity (from AD) 0 0 0 0
Extra heat (from AD) 0 0 0 0

TOTAL ENERGY
OUTPUT 769 769 769 769

Ebalance TJ yr−1 −1809 90 −82 637
NER −0.70 0.13 −0.10 4.85

NRER −0.69 0.13 0.05 4.85

In the biomass energy efficiency analysis, approximately 75% of the energy fixated by the cassava
plant is found in the cassava tubers, while the remainder is present in the aerial biomass (Figure 5).
In the CS, only 48% of the energy in cassava is recovered as useful energy output in the form of ethanol.
In the CS + AD, a total energy efficiency of 89% is produced, where 41% of the energy being recovered
is in the form of electricity and heat from the biogas. In the DS also 48% of the energy is recovered
as usable ethanol energy. The energy contained in the leaves, stalks, peels, vinasse, and bagasse is
recovered as animal feed for an extra 40% of the total energy input. Similarly, in the DS + AD, a total
89% of the energy in cassava is recovered as usable energy.
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Figure 5. Biomass energy efficiency of alternative bioethanol production systems from cassava.

4.2. GHG Balance

GHG emissions were calculated and grouped in four categories. In category 1, flows related to the
uptake of atmospheric carbon by photosynthesis and release by oxidation in the different industrial
processes and final use of the products was included, as well as flows related to the application of
nitrogen in fertilizers and amendments in cassava cultivation. In category 2, all flows related to the
use of fossil fuels in the different processes were accounted for, whereas category 3 corresponds to an
estimation of emissions related to change in land use. Category 4 corresponds to the avoided emissions
due to the positive energy outcomes of the systems studied, i.e., ethanol, electricity, and heat. The total
GHG balance is calculated following Equation (5)

GHG = GHGcat1 + GHGcat2 + GHGcat3 −GHGcat4 (5)

As can be seen in Table 5, the GHG emissions from category 2, i.e., ethanol production, are the
most important in all systems except in the DS + AD where the emissions from category 1 are most
prominent. In all cases, net emissions from category 1 exceed the carbon capture by the cassava plant.
GHG emissions ranged from 33,345 to 63,372 tCO2eq yr−1 for the different systems, which is equivalent
to 18%, 31%, 40%, and 78% of total emissions in the CS, CS + AD, DS, and DS + AD, respectively.
The higher category 1 emissions in the decentralized systems is the result of lower amounts of fixated
CO2 due to lower yields of the cassava variety compared to the centralized ones.

The impact of land use change in the GHG balance of the systems is accounted for in category 3
by assuming a conservative conversion in land use of 25% from natural grassland. Those emissions
are calculated and amortized over 30 years using emission data reported by Searchinger et al. [21].
The contribution of such emissions represents only 4–10% of total emissions in the studied systems.
Overall, the CS delivers net GHG emissions of 5.3 kgCO2eq L EtOH−1 while the DS emits 1.4 kgCO2eq

L EtOH−1. Both systems with AD produced an almost even GHG balance, where CS + AD emits
0.4 kgCO2eq L EtOH−1 and DS + AD produce GHG savings of 0.3 kgCO2eq L EtOH−1. Systems taking
advantage of the energy in the biogas produce only 20% and 36% of the emissions of the systems
without AD during the ethanol production process. These differences are the result of the use of coal
and diesel instead of biogas.
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Table 5. Direct and indirect GHG emissions of alternative bioethanol production systems from cassava.

CS CS + AD DS DS + AD

tCO2eq yr −1 tCO2eq yr −1 tCO2eq yr −1 tCO2eq yr −1

Uptake of atmospheric carbon a –196,733 –196,733 –167,469 –167,469
Released during ethanol production b 55,093 55,093 55,093 55,093

Released during composting c 25,760 0 0 0
Remaining in compost d 25,760 0 8201 0
Released from WWT e 566 566 4163 648

Released from biodigestion and burning f 0 62,835 0 50,061
Released during biogas production g 0 10,291 0 8008

Remaining in digestate d 0 6845 1 5395
Release during ethanol combustion h 54,593 54,593 54,593 54,593

Remaining in leaves and stalks i 32,279 3431 2468 2468
Remaining in animal feed e 0 0 65,502 0

N2O fertilizer j 16,191 15,786 34,788 10,535
N2O and CH4 compost k 12,065 0 0 0

N2O digestate j 7934 20,639 0 25,162
N2O leaves and stalks j 18,877 0 0 18,877

Total Category 1 52,383 33,345 57,339 63,372

Use of fossil fuels in cassava cultivation 7733 8580 495 495
Use of fossil fuels cassava transport 1362 2017 2100 2100

Use of fossil fuels ethanol production 155,764 41,379 55,726 3704
Use of fossil fuels for crude ethanol transport 0 0 564 564

Use of fossil fuels for dig. handling 0 1487 0 814
Use of fossil fuels for compost 46,055 0 0 0

Use of fossil fuels for animal feed production 0 0 516 0
Use of fossil fuels for WWT 5817 2968 12,470 0

Use of fossil fuels in inputs for cassava production
(fertilizer, pesticides, herbicides) 7077 7305 6419 1983

Use of fossil fuels in inputs for animal feed production l 0 0 41 0

Total Category 2 m 223,808 63,375 78,330 9659

Total Category 3: Emissions from change in land use n 10,551 10,551 8201 8201

Avoided emissions from gasoline 91,992 91,992 91,992 91,992
Avoided emissions from electricity (extra AD) p 0 0 0 0

Avoided emissions from heat (extra AD) p 0 0 0 0

Total Category 4 91,992 91,992 91,992 91,992

TOTAL 194,751 15,639 51,878 10,760

Total (kgCO2eq L EtOH−1) 5.3 0.4 1.4 –0.3
a Calculated considering the physicochemical composition of cassava root and leaves [25], its COD equivalence [63],
and the Total Organic Carbon-COD ratio (TOC/COD) for the different physicochemical compounds. An average
of 0.15 and 0.09 gC g VS−1 was calculated for cassava root and cassava leaves (also used for stalks), respectively.
When considering the total VS harvested per ha per year a total CO2 fixation of 18.4 and 19.5 tCO2 ha−1yr−1 is
calculated for the Roja and MTAI8 varieties, which is in agreement with total carbon contained in the different
cassava (by) products of the studied systems. b Stochiometrically per mol ethanol 1 mol of CO2 is produced per
mol ethanol. c Considering 50% of COD is lost during the composting process and assuming a TOC/COD ratio of
2.67 (for carbohydrates) and molar weight ratio CO2/C of 44/12. d Corresponds to the emissions equivalent to the
COD remaining in compost or digestate assuming a TOC/COD ratio of 2.67 and molar weight ratio CO2/C of 44/12.
Whereas in the case of compost and digestate this COD is expected to be (partly) incorporated as organic matter
in soil, it is included in calculations to close the mass balance related to photosynthesis and oxidation of cassava
(by) products. All emissions are assumed to be in the form of CO2. e CO2 emitted calculated from COD content
following similar calculation as explained in d. f Biogas is assumed to have a 40% content of CO2. In addition,
stochiometrically 1 mol methane is combusted into 1 mol CO2 in the CHP unit. g Includes unintended methane
emissions during biogas production, i.e., 2% of total CH4, [24] emissions from digestate storage (5% COD in liquid
digestate) and emissions from post-composting of solid digestate (15% COD in solid digestate). h Stochiometrically 2
moles CO2 are produced per mol EtOH combusted. i Corresponds to the theoretical CO2 emissions from remaining
COD in leaves and stalks. Calculated considering a TOC/COD ratio of 2.67 (for carbohydrates) and molar weight
ratio CO2/C of 44/12. Whereas this COD is expected to be (partly) incorporated as organic matter in soil, it is
included in calculations to close the mass balance related to photosynthesis and oxidation of cassava (by) products. j

Calculated considering 1.25% of applied N escapes into the air as N2O, 30% of applied N escapes from the field, and
2.5% of that quantity is converted to N2O in the surface water, 10% of applied N escapes as NH3 into the air and
1% of that becomes N2O. Hence a total 2.10% of applied N is lost as N2O. From [31] according to [29]. k Total N
emissions are 35% of N content in original material, N2O calculated as 5% of total N emissions. CH4 emissions from
the applied compost are accounted, assuming 0.35% of the total emissions of carbon dioxide [24]. l Calculated based
on a polymer consumption of 300 g per liter vinasse and an assumed emission of 0.8 metric ton carbon equivalent
per ton mined bentonite, value corresponding to clay mining according [64]. m Calculated considering fossil fuel
consumption and emissions as reported in the text. n According to [21], 20.5 and 224.5 tons C per ha grassland
and tropical forest are emitted when changing their use, respectively. A modest 25% land use change from land
assumed to be previously natural grassland was considered in these calculations; they were amortized over 30 years.
o Avoided emissions were calculated according to the direct and indirect emissions for the gasoline that the ethanol
produced is replacing. p Since all outputs from the AD process are used within the system, no additional emissions
are avoided for exporting the products.
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4.3. Water Balance

According to our estimation, 27–31 L of water per liter of ethanol are used in the cassava production
systems without accounting for the water needed for steam production. Of these, 21–23 L are provided
for the ethanol production in water for washing tubers and pulping, while the rest is incorporated
in the cassava biomass. Hence the net water use without accounting for rainwater incorporated in
biomass is 776,340–836,839 ton yr−1.

Water used in cleaning the cassava tubers constitutes about 30% of the water output, and in
all systems is treated and reused within the ethanol process providing important water savings.
If considering total water input and reuse, all systems except the CS would show substantial water
savings. In the CS, 46% of the water incorporated in the system is evaporated during the compost
production process. Similarly, 44% of the water output leaving the DS is coming from the animal
feed production. This flow could be reused within the ethanol process. In the AD systems, the
digestion of by-products generates a substantial amount of water savings (70% of the total water
output). In addition, 12% to 14% of the water input is left in the digestate which needs to be adequately
disposed of in the fields to take advantage of the nutrients they contain.

Overall, significant differences in net water use are found in the different systems. The CS is a
high water demanding one (505,502 ton yr−1), in contrast with water saving system in the CS + AD
(19,193 ton yr−1). In both DS systems, similar water consumption results equivalent to 10% of that in
the CS, i.e., 53,756–55,784 ton yr−1.

4.4. Land Use and Soil Quality

Approximately 13,092–16,844 ha yr−1 of arable land are needed in the centralized and decentralized
systems, including rotation and losses. A total of 60% of this amount corresponds to the area cultivated
with cassava [65]. This means that 0.27–0.35 ha need to be cultivated with cassava to produce 1 ton of
ethanol. Solar drying of the cassava chips as performed in the decentralized systems also demand land,
about 1.4 m2 ton−1 fresh cassava [49]. However, when calculating the total amount of land required
for the decentralized systems, such amount is insignificant as compared to the cultivated land, i.e.,
31 ha yr−1.

With regards to soil quality, three of the different scenarios analyzed consider the return of
by-products to land in the form of compost or solid/liquid digestate which incorporates valuable
material for building up soil structure and fertility. When such by-products are applied on the land
cultivated with cassava, an application rate of 6, 14, and 16 ton ha−1 yr−1 compost/solid digestate results
from the CS, CS + AD and DS + AD respectively. In the case of liquid digestate 6 and 5 ton ha−1 yr−1

are to be applied in the CS + AD and DS + AD, respectively.
Total nutrient recirculation achieved in the different systems is 37%, 42%, −181%, and 73% for the

CS, CS + AD, DS, and DS + AD, respectively. In the CS + AD, AD allows for higher recirculation of
nutrients as composting is limited by the nitrogen losses during the process. The animal feed scenario
implies the export of the nutrients outside the system boundaries including those present in the leaves
for which fertilization is originally not provided. Thus, a negative nutrient balance is a result.

4.5. Overall Performance of the Studied Systems

Through an analysis of the overall performance of the four systems, centralized systems show a
poorer energy and GHG performance as compared to decentralized ones (Table 6). In addition, systems
with AD show a better energy balance and GHG performance as compared to their counterpart. The CS
+ AD produce water savings, whereas the two decentralized systems consume limited amounts of
water. All systems behave similarly in terms of land use, with the variability related to the yield
differences of the two cassava varieties studied. Nutrient recirculation as performed in the AD systems
in the form of concentrated effluents made possible savings of 42–73% in imported fertilizers.
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Table 6. Overall comparison of alternative bioethanol production systems from cassava in Colombia.

CS CS + AD DS DS + AD

Energy balance TJ yr−1 −1809 90 −82 637

GHG a kg CO2eq L
EtOH−1 5.3 0.4 1.4 −0.3

Water b ton yr−1 505,502 −19,193 55,784 53,756
Land ha yr−1 16,844 16,844 13,123 13,123

a. Value in brackets corresponds to the calculated GHG balance when extra heat is reused for cassava chip drying.
b. Calculated as total water use (washing tubers and pulping) minus water reuse within the ethanol industry (from
recirculation of water for washing tubers and the treated vinasse in the dehydration facility). Water reuse on the
fields not accounted as irrigation is not demanded.

5. Discussion and Concluding Remarks

5.1. Sensitivity Analysis

From the results of this study it is clear that some of the main assumptions have a considerable
impact in the performance of the systems. Therefore, a sensitivity analysis was developed. This helps
to clarify the effect of systems design and the assumed activity rates, and energy and emission factors
in the overall performance (Figure 6). The following are the revised assumptions and their impact in
the output of the different systems.

(1) Assumed EtOH yield per ha. Ethanol yields considered in this study were 3648 and 4694 LEtOH
ha−1 cassava, for the centralized and decentralized systems, respectively. As can be observed in
Figure 6, when assuming the average Colombian cassava yield, the CS and DS systems diminish their
net energy output by 267–296 and 120–133 TJ yr−1, respectively. As a result, the CS + AD will deliver
a negative energy balance. Assuming the same ethanol yield per ha in all systems, i.e., 4150 l EtOH
ha−1 calculated from an average yield of 27.1 ton cassava root ha−1 and an average ethanol yield of
192 L EtOH ton−1 peeled root, does not affect the classification of the systems in terms of their energy
outcome as the decentralized systems are still favored over the centralized ones. The GHG balance is
less sensitive to changes in yield assumptions; however, decreasing the yield to average Colombian
yield will cause the systems with AD to become net emitters of GHG, i.e., 2.4 and 1 kg CO2eq L EtOH−1

for the CS + AD and DS + AD, respectively. Land use is affected mainly by the cassava yield, where a
low yield of 11 tons of cassava tuber ha−1 means more than 100% increment in land use in all systems.

(2) Use of solar energy for drying cassava chips in the CS systems. It was clear from the energy
balance results that the artificial drying process has considerable negative consequences in the energy
performance of the CS. Studies from other countries have assumed the use of solar drying [66,67],
if the centralized system would make use of solar drying, the CS + AD will deliver the best energy
outcome, i.e., Ebalance of 732 TJ yr−1, whereas the net energy losses in the CS will become only 27% of the
ones originally assessed. The systems with AD will still be the only ones delivering a positive energy
outcome producing 3.4 and 4.8 times more energy than demanded in the centralized and decentralized
system, respectively. Such positive outcome will also influence the GHG emissions, as the CS would
produce only 2.2 vs. 6.8 kg CO2eq L EtOH−1 as previously determined, and the CS + AD will generate
a net GHG emissions savings of −1.7 kg CO2eq L EtOH−1.

(3) GHG emissions from land use change. The total area of cassava cultivated in Colombia in 2005 was
180,600 ha [65] and only 3000 ha were dedicated to ethanol production in 2006 [7]. Current targets for
land dedicated to ethanol production from cassava in 2010 are 110,000 ha and if considering losses and
rotation the total amount of land needed would be approximately 183,700 ha. In this study, it has been
assumed that 25% of the land used is converted natural grassland; however, this could very well be an
underestimation. If land used for cassava cultivation would come entirely from natural pastureland,
an extra GHG emission of −0.87 and −0.67 kg CO2eq L EtOH−1 would be produced in the centralized
and decentralized systems, respectively. However, if only 25% of the total area would replace tropical
forest instead of natural pastureland, emissions will increase in 2.88 and 2.24 kg CO2eq L EtOH−1 in the
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centralized and decentralized systems, respectively. These figures show the importance of properly
assessing the land use changes and their origin.

(4) Labor accountability within energy balance. Previous studies [11,13,15] have considered the energy
embodied in human labor as part of the energy inputs into the ethanol systems. Although the addition
of this flow is contestable because of its different nature in relation to other energy flows, it is a fact
that energy embedded in labor is also indirectly coming from fossil energy. An energy consumption
of 2.3 MJ h−1 is frequently used for this type of calculation, although higher energy consumption
(12.1 MJ h−1) has also been calculated [18]. In this study total energy coming from labor is substantially
different in centralized and decentralized systems; hence an estimation of the extra energy invested in
labor is included considering 2.3 MJ h−1 energy consumption. The inclusion of labor within the energy
calculations means extra 13 and 17 TJ yr−1 energy use in the centralized and decentralized systems,
respectively, that is 1% and 20% differences in the Ebalance.

(5) Liquid digestate reuse and irrigation water demand. It is important to recognize that the positive
performance of the AD systems is closely related to choice for separate treatment of liquid and solids
flows. Apart from allowing substantial water reuse within the ethanol industry, such choice implies
considerable energy savings and avoidance of GHG emissions related to liquid digestate handling.
An alternative to the separate digestion could be the mixed digestion of liquid and solid flows. However
as there is a limited possibility for irrigation due to the limited water demand of cassava and the
rainfall availability in the studied regions, the (partial) evaporation of this digestate to concentrate
the nutrients for agricultural reuse could be required. To exemplify the implications of such a choice,
calculations were performed for a system digesting all cassava by-products assuming centrifugation
followed by liquid digestate evaporation from 5 to 15%TS with an energy use of 0.93 GJ ton−1 water
evaporated [53]. Following the previous assumptions extra 605 TJ yr−1 will be demanded which is
equivalent to the total energy use of the CS + AD.

(6) Change in assumptions anaerobic digestion. Energy recovery from AD can fluctuate depending
on system design and operation. In addition, due to the high global warming potential of CH4,
assumptions on its losses are critical. A negative AD scenario of 20% more emissions, 20% more energy
use, and 70% energy recovery was evaluated. The change in assumptions substantially impact the
outcome of the systems. The NER substantially diminishes from 0.10 to −0.07 and from 4.85 to 2.17, in
the CS + AD and DS + AD, respectively. The GHG balance is less affected by emissions in the AD
systems increasing by 0.3–0.4 kgCO2eq L EtOH−1. The overall outcome will remain the same with the
AD systems being more energy and GHG profitable than their counterparts. Further, the extreme case
of no methane recovery is considered. In such a case, the Ebalance will diminish by 884 and 609 TJ yr−1

in the CS + AD and DS + AD, respectively, whereas GHG emissions will increment in 8.9 and 7.1 kg
CO2eq L EtOH−1. The benefits of AD will remain in terms of energy as the technology is significantly
less energy consuming than the compost scenario and slightly better than the animal feed production
processes. However, GHG emissions will significantly outweigh the other scenarios, making the AD
option no longer appealing.
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5.2. Conclusions

Bioethanol production from cassava in Colombia was shown to deliver substantially different
environmental outcomes depending on the system design. The energy balance, GHG balance, and
water balances fluctuated in a wide range, i.e., −1809 to 637 TJ yr−1, −0.3–5.3 kg CO2eq L EtOH−1,
−19,193–505,502 ton yr−1, respectively. Further, it was made evident that without the energy recovery
provided by AD, the production of bioethanol from cassava in Colombia is not sustainable from an
energy and GHG perspective. In the centralized systems, it is not desirable to implement artificial
drying of cassava since it is an enormously energy consuming activity. The decentralized systems
demonstrate that both animal feed production and anaerobic digestion can be feasible from an energy
and GHG balance perspective although benefits from AD will be remarkably higher.

The energy outcome of the AD process was shown to always be greater than its energy input
for the different configurations evaluated, i.e., above 67%. The energy and water content of the
material to digest, the use of aerial biomass, the options for digestate reuse, and the recovery of
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the methane produced are major considerations that substantially influence the role of AD within
cascade configurations.

The role of AD in this study was clarified by defining different design options and further
contesting assumptions within the sensitivity analysis. The energy outcome of the AD process has
always been shown to be positive, i.e., above 67% for the different configurations. The importance of the
type of influent to be digested is evident. On one hand, the energy benefits of digesting aerial biomass
outweighed the energy costs of its loading and spreading by more than double in the centralized
system. On the other hand, the digestion of the diluted wastewater from root washing decreased the
net energy output of the system. The type of influent to digest needs to be carefully examined not only
in view of its energy content but also taking into account the reuse of the digestate output.

Cassava bioethanol production in Colombia and other countries has to be approached with major
caution; general analyses are not desirable as they hide the substantial differences in outcome coming
from the system design and context conditions. The analysis and design of bioethanol production has to
be approached from a systems perspective in which by-products are added value in an energy rational
way if the systems are to be called ‘renewable’ and beneficial from an ‘environmental’ perspective.
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