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Electricity generation potential from solid waste in three Colombian municipalities

Abstract

This study estimates the electric energy production potential from municipal solid waste
in Colombia. The Colombian municipalities of Pasto (Department of Narifio), Andes
(Antioquia) and Guayata (Boyacd) were selected as representative populations of the
national context because of their socioeconomic and demographic features, as well as the
public availability of their waste management plans. The technical characteristics of two
conversion technologies were analyzed: incineration (thermal conversion) and anaerobic
digestion (biological conversion). From a technical point of view, the results showed that

anaerobic digestion is feasible in all three scenarios, while incineration is viable in Pasto
and Andes.
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Resumen

En este trabajo se estimé el potencial de produccién de energia eléctrica desde residuos
s6lidos urbanos. Para lograrlo, se estudiaron dos tecnologias de conversion: incineracién
(conversion térmica) y digestién anaerobia (conversién bioldgica). Los municipios
colombianos de Pasto (Narifio), Andes (Antioquia) y Guayata (Boyac4) fueron seleccionados
como poblaciones representativas del contexto nacional, debido a sus caracteristicas
socioeconémicas y demograficas, ademas de la disponibilidad publica de sus planes de
gestién de residuos. Los resultados muestran que la incineracién es viable en la ciudad de
Pasto y Andes, mientras que la digestiéon anaerobia es posible en los tres escenarios.

Palabras clave
Residuos sélidos urbanos, residuos a energia, biogas, digestién anaerobia, incineracién
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1. INTRODUCTION

The world’s population is continuously
growing. According to the United Nations
(UN), by 2040, 9.6 billion people will live
on this planet, which represents a 25%
growth over 2014 [1]. Besides, nearly 60%
of the population will be concentrated in
urban areas and cities. Although this will
result in industrial and economic growth in
developing countries, it will also bring
about a greater demand for energy and
more production of Solid Waste (SW) [2].

Effective waste management has be-
come a world-wide challenge. Cities like
Stockholm (Sweden), San Francisco (USA)
and Adelaide (Australia) have adopted zero
waste policies [3], [4]. They recycle and
dispose of their waste in landfills and use
it for composting. In Stockholm, a fraction
1s also incinerated in a controlled manner
to obtain heat or electricity.

On the contrary, waste management in
other countries is not adequate. In Ghana,
for example, SW is incinerated or disposed
of in limited outdoor landfills near cities,
which brings along public health issues [5].

Another example is Colombia, where
more than 85% of SW is disposed of in an
authorized manner (landfills, 81%; materi-
al recovery facilities, 3.09%; and contain-
ment buildings, 1.27%) [6]. In that country,
MSW disposal is part of each municipali-
ty’s responsibilities, and it should be guid-
ed by the municipal Solid Waste Manage-
ment Plan (SWMP). Such plans should
include sorting, storage, treatment, organic
matter collection, transportation, charac-
terization (of each type of waste), reuse
and final disposal (sanitary landfills) of
waste.

However, an important amount of SW
1s treated adopting unauthorized strategies
such as releasing it into bodies of water
(0.45%) and illegal dumps and containers
(14.6%).

A 2002 analysis showed that the aver-
age production of SW in the country was

0.6 kg/inhab-day. The figures range from
0.3 to 0.9 kg/inhab-day, depending on the
socioeconomic features and size of the pop-
ulation [7].

The energy generation potential from
SW produced in Bogotda, Medellin, Cali,
Barranquilla and Bucaramanga reached
20.13 GWh/year in 2009 [8]. This potential
might be exploited to generate electricity
by means of conversion technologies such
as 1ncineration, gasification, anaerobic
digestion and landfill gas.

In order to promote the use of alterna-
tive energy sources, such as solid waste,
the Ministry of Mines and Energy of Co-
lombia promulgated Act 1715 in May 2014.
It encourages the development and use of
Non-Conventional Energy Sources (NCES),
especially renewable ones. Furthermore,
Section 18 indicates that the energy con-
tent of non-reusable or non-recyclable SW
is a renewable NCES [9].

This work evaluates the electricity gen-
eration potential from solid waste in Co-
lombia. Initially, three municipalities were
selected according to two criteria: demo-
graphic characteristics (number of inhabit-
ants and rural/urban distribution) and
availability of information related to their
waste management plan (production and
type of waste). The chosen municipalities
represent typical urban centers in Colom-
bia.

Afterwards, the possible technologies to
convert SW into electricity were evaluated
applying technical criteria for each munic-
ipality. Finally, the potential of SW to
produce energy was calculated using
mathematical models and information
obtained from the waste management plan
of each municipality. This method for
waste to energy evaluation can be replicat-
ed in municipalities with similar charac-
teristics.

The paper is organized as follows: Sec-
tion 2 reviews solid waste conversion tech-
nologies for electricity generation, includ-
ing thermal and bioconversion alterna-
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tives. Section 3 describes the method
adopted to select the scenarios based on
their demographic characteristics and
availability of waste management plans.
Additionally, appropriate technologies for
each scenario as well as the procedure to
estimate their energy production potential
are established. The selected scenarios and
their corresponding energy production
potential from suitable technologies are
presented in Section 4. Finally, Section 5
draws the most relevant conclusions.

2. POTENTIAL SwW CONVERSION
TECHNOLOGIES FOR ELECTRICITY
GENERATION

Two types of technology are commonly
used to transform SW into electricity. One
of them is thermal conversion, which in-
cludes incineration, gasification and pyrol-
ysis. Theoretically, these processes can
capture the energy in the waste and trans-
form it into heat, electricity or chemical
products for other applications [10]. The
other option is bioconversion, where micro-
organisms decompose waste in the form of
solids, sludge or gas. Anaerobic digestion
and landfill gas are examples of biological
conversion [5]. The following section briefly
reviews the SW thermal conversion and
bioconversion  technologies  mentioned
above.

2.1 Incineration

It is carried out in the range between
750 °C and 1000 °C to obtain heat and
electricity and these generation processes
can be combined [11]. A typical controlled
incineration system (electricity and heat) is
composed of a waste storage chamber, an
incinerator/furnace, a  vapor/generator
turbine, a fuel-gas cleaning system and a
waste treatment system. The calorific val-
ue of waste is an important parameter that

greatly contributes to the efficiency of the
incineration plant [5].

Incineration is a mature technology,
used 1in several developed countries.
France, for instance, widely uses incinera-
tion: in 2003, 12.6 million tons of non-
hazardous waste were treated at 130 in-
cineration plants. A total of 2.9 TWh of
electricity were generated, and 9.1 TWh
were consumed in the form of heat by pri-
vate and public users [12].

China actively promotes the production
of energy by incineration. In 2014, the
country was building 75 plants to process
110,000 tons per day and have a total in-
stalled capacity of 2.2 GW. Germany has
an incineration plant, property of the Ger-
man Cleaning Company, capable of incin-
erating 520,000 tons per day and generate
188 kWh of electricity every year [13].

Some studies have evaluated the viabil-
ity of obtaining energy from incineration in
countries like Bangladesh, Nigeria, and
KSA (Kingdom of Saudi Arabia) [14]-[16].
In [14], the authors present an overview of
energy (electricity) generation potential
from solid waste in mega-cities of Bangla-
desh. In [15], the WTE potential of munici-
pal solid waste (MSW) was assessed
throughout Nigeria using the population
growth rate factor and the boiler, steam
and overall efficiencies for calculating the
exploitable energy potential. Other authors
[16] evaluated the potential contribution of
WTE facilities to the total Saudi peak pow-
er demand until 2032 by means of a quan-
titative analysis of six large cities. In that
study, the MSW production rate was as-
sumed to be an average 1.4 kg/capita/day.
To calculate the total energy content per
kilogram of municipal waste, the caloric
energy content of the various types of
waste and MSW contents were considered.

One of the greatest advantages of this
process is that it can treat organic and
inorganic waste [17]. Therefore, waste
volume can be reduced up to 80%. The
plant can be continuously fed, and the
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treatment is fast. The complexity of the
plant is low; it can be installed in urban
areas and meet all the technical and envi-
ronmental regulations.

One of its drawbacks is that it is not vi-
able to build plants to treat a volume lower
than 100T of SW per day. In that case, the
chemical production of dioxins and slag
should be considered. Besides, this tech-
nique is not appropriate for SW with high
water content [17]—[21].

2.2 Gasification

It is the partial combustion of SW and
biomass to produce gas and carbon. The
resulting gases are mainly COz and H:O,
which are reduced to CO and H:2 using coal.
An amount of methane and other hydro-
carbon gases is produced, depending on the
design of the reactor and its operation
parameters.

Inside the reactor, heterogeneous reac-
tions transform the raw material into gas
in presence of a gasifying reagent. A gasifi-
cation system is composed of three main
elements: the gasifier that produces fuel-
gas, the cleaning system that removes the
hazardous components in the fuel-gas, and
the energy recovery system [22].

Large-scale electricity production from
SW gasification is not widely documented.
In Colombia, there is a small-scale project
in the Municipality of Necocli (Antioquia).
It 1s a 40kW generation plant that produc-
es power by gasifying biomass in the form
of two-inch wood cubes which, when sub-
jected to high temperatures with a con-
trolled amount of oxygen, produce lean gas
that is injected into a conventional engine-
generator [23].

A study conducted in Brazil [24] ana-
lyzed and assessed the technical and eco-
nomic aspects of a MSW gasification con-
figuration for electricity generation. Their
technical evaluation was primarily focused
on installed power, capacity utilization
factor, specific electrical power generation

and efficiencies. The economic analysis was
carried out based on NPV (Net Present
Value) and IRR (Internal Rate of Return).
Such study also established a relationship
between the amount of electricity obtained
from SW gasification and the number of
inhabitants in different communities.

The main advantages of gasification are
related to the fact that the resulting fuel
can be used for different purposes. Addi-
tionally, SW volume can be reduced from
50 to 90% and the plant requires little land
to be built; therefore, it can be located in
industrial and urban areas.

One of its disadvantages is that the net
energy recovery might be low in case of
excessive humidity in the waste. Further-
more, the complexity of the process is rela-
tively high [17]-[21].

2.3 Anaerobic digestion

Also known as biomethanation, this
biological conversion technology trans-
forms organic waste into liquid or gaseous
fuels by means of biological reagents [18].
This process involves four stages: hydroly-
sis, acidification, acetogenesis and meth-
anogenesis. It is carried out in a closed
container (biogas digester), where bacteria
ferment the organic material under oxy-
gen-free conditions to produce biogas. Such
biogas can be used in a boiler or alterna-
tive engine [25].

In Brazil, anaerobic digestion has been
successful in producing electricity in small
scale [26]. In Colombia, Chicon project in
Chigorod6 (Antioquia) was in its imple-
mentation stage in 2016. Such project
seeks to produce 2 million m3 of biogas and
500 kW of electric power from 15,000
T/year of organic SW [27].

Some authors have evaluated the ener-
gy recovery potential of biogas from anaer-
obic digestion to generate electric or ther-
mal power in Brazil, Tanzania, Algeria,
Spain and China [26], [28], [29]. Another
work [27] assessed a micro-co-generation
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unit located in a typical Brazilian agroen-
ergy condominium that uses biogas (pro-
duced from waste by anaerobic digestion)
as renewable fuel. In [28], the authors
presented a strategy to utilize organic solid
waste from the city of Dar es Salaam (Tan-
zania) for producing biogas and, ultimate-
ly, generating electric energy. This is
called the Taka (waste) Gas Project. Addi-
tionally, some actions to implement the
project and make it feasible are discussed.
Regarding Asia, an analysis of the sustain-
ability of current anaerobic digestion
methods in China was introduced in [29].
On the other hand, in [30] the authors
focus on the conversion of municipal solid
waste to biogas as a local energy supply in
urban areas. Three urban models were
identified along with a matrix of the typi-
cal Organic Fraction of Municipal Solid
Waste (OFMSW). In order to analyze ener-
gy generation, theoretical production and
substrate composition are calculated.

Anaerobic Digestion is profitable and
applicable to a production greater than 2
T/day of SW. However, the plant must only
be fed the organic fraction, which means
waste sorting is necessary. Nevertheless,
the process avoids the release of green-
house gases, its digestate is rich in nutri-
ents and it can be used as organic fertiliz-
er. Additionally, in small-scale plants, the
co-digestion of the raw material or SW can
be carried out with biosolids. In general,
the resulting biogas must be treated for
final use. Besides, the complexity of this
type of plants is low and they are usually
located in rural areas [17]—[21].

2.4. Landfill gas

The decomposition of organic waste in
garbage dumps is slightly similar to anaer-
obic digestion in biogas digesters. Microor-
ganisms living in the organic material,
such as residues of food and paper, cause
decomposition as well as methane and
carbon dioxide release. Landfill gas (LFG)

is usually 50% methane and 50% carbon
dioxide. Such biogas released by the dumps
is gathered and burned to produce electric-
ity. Generally, it is collected by pipes that
reach the wells installed inside the land-
fills [5].

This technology has been successfully ap-
plied in countries like Brazil, where a po-
tential of 660 MW from landfills was esti-
mated in 2009. In fact, in 2014, 69 MW
were produced from biogas recovered from
landfills in Sdo Paulo (11,244,369 inhabit-
ants), Belo Horizonte (2,375,444), Salvador
(2,676,606) and Uberlandia (619,536) [31].
Some studies have evaluated the electricity
generation potential of landfill biogas [32]—
[36]. In [32], the authors estimated the
feasibility of LFG 1in a trigeneration
scheme in Hong Kong. In [33], the authors
investigated the potential for economically
viable electricity generation by means of
energy recovery from landfill biogas in
Brazil. Moreover, in [34], the authors pro-
posed to feed the national grid with a MSW
power plant. In [35], the author presented
a feasibility analysis of landfill gas recov-
ery in Mexico. In [36], the authors evaluat-
ed the renewable energy potential of MSW
and the environmental benefits of carbon
reduction in Bangladesh using WTE strat-
egies for urban waste management. The
energy potential of different WTE strate-
gies 1s assessed using a standard energy
conversion model and a greenhouse gas
(GHG) emissions model. The evaluation
was conducted using a first-order decay
model. Many of the works above employed
the tool LandGEM to evaluate energy pro-
duction potential.

Producing landfill biogas is a low-cost
alternative to generate electric or thermal
energy. However, its efficiency is limited to
30 or 40% of the generated gas. Since the
natural resources are returned to the soil,
swamps might become useful areas. The
level of complexity of this kind of plants is
low; for that reason, their operation does
not require qualified staff. It also presents
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some disadvantages: it requires large areas
to be operated, spontaneous combustion
might occur as a result of the accumulation
of methane gas, and surface runoff during
rains causes the soil and groundwater to
be contaminated with lixiviates [17]—[21].

To determine the most suitable technolo-
gy for each scenario, some aspects should
be considered: number of inhabitants, per
capita waste production, and waste compo-
sition. The following section is a descrip-
tion of the method to select the study cas-
es. Besides, it elaborates on how to select,
form a technical point of view, the appro-
priate conversion technology for each case
under analysis. For that purpose, the main
advantages and disadvantages of such
technologies are included.

3. MATERIALS AND METHODS

This work was divided into two stages.
First, three Colombian population scenari-
os were selected based on the availability
of their waste management plans and de-
mographic characteristics, such as rural-
urban population. Second, the appropriate
technologies for each scenario and the
procedure to estimate energy production
potential were established.

3.1 Selection of scenarios

To evaluate energy production, three
cases were chosen in line with Law 388 of
1997 for Land-use Planning [37]. Section 9
therein defines the plans to be adopted by
three groups [38]: Group 1 (G1), municipal-
ities with less than 30,000 inhabitants;
Group 2 (Gz), municipalities with a popula-
tion between 30,000 and 100,000; and
Group 3 (Gs), more than 100,000 inhabit-
ants.

The population forecast for 2015 to
2020 is based on information obtained from
the 2005 census (DANE) [40].

To select one municipality per group,
the rural/urban ratio (Urban Population -
UP) of each population was evaluated.
Regarding this parameter, a trend was
found in each group: Gi, predominantly
rural population (UP>1); Gz, balanced
rural and urban population (0.9<UP<1.1);
and Gs, predominantly urban population
(UP<1).

This classification allows to consider
only the municipalities that exhibit said
characteristic in each group. Also, it ena-
bles to analyze three scenarios with differ-
ent waste production scales and composi-
tion. Consequently, the range of possible
conversion technologies for each scenario
may vary.

Another selection criterion was the
availability of the Urban Solid Waste
Management Plans (SWMPs). The munici-
palities that had not yet developed their
SWMP or whose documentation was not
publicly accessible were discarded. Be-
sides, if a municipality did not provide
sufficient information (physical composi-
tion, mass fraction, quantity and features),
it was not included.

3.2 Selecting a conversion technology for
each scenario

The information in the SWMPs regard-
ing the amount, physical composition and
per capita generation of solid waste was
analyzed. By pondering the main ad-
vantages and disadvantages of both tech-
nologies, it was possible to recommend the
most appropriate option (from a technical
standpoint) in the three scenarios.

Energy recovery potential (ERP) was
calculated following the mathematical
models in Section 3.3. They are based on
the efficiency of the technology, as well as
the mass and the lower calorific value
(LCV) of the SW [40], [41]. The mass de-
pends on per capita generation, which is
determined by the number of inhabitants
in different population scenarios. The mod-
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el used in [40] for incineration, and given
in (1), depends on the LCV of the total
generated organic and inorganic SW. The
authors in [42] used model (2) for anaero-
bic digestion. Such model depends on the
LCV of methane, the principal component
of biogas derived from the fermentation of
organic waste. Finally, incineration and
anaerobic digestion were recommended, as
described in Section 4.2.

Lower Calorific Value (LCV) of waste:
The ERP from incineration depends on the
LCV of the total waste. After the physical
composition of the SW of each scenario is
established, the total LCV can be estimat-
ed with the weighted LCV per kind of
waste and its mass fraction.

The typical LCV of each component of
SW was taken from the Guidebook for the
application of waste to energy technologies
in Latin America and the Caribbean [43].
Such document presents study cases in
Buenos Aires (Argentina), Toluca (Mexico)
and Valparaiso (Chile), and it suggests
that the MSW in these regions presents a
similar physical composition [44].

The LCV of each type of waste was
compared to other studies conducted in
Saudi Arabia and Spain. At the domestic
level, they were also contrasted with the
LCVs obtained from the chemical charac-
terization by Empresas Varias de Medellin
(EEVVM) in 2009 [45]. Those LCVs are
presented in Table 1. In this study, the
LCVs from Buenos Aires, Toluca and Val-
paraiso were used for the calculations of

the selected scenarios. Table 1 shows that
the values reported by EEVVM are even
higher to those used in [44]. Consequently,
the estimate was made with values below
those reported by EEVVM, which reduces
uncertainty in the calculation of the ERP.

3.3 Mathematical models for ERP calculation

Incineration: Equation (1) is the ex-
pression to calculate the amount electricity
that can be obtained from incineration
[41]. An 18% efficiency was applied in this
case [45]:

ERP,=n(M. LCVy5 )/1000 )
where

ERP; Energy Recovery Potential from
incineration [MWh/day];

M Total mass of dry solid waste
[Kg/day];

LCVusw Lower Calorific Value of the
Waste [kWh/Kg];

n Total process efficiency.

Anaerobic digestion: This is the pre-
ferred process for the organic fraction of
MSW, which allows the activity of mi-
crobes in presence of humidity. The ex-
pression for calculating the electricity gen-
eration potential of the total organic frac-
tion of the MSW is given in (2). The effi-
ciency of the process was 26%, which cor-
responds to a reciprocating internal com-
bustion engine in the literature [42]:

Table 1. LCV (MdJ/kg) reference values per type of waste. Source: Authors.

Argentina

Type of waste  Saudi Arabia [41] Chile EEVVM [46] Si‘g‘n
Mexico [44] [43]
Paper and 15.82 15.6 23.23 10.05
cardboard
Assorted 5.58 4.6 6.97 2.72
foods
Assorted 32.56 32.4 37.17 35.22
plastics
Fabrics 18.84 18.4 18.58 14.35
Wood 15.12 15.4 18.58 13.58
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ERPyp =) P.Wpc. EMopsiy O @
i=1

where

P Population residing at a

specific place [inhab];

Wec Annual waste generation
per capita [T/inhab-day];

f Organic matter fraction in
solid waste [%];

Morsw Generation of methane per
ton of OFSW [Nm?/T];

Q Lower Calorific Value of
biogas due to methane
[MdJ/m3].

Although anaerobic digestion is carried
out under controlled operation conditions,
different values of methane generated from
the OFSW have been reported. For the
present study, 71 Nm3/T was selected,
assuming a 55.5% methane in the biogas
[46]. The literature reports biogas perfor-
mance values from 67.5 to 122 Nm3/T of
organic fraction of waste [42].

4. RESULTS AND DISCUSSION

The results will be explained in accord-
ance with the methods in Section 3. At the
beginning, Colombian towns were classi-
fied into three groups. Subsequently, con-
sidering the demographic features and the
availability of their waste management
plans, a representative example was cho-
sen from each group to be the study case.
After the physical composition and mass
fraction of the MSW were analyzed, the
energy generation potential of each viable
technology in the three scenarios was es-
timated.

4.1 Analysis of the population

The results obtained with the methods
described above suggest selecting a scenar-
io for each group (Gi, Gz and Gs). In Co-
lombia, 78% of the municipalities are in Gr;
16.4%, in Ggz; and the remaining 5.6%, in
Gs. The population projections for the se-
lected scenarios were taken from the cen-
sus conducted by the National Statistics
Office (Departamento Nacional de Es-
tadisticas, DANE); they are available until
2020 only.

Scenario 1: Gi is composed of 870 mu-
nicipalities with less than 30,000 inhabit-
ants. The analysis of this group revealed
that 52% of the municipalities in it (470)
have less than 10,000 inhabitants. There-
fore, the scope was narrowed down to those
470 municipalities. Subsequently, the UP
was evaluated as explained in Section 3. In
this group, such index exceeded 1 (predom-
inantly rural); thus the search was reduced
to 357 municipalities.

Later, the municipalities of Guayata,
Pinchote and Villa Caro were found to
report sufficient information on the charac-
teristics of their SW production in their
SWMPs. Therefore, they were preliminari-
ly selected for the evaluation. A detailed
revision of the information revealed that
Guayata (UP = 2.94) has a complete
SWMP; therefore, it was finally selected as
the scenario for G1 [47].

Fig. 1 shows the projected population of
Guayata for the 2015-2020 period; the
rural and urban proportions are differenti-
ated. A slight decrease in both populations
can be observed during that period, but it
is more noticeable in the rural group. By
2020, the UP will be 2.69. Therefore,
Guayatd will maintain its urban-rural
ratio over 1.

Scenario 2: Gz is composed of 183 mu-
nicipalities. Most of them are concentrated
in the range between 30,000 and 50,000
inhabitants (117 municipalities). Out of
these, 15 present a UP between 0.9 and 1.1
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(i.e., a proportional relationship between
rural and urban population).

In this group, official information was
only found for the Municipality of Andes.
Their waste management plan describes
the physical composition, mass fraction
and SW generated per capita [48]. Andes’
UP is 1.02. By 2020, this figure will come
down to 0.96. This decrease indicates a
more significant growth of the urban area.

The demographic growth in Andes pro-
jected for the 2015-2020 period is shown in
Fig. 2. Although the urban population is
expected to grow significantly (almost
1,700 inhabitants), the rural share will
stay steady with about 220 new inhabit-
ants. This is a positive indicator because

4000-
3500 ]
3000-
2500-
2000-
1500-

1000+

Inhabitants

-

the projections of production of solid waste
(therefore, electric energy) rise.

Scenario 3: Gs is composed of 62 munic-
ipalities. Out of these, 60 present a UP
below 1 (predominantly urban). Most popu-
lations in this group were found to be in
the range bet ween 100,000 and one mil-
lion inhabitants.

In this subgroup, the required infor-
mation on physical composition, mass frac-
tion and SW generated per capita was
obtained from the Municipalities of Pasto
and Pereira. Finally Pasto, with a 0.2 UP,
was chosen because it had a complete
SWMP [50]. The other municipalities with
a UP below 1 provided little information
or, in many cases, their SWMP was not
officially published.
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Fig. 1. Population of Guayata projected for the 2015-2020 period. Source: Authors.
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Fig. 2. Population of Andes projected for the 2015-2020
period. Source: Authors.
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Fig. 3. Population of Pasto projected for the 2015-2020 period.

Source: Authors.
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= Andes

* San Juan de Pasto

~ * Guayata

Fig. 4. Geographic location of the municipalities selected as Scenarios for groups G1 (Guayatd),
G2 (Andes) and Gs (Pasto). Source: Authors.

The demographic growth in Pasto pro-
jected for the 2015-2020 period is shown in
Fig. 3. This municipality presents an in-
crease of about 26,000 inhabitants in the
urban area. In contrast, the rural compo-
nent does not exhibit a significant expan-
sion; this is, its rural population remains
constant. By 2020, their UP will be 0.19,
which indicates a slight growth of the ur-
ban area.

Fig. 4 shows the geographic location of
Guayatd, Andes and Pasto (Scenarios 1, 2
and 3, respectively) in the map of Colom-
bia.

LCV of waste: Based on the physical
composition of the SW, the total LCV can
be estimated from the weighted LCV of the
mass fractions of each type of waste. The
typical LCV of each component of the SW
(reference LCV) was taken from the
Guidebook for the application of waste to
energy technologies in Latin America and
the Caribbean [43], [44]. The composition
and LCV of the waste generated in the
three scenarios can be observed in Table 2.

The recoverable fraction and per capita
waste generation reported in their solid
waste management plans can be observed
in Table 3. The Municipalities of Pasto and
Andes lack per capita production indica-
tors for rural areas. In the waste manage-
ment plans of Guayata, Sabaneta and Me-
dellin, these values are 0.3, 0.28 and 0.27
kg/inhab-day, respectively. Since these
numbers are similar in municipalities with
different populations, the average among
the reported values was taken: 0.28.

4.2 Selection of solid waste to energy con-
version technologies

This section presents the selection of
the most adequate technology for each
scenario. In general, incineration (thermal
conversion) and anaerobic digestion (bio-
conversion) were found to be the most ap-
propriate options considering their ad-
vantages and disadvantages.
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Table 2. Total LCV, Reference LCV and MF in three scenarios. Source: Authors.

Reference LCV MF [%]
[MJ/7kg] [44] Guayaté[48] Andes [49] Pasto [50]

Paper and cardboard 15.6 12.4 7.94 8.31
Assorted food waste 4.6 51.4 60.7 70
Assorted plastics 32.4 12.7 2.16 8.57
Fabrics 18.4 0.7 _ 1.41
Wood 15.4 1.2 _ 0.73

Total LCV 8.73 4.73 7.66

Table 3. Per capita waste generation [kg/inhab-day] in each scenario. Source: Authors.

Guayata Andes Pasto
Urban 0.48 0.48 0.55
Rural 0.30 0.28 0.28
if:s"‘[e;j]"ble 78.40 70.81 89.02

Thermal conversion:

Since gasification has rarely been im-
plemented for processing MSW at the in-
ternational level and due to its complexity,
1t was not taken into account in this evalu-
ation.

Incineration is a widely used technology
in SW urban processing and its level of
complexity is low. As a result, it was con-
sidered to be applicable to all three scenar-
10s.

However, inconveniences arise from in-
cineration when it is applied to Scenario 1
Guayata (5,126 inhabitants) because of its
low total waste production (1.74 T/day).
Furthermore, the operating and mainte-
nance costs are high for a small power
station of this type [20].

Nevertheless, it is applicable to Andes
and Pasto, which have 45,184 and 440,040
inhabitants, respectively. Currently, these
municipalities produce 17.62 and 225 T of
waste/day. The study in [19] revealed that,
above 100 T/day, incineration can be im-
plemented by means of a circulating fluid-
ized bed. This technology is already being
commercialized and can be adapted to SW
with low calorific value.

Based on the above, we can conclude
that incineration is an alternative for mu-
nicipalities in Gz and Gs. However, there
might be issues with technology transfer-

ence and scalability in Guayata (G1). The
daily waste production capacity in that
population is way below the one reported
by other processes worldwide [19], [50]—
[63]. Although Andes produces a low
amount of waste with 45,184 inhabitants,
its population and waste generation are
expected to grow.

Biological conversion technologies: Even
though landfill gas offers advantages such
as the low cost of investment and collected
waste, the latter must be properly stored
and covered, thus generating additional
expenses [24]. Besides, the generated bio-
gas’ recovery rate might be less efficient, as
in the case of anaerobic digestion [54].

Anaerobic digestion was selected be-
cause it is carried out under controlled
temperature, humidity, pH and oxygen-
free conditions, in digester tanks [25].

This technology is applicable to the
three scenarios because the produced
waste 1s organic (see Table 2). In addition,
there are other well-known technologies
that can be implemented to generate elec-
tric energy on a small scale (30 kW) [55].
Anaerobic digestion offers positive envi-
ronmental benefits, such as controlling the
emission of greenhouse gases.

In conclusion, anaerobic digestion 1is
technically viable for the three communi-
ties under study because it can be imple-
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mented on small and large scales. This fact
facilitates its acquisition for producing
electrical energy.

4.3 Estimation of energy recovery potential

Once the technologies were selected for
each scenario, the electrical energy poten-
tial that can be recovered from them was
estimated. The results are presented be-
low.

Incineration: To estimate the ERP from
incineration, the LCVs of the SW generat-
ed in Scenarios 2 and 3 were calculated
(iError! No se encuentra el origen de la referen-
cia.). Furthermore, the LCVs reported in
[44] were considered for each type of waste.
Such LCVs have been employed in studies
on other cities in Latin America, as men-
tioned in Section 4.1.

4.504

4.25+

Most waste is organic biodegradable
material, followed by plastics or paper and
cardboard. Fig. 5 presents the daily electri-
cal energy production from incineration in
Andes, which applies the model described
in Equation (1). It can be observed that, by
2020, up to 4.34 MWh/day might be ob-
tained.

Fig. 6 shows the electrical energy pro-
duction in Pasto based on the same model.
It can be seen that, by 2020, it would be
possible to recover 90.41 MWh/day. This
city has a greater energy recovery poten-
tial because of its larger population. Ener-
gy production is directly proportional to
the number of inhabitants, and it increases
or decreases according to the projected
population growth.
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Fig. 5. Electrical energy production from incineration in Andes. Source: Authors.
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Fig. 6. Electrical energy production from incineration in Pasto. Source: Authors.

In the case of Guayat4, the energy pro-
duction potential from incineration was not
evaluated (Section 4.2).

Anaerobic digestion: Figures 7, 8 and 9
detail the projections of electrical energy
generated from anaerobic digestion for the
2015-2020 period. Generation in the Mu-
nicipality of Guayata will be low and range
between 0.12 and 0.14 MWh/day during
the 2015-2020 period, as it can be seen in
Fig. 7.

Fig. 8 and 9 suggest that, by 2020, en-
ergy generation in Andes and Pasto will
increase every year up to 1.23 and 18.25
MWh/day, respectively.

The LCV of the biogas used to evaluate
the mathematical models was 5.97 kWh/m3
(21,51 MdJ/m?3), which corresponds to the
study by [56] (See Section 3.3).

0.15+

0.14

Based on these results, by 2020, a total
2,829,000 kWh/month would be obtained
from incineration in Pasto and Andes. If a
four-person household is assumed to con-
sume 145KWh/month, the average demand
of 19,510 households could be met.

On the other hand, if energy was ob-
tained from anaerobic digestion, a total
579,000 kWh/month could be recovered in
the three communities. This supply could
satisfy the average demand of 3,900 4-
person households.

These estimates can illustrate the po-
tential and impact of waste to energy tech-
nologies on such municipalities. Addition-
ally, environmental and waste manage-
ment benefits should be considered before
evaluating this type of technologies.
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Fig, 7. Electrical energy production from anaerobic digestion in Guayatd. Source: Authors.
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Fig. 8. Electrical energy production from anaerobic digestion in Andes. Source: Authors.
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Fig. 9. Electrical energy production from anaerobic digestion in Pasto. Source: Authors.

5. FURTHER WORK AND
RECOMMENDATIONS

Future work and research may consider
an environmental analysis that measures
the amount of greenhouse gases avoided
every year thanks to technologies such as
anaerobic digestion and incineration.

Furthermore, carbon, SOx and NOx
emissions produced by incineration plants
could be evaluated, as well as the amount
of ferrous and recyclable material that can
be recovered at waste storage facilities to
be commercialized and thus obtain more
economic benefits.

The authors suggest a chemical charac-
terization of waste for a subsequent feasi-

bility evaluation and determination of its
actual LCV.

6. CONCLUSIONS

This work considered urban solid waste
as a potential source of renewable energy
in three study cases in Colombia. For that
purpose, a method was proposed to select
three municipalities based on their demo-
graphic features.

In this case, Guayata (UP=2.94), Andes
(UP=1.02) and Pasto (UP=0.2) were chosen
because of their rural/urban population
ratio, number of inhabitants and available
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information in their Waste Management
Plans.

The population growth projection by
DANE shows that the Municipalities of
Pasto and Andes present an annual rise.
Conversely, in the case of Guayata, a fall
in the number of inhabitants is observed
over time.

Since ERP depends on the size of the
population, the projection of SW produc-
tion in Andes is expected to increase in the
long term.

Because of the low production of waste
in Guayata, technologies such as incinera-
tion are not technically viable.

These results indicate that more energy
1s generated from incineration than from
anaerobic digestion, which is mainly due to
the fact that the latter uses organic waste
only.

Nevertheless, both technologies provide
an alternative to eliminate SW and, if
applied, they would alleviate the problem
of massive use and accumulation of sani-
tary landfills.
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