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Abstract

This review aims to provide an overview of housdhaoibgas digester implementation
in rural areas of Latin America. It considers th&tdry of household digesters in Latin
America, including technical, environmental, soceéald economic aspects. Several
successful experiences have been promoted duriaglat decade, including the
creation of the Network for Biodigesters in LatinmArica and the Caribbean
(RedBioLAC) that provides a forum to coordinate lerpentation and research
programs throughout the continent. Although theeptal of this technology is well
demonstrated, some barriers are identified, su¢cheaseed for technical improvements,
lack of social acceptance and high investment cdsiss, further efforts should be
undertaken to overcome these barriers and improeddchnical performance, social
acceptance, economic benefits and environmentahdtnp order to enhance its wide-

spread dissemination in energy poor communities.
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1. Introduction

Currently, 1.6 billion people in the world, mostty rural areas, do not have access to
electricity. Another 2.5 billion people still rebn traditional fuels, such as firewood and
dried dung, to meet their daily heating and cookirgds. The use of traditional fuels is
responsible for serious impacts on the environmam on people’s health while
limiting economic opportunity to overcome poverty.[ Increasing access to modern
and affordable energy is essential to improve bsaigices that require energy, such as
water supply, sanitation, health care and educadMwreover, modern energy services
contribute to poverty reduction by providing ligidi mechanical power, transport, and
telecommunication services [1,2]. At the same tthexe is an urgent need to mitigate
the climate change and reduce greenhouse gas (Bm(Syions, mainly generated by
energy production and consumption [3,4]. Thus it necessary to implement
technologies that may contribute to both GHG errssreduction and poverty
eradication.

Household digesters are considered a clean androenventally friendly
technology which can help rural communities to nteeir energy needs for lighting,
cooking and electricity, thus leading to improveding conditions [5,6,7,8,9,10].
Thanks to their technical, socio-economic and emvitental benefits, household rural
biogas plants have been spreading around the wortd the 1970s [5,11]. However,
the current situation of household digesters inettgng nations differs from one to
another.

The research and use of biogas has a long histoAsia. Since the 1970s,
China and India were the two largest householddsiagers in the world thanks to their
extensive experience in anaerobic digestion, tleahility of biomass and the strong

support of national funds [12,13]. In these cowstriseveral studies have shown and



evaluated household digesters performance and didigaemination programmes [10,
13,14,15].

In Latin America the implementation of householdediters was spurred after
the energy crisis in the 1970s and several receatessful experiences have been
reported [7,16,17]. Nevertheless, the number ofjdsodigesters installed in this region
is far behind Asia, due to insufficient social gueace, absence of long-term financial
subsides, and lack of institutional support antbWlup [7,17,18,19,20].

This review aims to provide an overview of housdhdliogas digester
implementation in rural areas of Latin Americactinsiders the history of household
digesters in Latin America, including the technj@lvironmental, social and economic
aspects. Most importantly, it examines the barriergvercome in order to improve the

technology and its dissemination.

2. Household digester experiences in Latin America

It is estimated that 31 million people in Latin Anga lack access to electricity (87% in
rural areas and 13% in urban areas) and that 8komibeople rely on traditional
biomass for cooking (70% in rural areas and 30%rlran areas) [2,21]. Access to basic
modern energy is defined as the ability to satisfgic energy needs (i.e. lighting,
cooking, heating, education, healthcare and comeation) through the use of reliable,
efficient, affordable and environmentally friendigergy services [22].

Household digesters are simple and effective t@olgies available to deliver
energy to poor communities, especially in remotalrareas. The first experiences of
household digesters in Latin America date backh&end of the 1970s and beginning
of the 1980s, when an interregional organizatidme tatin American Energy

Commission (OLADE), attempted to promote biogas Baolivia, Guyana, Haiti,



Honduras, Jamaica and Nicaragua. Ten digesterarafus designs including batch,
tubular and fixed dome were built in each countt,23,24]. At the same time, the
National University of Cajamarca (UNC) together twithe Non-Governmental
Organization (NGO) ITINTEC implemented almost 10&k& dome digesters of 10-12
m® in rural areas of the Peruvian Andes [25,26]. hilse, the German Technical
Cooperation (GTZ at that moment, now GIZ) suppottexidevelopment and diffusion
of the technology in the region. Most digestersemgeveloped under a 100% subsidy
model, but were not accompanied by specific trgirand follow up. For this reason,
most of these experiences failed and householddigewere at some point abandoned
by users. For instance, in the Bolivian Andes,@hdixed dome digesters installed from
1988 to 1992 were abandoned after a few years A& urvey carried out in 2007
showed that out of 100 fixed dome digesters instiadit the Peruvian Andes during the
1980s, only one was still in operation [20].

At the end of the 1980s, the plastic tubular digjeadapted from the PVC “red
mud” model developed in Taiwan [27], was introdudedColombia [28,29] by the
Centre for Research on Sustainable Agriculturaldécdon Systems (CIPAV). This
model appeared to be easier to implement and bgssnsive than the fixed dome
digester. Since then, tubular digesters have bgesading in rural areas of Latin
American countries, especially Colombia, Costa RM&aragua, Ecuador, Honduras
and Mexico [12,18,30,31]. Lately, this technologslbeen adapted to the harsh climate
conditions of the Andean Plateau (2500-4500 m)ais.Bolivia (2003) [32] and Peru
(2006) [33,34].

As a result of the renewed interest and effohs, Network for Biodigesters in
Latin America and the Caribbean (RedBioLAC) wasated in 2009. RedBioLAC was

formed and is administered by the NGO Green Empawet, with support from the



US Environmental Protection Agency and the Wuppénistitute for Climate, Energy
and Environment (WISIONS). The leadership boarcdRefiBioLAC is comprised of
representatives from NGOs, universities and buseseshat promote digesters across
Latin America. RedBioLAC's mission is to: (i) shanéormation on innovations in the
field; (ii) increase dialogue concerning biogasj@cb promotion and management; (iii)
identify and overcome technical, environmental,i@loand economic barriers for
householdcommunity and farm-scaldigester dissemination in Latin America. This is
achieved through an internet forum, an online Mprawebinars, international
exchanges, coordinated research and annual cooéseo far, seven conferences
have been carried out in different countries ofi@&merica (Peru 2009; Costa Rica
2010; Mexico 2011; Nicaragua 2012, Honduras 2018o1i@bia 2014 and Chile 2015).
Currently, it comprises 18 countries represented2ByNGOs and Foundations, 15
Research and Development (R+D) centers and pubbtituitions and 17 small
companies, for a total of 55 organizations involyRedBioLAC, 2014) (Figure 1As

a result, the coordination dbusehold digestergsearch and implementation has been
significantly improving over the last years. Furtihere, training is promoted by means

of internships of students and professors amongutiens[35].

Please insert Figure 1

Table 1 show$ousehold digester dissemination projentdatin Americacarried out

by organizations involved in RedBioLAC. Most of feebiogas programs were co-
funded by NGOs, the private sector and biogas usBemeficiaries were involved to
increase their sense of responsibility towardsrtbegas plants and avoid digester

abandonment. The most commonly used design islélsé@tubular digester and biogas



is mainly used for cooking, while the digestatesgaknown as bio-slurry) is used as
crop fertilizer. Management models have been fatwse participation and training of

users to avoid digestabandonmends occurred in the past.

Please insert Table 1

There is an increasing interest to develop Nati@&afjas Programmes (NBPs) as those
implemented in Asia and Africa [14]. Feasibilitydies for NBP have been carried out
in Honduras [36], Nicaragua [37], Bolivia [38] aRru [39]. Since 2012, Nicaragua
has been setting up a NBP with the goal of impldmgr6,000 household digesters by
2017 [37]. Feasibility studies in Peru and Bolisat goals of 10,000 and 6,000
digesters in five years, respectively [38,39]. Bwivian NBP began in 2014 with the

goal of installing 640 household digesters in 28rg.

3. Anaerobic digesters designs in Latin America

Household digesters design depends on climate tomsli available organic wastes,
local materials and skills. Fixed dome, floatingimrand tubular digesters are the most
common models implemented in rural areas of dewedpgountries. They were
developed in Asia and have been adapted to thetmmrslof Latin America since the
1980s [12,20,30,32,34,40]. Design and operatiorampaters of household digesters
implemented in Latin America are summarized in €ghl There was no data available
about floating drum digesters since there has lbelemited usage in Latin America so

far [18,20,41].

Please insert Table 2



3.1. Fixed dome digesters

The fixed dome digester developed in China is ohéhe most common models
implemented in developing countries (Figure 2) 28,4it consists of a cylindrical
chamber, a feedstock inlet and an outlet, whiclo alsrves as a compensation tank
[43,44]. It is built completely underground of Wkscand concrete. The system lacks
proper mixing to avoid material sedimentation ieside digester and operates without
heating. Biogas is accumulated in the upper pathefchamber. The level difference
between the slurry inside the digester and the resipa chamber creates gas pressure.
As biogas pressure builds-up, it pushes part okthestrate into the compensation tank
[8,44,45]. A pipeline transports biogas from thgediter to a reservoir, where it is stored

and then used for cooking, heating or lighting.

Please insert Figure 2

The size of household digesters may vary depenatinigcal conditions, biogas
needs, organic waste and water availability. Théume of household digesters
typically varies between 10%hand 20 m[20,46]. Community-scale digesters, built to
produce biogas for 10-20 households, may havewmebf 50 mi[46].

Fixed dome digesters require specialized labourcémstruction and relatively
high investment costs [47]. Construction matersabs not always available in rural and
remote areas, but they generally are in nearby dowdowever, transporting
construction materials may not always be feasibhf#.[A smaller fixed dome model
(Camartec) was developed to minimize constructicstenmls with respect to the

traditional Chinese model, by reducing the sizethef main chamber and making a
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second compensation chamber [48]. To date, the @amarodel has been mainly
implemented in Africa [43]. Only in 2013 a pilot @artec digester of 4 fnwas
implemented at the Universidad Mayor de San Anflod4SA) in the Bolivian Andes.
Regarding operation and maintenance, the digestedisemi-continuously (i.e.,
once a day) with organic waste (generally manuhagteti with water). Removing the
sludge is the only difficult maintenance task, vhtakes place no more than once a
year. There is a manhole plug at the top of thestay to facilitate entrance for cleaning
[23]. Digestate and sludge obtained after clearshguld be correctly disposed or
reused in agriculture. The system should also kekdd for biogas leakage in the
digester or pipeline. Special maintenance is neéoledracks that could appear due to
temperature fluctuation or earthquakes [19,49]. liteepan of this system is around 20

years.

3.2 Floating drum digester

The floating drum (Hindu type) digester model, oraly called Khadi and Village
Industries Commission (KVIC), was developed in &nduring the 1960s (Figure 3). It
consists of a cylindrical or dome shaped digester a floating drum where the gas is
held. It is built underground of concrete and stdéle digester does not include a
mechanism for mixing or heating. The drum can beenat steel or PVC. The drum is
placed on the digester and acts as a storage Tdmgkdrum can move up and down
depending on the amount of accumulated gas abfheftthe reactor. The weight of the
floating drum applies the pressure needed for gas through the pipeline [8,50].
Biogas is transported through the pipeline to @measr and used for cooking, heating

and lightning.
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Please insert Figure 3

The volume of floating drum digesters implementadLatin America ranges
from 1.6 nfto 10 mi. The larger ones (6-10were implemented to provide biogas to
more than one household [20,41].

Floating drum digesters require skilled labour ifwstallation. Investment costs
are high due to expensive construction materialsndete and steel) [6,51].
Construction materials are not always availableiral and remote areas for fixed dome
digesters due to difficult transportation.

The system is fed daily with organic waste dilutath water. Other operation
and maintenances tasks include digestate managereeraving accumulated solids in
the bottom of reactor, control of biogas leakage] segularly painting the drum to
avoid rust [8]. The lifespan of the system is galigrshorter than that of the fixed-

dome digester (up to 15 years) because of drunosion [6].

3.3. Tubular digesters

The tubular digester, adapted from the PVC “red 'hmddel developed in Taiwan
[27], consists of a tubular plastic bag, a PVCtiaed outlet, and a pipeline to collect
biogas from the digester to the reservoir (Figurgl8,28,52]. The tubular polyethylene
or PVC bag (the digester) is buried in a trenchuted feedstock flows through it from
the inlet to the outlet. There is neither mixingatmid material sedimentation inside the
reactor nor heating to increase liquid temperatdrasimple roof is generally used to
protect the plastic bag. Biogas is accumulatetienupper part of the bag and collected
by means of a gas pipeline connected to a resemmil then to the cookstove or other

devices. The gas can be used for cooking, heatihghtning [40].
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Please insert Figure 4

As mentioned above, the size depends on a humbactofs including manure,
water and land availability. In poor rural aread_afin America, where the economy is
based on subsistence agriculture and family farptidgular digester volume is about 6-
10 nt [28,32,40]. Bigger digesters (up to 76)rhave been implemented in small-scale
farms and university campuses of tropical regids31].

During the last decade, a huge effort has been noaddapt the tubular digester
to the harsh climate conditions of the Andean Rlat82,40]. The daily temperature
fluctuates between a minimum mean ranging fromtel3°C, and a maximum mean
ranging from 15 to 20°C [53], which adds barriemsthe implementation of household
digesters. Hence, in these areas, the tubulaiglaag is covered with a greenhouse, in
an attempt to increase process temperature andeedkernight heat losses. Indeed, in
tubular digesters implemented in the Peruvian Antlestemperature measured inside
the digester greenhouse (15-60 °C) was always hihlae ambient temperature (10—
30 °C), while the digester temperature remainedyfabnstant (around 20 °C) [54]. In
the Bolivian Plateau this design was proven toaach solar heat collector with thermal
inertia, and it maintained a constant temperatmrthe digester around 24-25 °C [55].
Moreover, the passive solar gain might lead togester liquid temperature 8.5 °C and
4 °C above the daily mean ambient and soil tempexatespectively [56]. Conversely,
in digesters without passive heating, the digdsterd temperature tended to be equal
to the soil temperature [57]. The effect of differgreenhouse designs (shed, gable and
dome roof) has also been compared. These greenhmgels were chosen according

to local construction techniqgues and available nwdte [41]. In the dome roof
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greenhouse the temperature was slightly higher thathe shed roof greenhouse,
however in both cases the digester liquid tempezatemained fairly constant (around
20 °C) [54,58]. In addition, the dome roof had sopnactical advantages, as it eased
maintenance tasks like weed removal and digesterdyir [58].

Design criteria for the digester, trench and greesk depend on each location.
At high altitude (i.e. psychrophilic conditionshig HRT of 60-90 days are needed [40],
whereas in tropical regions (i.e. mesophilic caonds#) lower HRT (20-60 days) are
used [28]. Recently, a new methodology for the glesf tubular digesters has been
proposed. It proposes optimum trench dimensionsyfacal circumferences of plastic
bag [59,60].

Tubular digesters are characterised by the easepiéémentation and handling,
since they do not require specialised skills foe ttonstruction and maintenance
[16,19,31,52]. High quality pre-fabricated bags imigot be locally available, however
all construction materials can be easily transpbfi®], even by donkey [17]. As for the
fixed dome and floating drum models, householdsukhde trained to operate and
manage the system [48]. The main necessary tasksdaity feeding, digestate
management, removal of sludge in the bottom oftogaand control of biogas leakage
[17].

Plastic bags normally have a short lifespan, tyjyiceb years because of their
susceptibility to mechanical damage [19,43]. HoweW/C, polypropylene and high
guality polyethylene bags are estimated to lastvéenh 8 to 10 years. Indeed, there are

plastic digesters that have been operating foreEdsy[17,49].

4. Technical aspects of biogas production
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Anaerobic digestion is a microbiological processttioccurs naturally in the
environment. In absence of oxygen organic mattedegraded and converted into
methane by different bacterial communities througlseries of metabolic stages:
hydrolysis, acidogenesis and methanogenesis. Irirdtestage (hydrolysis), complex
molecules (e.g. proteins, carbohydrates and limdshydrolysed to soluble compounds
(e.g. aminoacids, sugars, alcohols and long cheity facids) by hydrolytic bacteria
using extracellular enzymes. In the second phasddg@enesis), these compounds are
transformed into short chain volatile fatty acigsg( propionic and butyric acid) and
subsequently into acetic acid, hydrogen and caitioride. Finally, during the last
stage (methanogenesis), methanogenic bacteria tomeetic acid into methane and
carbon dioxide [8,51]. Biogas composition dependsttee substrate composition and
operation parameters, being typically composed®7%% CH, 25-50% CQ and 1-
15% of other gases (e.g. water vapowS Hand NH, among others) [51].

Anaerobic digestion performance depends on sevmmeameters, including
substrate composition (particularly the C/N ratiopncentration of solids, mixing,
temperature, hydraulic retention time (HRT), solidgention time (SRT) and organic
loading rate (OLR) [8,23]. A balanced ratio betweanbon sources and other nutrients
such as nitrogen, phosphorus, and sulphur is mogtortant for the substrate
composition. Optimum C/N ratio in the substratels45. Higher C/N ratio could
decrease the reaction rate, while lower values caagge ammonium inhibition [8,23].
A neutral pH is favourable for biogas productiomce most of the methanogens grow
at the pH range of 6.7—7.5. The concentration t&l teolids (%TS) in the digester can
vary from 2-15% (low solids anaerobic digestion)1®-40% (high solids anaerobic
digestion). In the former, larger digesters arededeto reach the same biogas

production of the latter, due to the decreasedrocgaatter-to-liquid ratio inside the
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digester. Mixing is also a key factor for biogasguction. Too much mixing reduces
performance, and without mixing foaming and sokéslimentation occurs [8]. Foam
avoids biogas escape and collection, while inditissedimentation reduces the reactor
lifespan. Moreover, without mixing contact betwdsacteria and substrate is reduced.
Temperature ranges are classified according tonojoti growth temperature of different
methanogenic microorganisms, namely psychrophd5(°C), mesophilic (30-40 °C)
and thermophilic (50-60 °C) [23]. In general, thgher the temperature, the faster the
reaction rate and consequently, biogas productimreases. Therefore, at higher
temperatures lower volumes are required. HRT indgcthe average period of time that
the influent remains inside the digester. It shdoddat least 10-15 days and it varies
depending on temperature from 10 to over 100 d23k BRT is the average period of
time that solid particles are held inside the digledn completely mixed reactors it is
equal to the HRT, but in non-mixed reactors it ighkr than HRT due to the
sedimentation of solids. OLR is the amount of orgamatter added per day. Increasing
OLR results in higher solids concentration (%T)eToptimal OLR depends on the
substrate composition and digester model. The bipgaduction (Mhiogas M sigesterd™)
divided by the OLR (kgs M 4gesterd™) results in the specific biogas productior’ggas
kgvs™), which is an indicator of the conversion effiaigrof the substrate into biogas.
Anaerobic digestion is a slow process and it tadegeral days for microorganisms to
adapt to a new condition. Sudden temperature clsangeganic or hydraulic
overloading, presence of inhibitors such as ammuonar antibiotics, might cause
inhibition [23]. Co-digestion, which is the simulieous digestion of a mixture of two or
more substrates, may increase biogas productioimpyoving the nutrients balance
(C/N ratio) and providing a feedstock with a mowrdamced composition, enhancing

bacterial growth [8].
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5. Biogas production research in Latin America

5.1 Lab-scale research

Table 3 summarizes literature results from labescakperiments which aimed at
understanding the performance of anaerobic digestiaifferent conditions typical of
rural areas of Latin America, i.e. using local feedk under different temperature
ranges (psychrophilic and mesophilic).

Comparing the effect of operational parameters @yds production from
manure, it was found that the most significant daavas temperature, followed by
HRT, OLR and substrate characteristics, while theas no effect of pressure (i.e.
altitude). Indeed, the anaerobic digestion of com Bama manure under psychrophilic
conditions (11°C) reached a biogas production 62@.07 Myiogas M digester d ™ [61];
while under mesophilic conditions (25 and 35°C) thegas production increased to
0.10-0.34 mMjogas M gigester d* for all tested substrates (i.e. cow, llama andephe
manure) [61,62,63]. Moreover, it was demonstratkdt tanaerobic digestion was
sensitive to daily temperature fluctuation (from ®0 35°C). However, the process
responded immediately to temperature increase,estigg that methanogenic bacteria
activity was well preserved during the period at lemperature [53]. This is relevant,
since temperature cycles (i.e. day-night) may odouunheated biogas production
systems. As expected, increasing the HRT from 2B0talays had a positive effect on
biogas production from cow and llama manure [61%0Aincreasing the OLR showed
positive effects on biogas production, except far highest OLR, demonstrating that
optimal OLR for cow and llama manure was aroundktxg mgigesierd ™ [61].

Feedstock composition had a strong influence erspiecific biogas production

(Table 3). The highest specific biogas producticeswbtained from cow and sheep
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manure (0.01 and 0.23 3mgas kgvs?), while the lowest was observed from llama
manure (0.01-0.18 Thogaskavs ') [61,62,63]. This was attributed to higher ammamiu
content in llama manure with respect to the otHérd. An improved anaerobic
digestion performance was observed as a resulbdifyesting cow, llama and sheep
manure, due to the fact that the relatively highogien content of llama manure reduces
cow nitrogen deficiency, balancing the C/N ratid][6Quinoa stalk Chenopodium
guinoa Willd.) from agricultural crop residue, totor&choenoplectus tatora) and o-
macrophytes (aquatic flora) from Lake Titicaca (dhe Bolivian Plateau),
slaughterhouse and other fruit and vegetable waste appropriate co-substrates to
increase biogas production from llama, cow, swime sheep manure [62,64].

On the whole, lab-scale studies demonstrated thiat technically feasible to
produce biogas from common manure in Latin Ameficaa cow, llama and sheep
manure) under different temperature ranges (psptiiio and mesophilic), and that co-
digestion of manure with other local organic wasteroved anaerobic digestion
performance. Consequently, interest increased gb ftdl-scale household digesters

under real operation conditions.

Please insert Table 3

5.2 Pilot and full-scale research

Table 4 shows biogas production and compositiorainbtl in pilot and full-scale

household digesters. Almost all experiments werggthed to study tubular digester
performance, which is the most common digester typed in Latin America. As

mentioned above, these systems operate withounge#tus they worked at different

temperature according to their location. In coaatal tropical regions digesters worked
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under mesophilic conditions (> 25 °C), while athigltitude (e.g. Andean Plateau)
liquid temperature was always around 20 °C (psyaihifiz conditions).

In coastal and tropical regions the biogas produadt tubular digesters fed with
cattle manure ranged between 0.12 and 0.3@4m 3ygesterd* [31,65,66,67]; while at
high altitude it ranged between 0.03 and 0.480gs M >gigesterd ™ [40,54,56,58,68,69].
Although the harsh climate conditions (e.g. low pemature) constitute a limiting factor
for biogas production at high altitude [53], houslehdigesters provided clean fuel that
covered around 60% of fuel needs for cooking [@Jtrbpical regions, tubular digesters
were shown to produce enough biogas to satisfy rieelds for cooking and also for
electricity generation [16,31,65].

In some cases the biogas production was lowerdkpacted from previous lab-
scale experiments. It was mainly due to differingrking conditions such as non-mixed
vs. completely mixed reactors, HRT and OLR [54]nbm-mixed digesters there is less
contact between bacteria and substrate, so biagaigtion may increase by 50% by
introducing biofilm carriers (i.e. PET rings) thatrease the surface area for substrate-
bacteria contact [56]. As demonstrated in lab-seafgeriments, longer HRT (39 vs. 14
days) resulted in higher biogas production (0.390:42 nhiogas M gigester ) [31].
Even longer HRT of 60-90 days are commonly usedugt altitude. However, using a
HRT of 60 instead of 90 days and increasing the @bR kgs m'3digester d* may
improve the biogas production, reducing tubulaedigrs volume and costs [40]. Even
so, an OLR much higher than 1vlggm'3digesterdl and total solids concentration higher
than 6-8% should be avoided in tubular digestengeswithout mixing solids tend to
settle out [31], reducing the useful volume andeyslifespan [58].

The most frequently used feedstock in all full-secaxperiments was cattle

manure. The highest values of specific biogas prtolu were obtained for cow manure
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at both psychrophilic and mesophilic conditionstéiEen 0.17 and 0.44 ¥hgaskgvs™)
[31,40,54,56,68,69], while the specific biogas prcttbn of guinea pig manure was the
lowest (0.03 - 0.06 MBiogaskovs™) [54,58]. The low biogas production of guinea pig
manure compared to cow manure was partly due toorapesting pretreatment
undertaken to obtain a homogeneous dilution foestgy feeding [58]. In addition, the
low production of biogas from guinea pig manureue to the low digestibility and net
energy content, which is greatly influenced by sggcage and type of feeding [70].
Indeed, co-digestion of cow and guinea pig manm@eased the specific biogas
production with respect to guinea pig but not tevagoanure [71], suggesting that co-
digestion with other local organic wastes shoul@xgored.

In this sense, co-digestion of swine manure andkingogrease (2.5% by
volume) in tubular digesters increased the spebifigas production from the control
(only swine manure) (from 0.38 to 0.423bn;gaskgvg'1). However, increasing the grease
concentration beyond 2.5% (by volume) resulted oteerease of the methane content
[66,67] as a result of organic overloading and abhalanced C/N ratio which caused
inhibition. Co-digestion of pig manure and urineswaoved to be feasible [33,72]. The
use of urine instead of water for pig manure diaticonstitutes a key factor for
household digester implementation in areas witlemstarcity [33]. In recent years, the
interest in digesters that use agro food waste aadatoffee pulp has been increasing in
Argentina, Bolivia, Colombia, Costa Rica, Guatemalexico and Paraguay [41]. To
date, there is still no data available about thdopmance of household digesters fed
with these substrates.

Finally, in all research studies carried out inl-&Bdale household tubular

digesters the methane content in biogas was alabgse 40% and it increased with
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temperature from psychrophilic to mesophilic coidis (40-65% and 60-70%,

respectively, Table 4).

Please insert Table 4

6. Digestate reuse in Latin American agriculture

In Latin America household digesters are implemente rural communities
where economy is based on subsistence and fannityirfg. Family farming represents
more than 80% of farming in Latin America and iclsaracterized by: (i) predominant
use of family labor; (ii) limited access to res@ssuch as land, technology and capital;
(i) low crop productivity, mainly for family subistence [73,74]. Household digesters
provide both biogas and digestate that is rich utrients (i.e. nitrogen, phosphorus,
potassium, calcium, magnesium and sodium) and @mehsed in agriculture as
fertilizer to improve crop productivity. Through aerobic digestion nutrients are
transformed from an organic form (e.g. organicagén from proteins) to a mineral
form (e.g. N-NH), which is much more easily absorbed by plant go@7,75].
Digestate is more homogeneous and can penetrdtdaster than manure. It also
reduces weed seed germination and odours comparhahy. Consequently, digestate
is considered more appropriate than manure, whictihne@ most common fertilizer in
rural communities of Latin America. Digestate cdsoareplace chemical fertilizers,

which are expensive and can cause long-term detipads# soil quality [76].

6.1 Physical-chemical properties of digestate
While the physical-chemical properties of digestdtave been widely

researched, there is little information about pt&éneffects of digestate on crop
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fertilization. Digestate characteristics depend deedstock composition and
management, operating conditions and performant¢keocnaerobic digestion process.
Table 5 summarizes the physical-chemical propediethe digestate from the most
common feedstock in Latin America. The TS contenthie digestate is always low (<
3% TS), as a consequence of solids sedimentatismeinthe reactor, typical of
household digesters due to the lack of mixing [8/76]. Manure biodegradation is
shown by the decrease in organic matter conteomn(80-90% VS/TS in the feedstock,
to 40-65% VS/TS in the digestate). The concentnatd nutrients (TKN, N-NH, P-
P,Os, K-K;0) in the digestate differs according to the feecstcomposition and
digesters operation. The hydrolysis of organicogén is shown by the decrease in
TKN concentration from the feedstock to the digiestnd increase in N-NHand N-
NH,4 that are found in the biogas and digestate, resgdgt In tubular digesters fed
with guinea pig manure in the Peruvian Andes, tKé&Tconcentration decreased by
72%, while N-NH concentration increased by 28%. Thus, the N/NKIN ratio was
higher in the digestate than in the feedstock (€€810.16) [71]. TKN was reduced by
35-45%, while NH-N increased by 80-90% in pilot and full-scale tianudigesters fed
with swine and dairy manure in Costa Rica [16,d%ese results show how nutrient
transformation was more efficient under mesophh&n psychrophilic conditions. The
effect of temperature was also observed for faegatamination indicators. Indeed, in
tubular digesters the average total coliforms &nadtoli concentration was reduced
about two log-units under mesophilic conditions][@hd about one log-unit under

psychrophilic conditions [58,61].

6.2 The performance of digestate as fertilizer
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Even if digestate reuse as fertilizer appears tasoenportant as biogas for rural
families of Latin America [17], very few scientifistudies have been carried out to
assess the properties of digestate from househgésbtdrs for crop fertilization. The
potential of digestate as an effective source dfients for duckweed in ponds was
evaluated in Colombia. Results showed that biorgeedd and protein in the duckweed
dry matter were linearly correlated to the nitroggmcentration in the pond water,
which increased by adding digestate [77]. Also ioldthbia, an assay under farm
conditions with maize assessed three additives patiential to improve soil fertility
and health: (i) biochar, (ii) a culture of nativéecnoorganisms derived from fertile soils
and (iii) digestate. Results suggested that thestiige increased the maize foliage
growth by 70% and root weight by 100% [78].

In the Peruvian Andes a preliminary study was edraut in order to analyse the
potential of the digestate as fertilizer for poté®olanum tuberosum), the most common
crop for family subsistence. Digestate from a tabuligester fed with guinea pig
manure was compared with a control (without fexif). The results highlighted that
using the effluent as fertilizer increased the fmtaeld per hectare by 100% (26 kg ha
1) [58]. The positive effect of the digestate wasfdmed with a more complex study
that considered four treatments in a potato tgahtrol without fertilizer, digestate,
manure pre-compost, and a mixture of digestatenaanaure pre-compost (50-50% on a
nitrogen basis). Compared to the control, the poyald increased up to 27.5% with
the digestate and 15.1% with manure pre-compost. [imilarly, a forage L.
multiflorum and T. pratense L.) field trial, which is the most common crop in alr
communities of Peruvian Andes for cattle feedimgnpared the following treatments:

control without fertilization, digestate at 50% dosdigestate at 100% dose and
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digestate at 150% dose. Compared to the cont®lattage yield increased up to 8.8%
with digestate at 100% dose and digestate at 156 [d1].

Solids and nutrients concentrations in the digestadim tubular digesters are
relatively low, due to feedstock dilution beforeedeng and solids retention inside the
system. Consequently, fertilizing crops implies tise of large volumes of digestate to
meet nitrogen crops needs [71]. Notwithstandingesliate showed better performance
compared with manure. Also, farmers reported tlyestate capacity to protect crops
from freezing and recover from damages caused byt,frafter digestate foliar
application [17]. Although anaerobic digestion caeduce microbial pathogen
concentration, the digestate may not be completafg especially at short HRT and
under psychrophilic conditions [51,71,79,80]. Treyent health risks, digestate needs
to be properly treated (e.g. by means of a satet)fibefore application. Alternatively,
the digestate should be applied before seedtimeagoitled on leaf vegetable crops.
Further studies should be carried out in ordervaluate the fertilizing potential of

sludge accumulated inside the digester.

7. Environmental aspects
Anaerobic digesters may reduce pressure on theoemeent by [7,9,49]: (i) controlling
environmental pollution by treating wastewater amdjanic wastes; (i) reducing
deforestation by providing a clean fuel to subgitéirewood; (iii) reducing GHG
emissions. Environmental benefits depend on bigasguction and use, as well as
construction materials. So far, few studies havenbearried out to quantify the
environmental impacts of household digesters imLamerica.

The global warming mitigation potential of biogasguction from animal waste

was estimated for developing countries, consideriflg GHG emission reduction
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potential through manure management; (ii) emissmoitigation potential due to
traditional fuels (firewood and kerosene) subsbtut (iii) emission mitigation potential
of digestate through nitrogen, phosphorous and spaten fertilizer substitutions.
Results suggested that 316 million tonsg,@could be mitigated annually in Latin
America through the use of available animal wastd human excreta for biogas
production and subsequent utilization of the digiesas fertilizer [51].

An emergy analysis was performed to assess tlaiviel sustainability and
environmental impact of small-scale energy produnctising tubular digesters to treat
livestock manure in Costa Rica [30]. Emergy is wiedi as the total amount of available
energy (or exergy) of one kind that is used upatliyeor indirectly in a process. The
results demonstrated that the production of bi@gasthe generation of electricity from
tubular digesters in Costa Rica are environmentalstainable processes. Nevertheless,
sustainability is reduced when biogas is used toegde electricity, due to the high
emergy value associated with the electricity germraequipment, machinery and
energy loss.

The environmental assessment of household tuldidgsters implemented in
rural communities of the Peruvian Andes, where &$og mainly used for cooking,
quantified the Cgq emissions and firewood consumption reduction dg@©missions
before the implementation of digesters were 5448¢1d0e year™ per family, due to
firewood use for cooking and lack of manure managemWhere digesters are used,
COyeq emissions were about 50% lower (2703.97 kgEQ(}taar‘1 per family) than in the
previous scenario. Similarly, firewood consumptwas reduced by 53%. Although the
potential benefits were restricted by the perforoceaof biogas systems at high altitude
(i.e. lower biogas production than in tropical met) household digesters reduced GHG

emission and deforestation appreciably (around 5@%)
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Furthermore, fixed dome and plastic tubular digesmplemented in the
Peruvian Andes were compared in terms of environaheémpact, using the life cycle
assessment (LCA) methodology. The results showatlttie plastic tubular digester
caused the highest impact as a result of the velgtshort lifespan of plastic materials
and geomembrane. In the fixed dome model, most@mwiental impact corresponded
to concrete and bricks. Minimising the use of pasand using construction materials
with longer lifespans might improve the environnanperformance of tubular
digesters. Furthermore, more environmentally frigndaterials, such as bioplastics,
should be considered in the future [19].

In this context, household digester contributionetovironmental protection
could be increased by: (i) improving biogas product (i) choosing local and
sustainable materials with longer lifespans; @@signing appropriate equipment for
biogas use which reduce loss (e.g. machinery fectetity generation, biogas

cookstove, and biogas lamps).

8. Social aspects

In addition to environmental benefits, householgedters may bring a number
of social and health benefits. In Latin America 14fthe total primary energy demand
relies on traditional biomass, mainly firewood fowoking [2]. Burning solid fuels
without improved cookstoves produces smoke and paxiculate, which contribute to
indoor air pollution. There is consistent evideticat exposure to indoor air pollution
increases the risk of a number of acute respiratofgctions [9,81]. Women and
children suffer the most from indoor air pollutidsecause they are traditionally
responsible for cooking [81]. Replacing solid fuglgh biogas improves indoor air

quality, improving health and living quality [49,b1A study carried out in the Peruvian
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Andes estimated that indoor emissions of soot@adie would decrease by 60% due to
the reduction of time spent cooking with firewodd. [

Women and children are also primarily responsilde firewood collection,
which is a time consuming and exhausting task.tiFhe spent collecting solid fuel also
imposes opportunity costs that constrain socio-ecoa development [7,51]. A survey
carried out in rural communities of the PeruviardAs, where biogas is mainly used for
cooking, quantified that digester implementatiordueed the time for firewood
collection by 50%. Families who participated in thevey declared that children and
women could already spend more time on other &ietsviwomen confirmed that they
used most of the saved time on recreation actsitgmcial and community work,
income generating activities and reading. Theswiaes have the potential to increase
their education, civic engagement and contributtonsommunity development [7].

Even though household digester implementation sletad health and social
benefits, socio-cultural issues may pose barrierstiie widespread diffusion of this
technology. The evaluation of a biogas programmdiichv consisted of the
implementation of more than one hundred fixed dodhigesters in rural areas of
Peruvian Andes during the 1980s, highlighted thatrhost significant barriers for the
successful use of the technology were: (i) lack sotial acceptance of biogas
technology and (ii) lack of an appropriate managenmodel after implementation.
Both factors were related to limited informatiordaraining for users [20].

In 2010, the NGO Green Empowerment developed weguio gather data on
projects carried out by 5 grantees of a coordinhtedas program in 5 countries. While
most of the families using digesters were satisfiagtth their performance, the study
pointed out that in some places of Latin America tise of manure to cook was not

well accepted and that it was socially unacceptableook certain dishes with biogas.
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For example, in Costa Rica biogas covered 50% akiog needs of participant
families, because firewood was still used for redris and meat. The author suggested
providing comprehensive training modules to cowaevant issues like benefits and
safety of biogas, installation, operation, maintex@ fertilizer production and
application [18].

Recently, the results and lessons learned aftéalling nearly 750 household
digesters in Bolivian Andes highlighted that [17;69 complete and clear information
about digesters should be given to users, showaakmesses and failures in addition to
benefits; (ii) involvement of local technicians wassential for system follow up; (iii)
biogas plant implementation, operation and mainteeashould be integrated with
families way of life and farming; (iv) existing satstructures should be respected; (v)
in countries where governments subsidize liquefietfoleum gas (LPG) (e.g. Bolivia,
Ecuador), farming families are more interested igestate than biogas; (vi) users
should pay for their biogas plant and subsidiesushde restricted to making the
technology accessible to the poorest users, sin@sibeen observed that the higher the

subsides the higher the failure rate.

9. Economic aspects

Household digesters provide both biogas and ditgeskeat can be used as fertilizer.
They can replace traditional fuels (such as firesvand propane) and chemical
fertilizers or compost, which could be expensive flamilies living in rural areas of
Latin America. Thus, economic benefits of househtilgesters are associated to fuel
and fertilizer savings. In Costa Rica it was estedathat families saved around 400
dollars per year for propane thanks to biogas 8¢ [n Mexico, families saved around

600 and 750 dollars per year for fuel (firewood ethiwvas purchased) and fertilizer,
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respectively [18]. In rural communities of the Ream Andes families saved around 50
dollars per year (about 1-2% of family annual ine)rby using digestate as fertilizer
instead of compost [7].

As mentioned above, digestate can have a posfieet on crop production,
resulting in an increase in crop yield. In the Rean Andes it was estimated that by
selling the additional potato production, the fanahnual income could increase by 2-
3.4%. This estimation was based on a preliminanglysthat showed that the digestate
increased the potato yield per hectare by 100% amspared to control (without
fertilizer) [7].

Despite economic benefits, costs and financingsagaificant barriers to the
dissemination of digesters in rural areas of L&merica where economy is mainly
based on subsistence and family farming. Housetjdster capital costs may vary
depending on the design, materials availabilitgesand location. Capital costs of
tubular digesters in Latin America range from 100700 dollars. In some countries,
such as Bolivia, Costa Rica and Nicaragua, low-tem®lyethylene was mainly used
for the plastic bag, resulting in capital costsuaua 100-200 dollars (excluding labour).
Costs increased up to 500-700 dollars when highitgueolyethylene or pre-fabricated
PVC and polypropylene geomembrane were chosem, Bsuador, Nicaragua, Mexico
and Peru [18]. Pre-fabricated PVC or polypropyleags are characterized by ease of
implementation, robustness and durability, theeeftireir cost is much higher than
polyethylene bags (around 300 vs. 70 dollars, sy, for the bag alone) [19,82].
For tubular digesters adapted to the Andean Plag@enhouse implementation also
increased the capital costs. It accounted for 16%eototal cost for household digesters
implemented in the Peruvian Andes [19]. Initial @stment costs for fixed dome and

floating drum (Hindu-style) biogas plants in Lakmerica are about 700-1,200 dollars
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(excluding labour), depending on local materialsaifity bricks and cement) prices
[18,19].

In addition to materials, labour construction camts estimated at 530 and 130
dollars for fixed dome and tubular digesters, respely [19,39]. Fixed dome
construction is more expensive than tubular digeberause it requires specialised
labour, skilled supervision and time-intensive daorgion. A comparison between
fixed dome and tubular digesters total capital cmas undertaken in the Peruvian
Andes [19]. The comparison considered a lifespaBQofears for all materials, except
for plastics, digester PVC geomembrane and greegh@olyethylene, which were
reduced to 5 years according to manufacturers’ ikp&ttons and literature [43].
Digester capital cost was estimated at 1,963 doftarthe fixed dome model and 1,729
dollars for the plastic tubular model. It includkdbour costs for digester installation.
Moreover, the capital cost of the tubular digesteluded 4 times the geomembrane and
greenhouse polyethylene (over 20 years). Indeedjnilial investment cost would be
706 dollars (341 dollars for the digester geomembdrand greenhouse polyethylene,
plus 365 dollars for the rest of materials), whrelpresents 36% of the fixed dome
digester investment cost. However, the tubular rhedeild require an investment of
another 341 dollars every 5 years [19]. Accordinge tubular digester might be more
affordable for low-income families due to a loweitial investment as compared to the
fixed dome and floating drum models.

However, implementing the Camartec model could cedixed dome digester
costs. It was estimated that the capital cost®i@amartec model (6 3ncould be about
50% lower than the Chinese model in the AndeareRila{1,000 dollars for Camartec,
including labour) [37,47]. This is within the consttion costs of tubular polyethylene

digesters (1,100 dollars, including labour) implemeel in the Bolivian Andes,
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assuming that the plastic greenhouse and digestereplaced three times over a
lifespan of 20 years [17].

In Costa Rica it was estimated that the capitat @dsa household tubular
polyethylene digester would be recovered in 6 meih replacing chemical fertilizer,
propane or LPG with digestate and biogas [49]. €hpital cost for an electricity
generation project (21,000 dollars, including cofsis digester, generator building,
electric equipment, and hydrogen sulfide absorptmwver) in a small farm of EARTH
University in Costa Rica would be recovered in #@ng through electricity savings and
reduction in wastewater fines [31]. The paybackqokof tubular polyethylene digester
was estimated around 2 years in Cuba for the ubegés instead of LPG [65].

To date, in most Latin America countries digestaplementation is neither
affordable nor sustainable for subsistence ruralsBbolds without any subsidies.
Further research should be carried out to [7]réduce digester costs; (ii) generate
employment by creating local cooperatives for bsgsystem installation and
maintenance; (iii) assess how much families can fmydigester installation and
maintenance according to their income; (iv) evauzdrbon emissions trading or other
sustainable subsidy mechanism. A sustained diggstegram may require an
innovative financing mechanism such as microcredifinancial subsides to support

purchase and after-sale maintenance of digest8}s [1

10. Conclusions and recommendations
The first experiences of household digester impleaten in Latin America date back
to the 1970s-1980s. However, only during the lsstade have biogas programmes

shown successful results, demonstrating the benefithousehold digesters in rural
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areas of Latin America. Still, there are severatibes to overcome in order to improve
the technology and its dissemination in rural comities.

First of all, digester design should be selectecbiatng to local conditions.
Several factors should be considered, such as watewaste (feedstock) availability,
biogas and fertilizer needs, climate conditionsgaloskills, material availability,
transportation access, and the price point.

Research studies demonstrated the viability oflpcing biogas from common
waste available in rural communities of Latin Ancarand showed that biogas produced
satisfied fuel needs for cooking and, in some caeeselectricity generation. Further
studies should be carried out to finding ways t@rove the temperature inside the
digester and biogas production by co-digestiongesfly at high altitudes. The full
potential of digestate and sludge use as a crdjier still needs to be studied for
many crops. Post-treatment should also be takenaicttount to reduce health risk from
pathogens.

Biogas production and its uses appear to be enmieotally sustainable
processes in rural communities of Latin Americav@theless, efforts should be made
to identify local and more durable and sustainaflaterials in order to reduce
environmental impacts, while keeping costs low. rEifethe capital costs of digesters
may be recovered in a short time by replacing esiperntraditional fuels and fertilizer
with digestate and biogas, high investment coststlae most significant barrier for
widespread digester use in rural areas of Latin Acae

From a social point of view, household digesterprowe health and quality of
life especially for women and children. On the othand, lack of social acceptance of
biogas technology and an appropriate managemenglnaftér the implementation may

lead to failures in biogas programmes. Therefai@ning is considered essential to
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overcome social and cultural barriers. It shouldnm users about benefits, limitations
and safety of biogas plants, and correct operatimhmaintenance to avoid technology
abandonment. Expanded participation of users aral kKiakeholders, especially NGOs
and the government, would help garner long-termpsupand ensure programs
sustainability.
While digesters have not been as widely adoptddatin America as they have

been in Asia, recent research, program implememtaind collaborative networks bring
to light the challenges and potential for broadesemination of this technology in the

region.
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Table 1.Household digester dissemination programmes degdlby RedBioLAC members.

Country Biogas programme | Financing model Imple | Beneficiaries Digester model Biogas | Management Model Reference
promoter mentat use
ion
period
Argentina | Proteger Foundation  25% Proteger 2004- | 4 households Floating drum Cooking Community-based [41]
Foundation On- and management
40% users going heating
35% external subsidies
Bolivia Deutsche 80% users 2007- | 740 households| Tubular polyethylene| Cooking | Potential users request [17,18]
Gesellschatft fur 20% GIZ and EnDev- | 2012 2 Schools adapted to the support to GIZ;
Internationale Bolivia 5 Community Andean Plateau Training workshops for
Zusammenarbeit centres users and follow up
(G12), Energising
Development
(EnDev-Bolivia)
and Centro
Internacional de
Métodos Numéricos
en Ingenieria
(CIMNE)
Bolivia Promocién de la 100% subsidies 2008- | 45 households Tubular polyethylerieCooking | Community-based [41]
Sustentabilidad y Man power provided | On- adapted to the management;
Conocimientos by users going Andean Plateau Training workshops for
Compartidos users
(PROSUCO) NGO
Bolivia Humanistisch 100% users 2012- | 10 households | Tubular polyethylene| Cooking | Focus on research and [41]
Instituut voor 2013 9 community adapted to Andean development;
Ontwikkelingssamen centers Plateau Technical assistance for
werking (Hivos) design, dissemination and
and CIMNE implementation strategies
Bolivia Humanistisch 33% users 2014- | 30 households Tubular polyethylerjeCooking | National biogas program [41]
Instituut voor 67% external subsidies On adapted to Andean | and
Ontwikkelingssamen going Plateau heating

werking (Hivos)
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Colombia University of Tubular polyethylene | 1990- | <50 householdg Tubular polyethyleneCooking | Training workshops for [41]
Tropical Agriculture | digesters: On- and PVC users
Foundation and Red | 70-100% users going
Colombiana de 0-30% subsidies
Energia de la Tubular PVC digesters;
Biomasa 100% users
(RedBioCOL
network)
Colombia Fundacién Centro | 0-100% Users 2007- | 60 households Tubular polyethylerjeCooking | Training workshops for [41]
para la Investigacién| 0-100% subsidies 2014 and PVC users;
en Sistemas Farmers involved
Sostenibles de
Produccion
Agropecuaria
(CIPAV Foundation)
Costa Rica| Escuela de 50% EARTH 1994- | 2500 Tubular polyethylene| Cooking | Students and local farmers| [18,41]
Agricultura de la University On- households and PVC and involved;
Regién Tropical 25% subsidies going heating | Training workshops for
Humeda (EARTH 25% users users
University)
Cuba Estacion 0-100% Users 2007- | 79 households | Tubular polyethylene| Cooking, | Students and local farmers [41]
Experimental Indio | 0-100% subsidies On and community | floating drum and heating, | involved;
Hatuey going fixed dome lightenin | Training workshops for
g and users
electricity
Ecuador Asociacion de 100% subsidies 2002- | 80 households Tubular polyethylerie  Cooking  Agrdagioal farmers [41]
Campesinos Man power provided | On involved;
Agroecolégicos de | by users going Local technicians involved
Intag (ACAI) and in installation and follow up
Coordinadora
Ecuatoriana de
Agroecologia (CEA)
Ecuador Cooperative for 80% CARE and UTN | 2009- | 20 households Floating drum and | Cooking | Municipalities involved [41]
Assistance and Relief 20% users 2010 Tubular polyethylene

Everywhere (CARE)
NGO and
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Universidad Técnica
del Norte (UTN)

Guatemala| Asociacion Alterna | 20-30% users 2010- | 22 households Floating drum and | Cooking | Promoting micro-enterprise  [41]
NGO 60-80% subsidies On- Tubular PVC and
0-10% Asociacién going heating
Alterna NGO
Honduras Zamorano University 100% subsidies 2011- | 23 households Tubular PVC and | Cooking | Students and local farmers| [41]
and Centro Zamoranp Man power provided | 2012 polyethylene and involved;
de Energia Renovableby users lighting Training workshops for
(CZER) users
Mexico Instituto 0-100% Users 2007- | 1050 Tubular pre- Cooking | Training workshops for [18,41]
Internacional de 0-100% subsidies On- households fabricated and users;
Recursos Renovables going polypropylene and heating Developing microcredit
(IRRI) and Sistema linear low-density option
Biobolsa company polyethylene
geomembrane
Nicaragua | Asociacién Fenix 80% ASOFENIX 2008- | 10 households | Tubular polyethylene| Cooking | Selection of beneficiaries | [18,41]
(ASOFENIX) NGO | 20% users 2010 and pre-fabricated by means of a survey;
polypropylene Training workshops for
geomembrane users
Nicaragua | SNV Netherlands | 33%users 2012- | 750 households| Tubular pre- Cooking | National biogas program [41]
Development 67% external subsidies On fabricated
Organisation and going polypropylene
Humanistisch geomembrane and
Instituut voor fixed-dome
Ontwikkelingssamen (Camartec)
werking (Hivos)
Paraguay Universidad Nacional70% external subsidies 2011- | 18 households | Tubular polyethylene| Cooking| Training workshops for [41]
de Asuncién 20% Universidad On- and users
Nacional de Asuncién | going heating
10% users
Peru Instituto de 100% users 2004- | 46 households | Tubular pre- Cooking | Training workshops for [41]
Investigacion y On- and community | fabricated PVC and users
Desarrollo para el Sur going geomembrane heating
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Peru

Diaconia NGO

100% Diaconia NGOJ| 2013- | 80 households | Tubular polyethylene| Cooking | Municipalities involved [41]
and external subsidies| 2014 an PVC
Peru Practical Actions — | 90% ITDG 2007- | 25 households Tubular polyethylerjeCooking | Selection of beneficiaries | [18]
ITDG NGO 10% Users 2010 and pre-fabricated and by means of a survey;
PVC geomembrane | lightning | Training workshops for

adapted to Andean

Plateau

users

[17] Marti-Herrero et al., 2014; [18] Garwood, 20J41] RedBioLAC database (last update Januanpp01
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Table 2 Design and operation parameters of householdenadl-scale digesters implemented in Latin America.

Fixed dome Tubular digester
Digester design, material Fixed dome, bricks amttoete | Tubular, PVC or polyethylene
Covering - Simple roof (T) [28]
Shed, Gable and dome
greenhouse (H) [32,40,58]

Temperature range (°C) Psychrophilic (<25°C) (H)
Mesophilic (25-40C) (T)
Total volume () 10 — 20 [20,46] 6 — 70 (T) [16,28]
6 — 10 (H) [32,40]
Hydraulic residence time (d) 55 [83,84] 20 — 50[(19,28]
60 — 125 (H) [40,56,58,69]
Substrate (dilution) Cattle manure (1:1) [83] Gattlanure (1:5) (T) [28]

Cattle manure (1:3) (H) [54,69]

Substrate dry weight (% TS) 9-20 [83,84] (T3 [28]
6-8 (H) [54,69]

[16] Lansing et al., 2008; [20] Spagnoletta, 20[@8] Botero and Preston, 1987; [32] Marti-Herre2007; [40] Ferrer et al., 2011; [46] Gruber and14996; [54] Garfi et

al., 2011b; [56] Marti-Herrero et al., 2014b; [%84rfi et al., 20114a; [69] Marti-Herrero et al., 801[83] Kalia and Kanwar, 1998; [84] Kanwar et 4994. (T) Coastal and

tropical regions; (H) High altitude (Andean Platgeau
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Table 3.Performance of household anaerobic digesters in aherica: lab-scale research outcome.

Reference | Location Digester | Liquor Useful HRT | Substrate OLR Biogas Specific Methane
and design Temperature | Volume (d) (kg VS m | production rate |Biogas (% CHJ,)
altitude (°C) (m) Siigester ) | (M3pingas M production
(m.a.s.l) 3diges,ter d? (mgbiggas

kgvs™)

[61] Bolivia |CSTR 11 X10° 20-50 | Cow manure 0.52-3.22| 0.03-0.07 0.01-0.069-56

3,800
35 0.10-0.31 0.10-0.19| 46-61
11 Llama manure 0.89-4.43] 0.02-0.06 0.01-0.021-57
35 0.12-0.34 0.06-0.18| 42-57

[53] Bolivia |CSTR 11-25 9.810° 30 Llama, cow and sheep manur2 0.24 0.12 56
3,800 (33.3% of each on a VS basis)

15-29 0.29 0.15 55
19-32 0.31 0.16 56
18 0.16 0.08 61
25 0.32 0.16 56
35 0.45 0.23 49

[62] Bolivia |CSTR 25 1.810° 30 Llama manure 1.8 0.23 0.13 53

3,800
Cow manure 0.32 0.18 54
Sheep manure 0.32 0.18 53
Quinoa stalkGhenopodium 0.30 0.17 49
quinoa Willd.)
Totora $choenoplectus tatora) 0.10 0.06 27
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o-Macrophytes (aquatic flora)

0.47

0.26

55

Co-digestion of llama, cow
and sheep manure, quinoa,
totora and o-macrophytes
(different proportions from 8
to 58% of each on VS basis)

0.33-0.70

0.18-0.39

46-54

[64]

Bolivia
3,800

CSTR

35

1.810°

10-70

Co-digestion of manure (cow
manure 71% by weight and

swine manure 29% by weight)
fruit and vegetables waste and

cattle and swine

slaughterhouse waste (33.3%

of each on a VS basis)

0.14-3.80

0.03-1.01

0.24-0.62

44-59

30

Manure (cow manure 71% byl1.31

weight and swine manure 29
by weight)

0.45

0.34

56

Fruit and vegetables waste

0.18

0.13

Slaughterhouse waste

0.17

0.13

45

Co-digestion of manure (cow
manure 71% by weight and
swine manure 29% by weigh
fruit and vegetables waste arn
cattle and swine

slaughterhouse waste
(different proportions from 17,
to 67% of each on a VS basis

o

)

0.22-0.89

0.17-0.68

25-57

[63]

Bolivia
3,800

CSTR

18

1.810°

10-30

Co-digestion of llama, sheep
and cow manure (33.3% of
each on a VS basis)

0.50-8.10

0.03-0.23

0.02-0.09

42-58

25

0.07-0.48

0.04-0.15

39-54

25

50

Cow manure

1.2

0.21

0.17

55
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and cow manure (different
proportions from 16.5 to 67%

of each on a VS basis)

Llama manure 0.21 0.18 53
Sheep manure 0.28 0.23 50
Co-digestion of llama, sheep 0.16-0.32 0.14-0.26 | 46-54

[61] Alvarez et al., 2006; [53] Alvarez and Lid&Q08: [62] Alvarez and Lidén, 2008; [64] Alvarezddnidén, 2008; [63] Alvarez and Lidén, 2009. CSTRntinuous

stirred tank reactor; HRT: hydraulic residence ti@&R: organic loading rate. Biogas volumes exprdss 0°C and 1 atm
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Table 4.Performance of household and small-scale digestdratin America: pilot and full-scale researchaarne.

Reference Location| Digester Liquor Useful HRT Substrate OLR Biogas Specific Methane
and design Temperature | Volume (d) (kgys m | production Biogas (% CH )
altitude range (m3) Sdigester d) | rate production
(m.a.s.l) (OC) (msbiogas m (msbiogaskgvs-l)

3diqeste| *

Coastal and tropical regions

[33] Peru Batch reactor 22-33 0.13 - Pig manure and watér - 0.04ndz 0.06% "% 22
0-100 0.15 - Co-digestion of pig |- 0.05an 0.07%2% 49

manure and urine

[65] Cuba Tubular 24-25 12.3 15.9 Pig manure 1.17 d.28 0.24 -

0-50 polyethylene 0.25 0.27

[16] Costa Tubular 25-27 20-56 11-91 | Swine and dairy manure - - 61.40-72.50
Rica polyethylene 7
50-350

[31] Costa | Tubular 25-27 68 39 Dairy manure 1.01 0.40 0.40° 62.60
Rica polyethylene 0.39 0.39
50 49" 14 Swine manure 1.28 0.13%v 0.10°*Y 76.40

[66,67] Costa Tubular 22-26 0.2 40 Swine manure 0.34 d.14 0.42 69.90
Rica polyethylene 0.13 0.39
50 Co-digestion of swine |0.73 0.34 0.46 66.90

manure and used 0.37 0.42

cooking grease (2.5%

by volume)

Co-digestion of swine |1.05 0.29 0.28 65.90
manure and used 0.2¢ 0.24

cooking grease (5% by

volume)

Co-digestion of swine |1.90 0.35 0.18 63.20
manure and used 0.37 0.1¢

cooking grease (10%
by volume)

High altitude (Andean Plateu)
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[40] Peru Tubular <25 7.5 90 Cow manure 0.22 007 0.37 -
2,800 polyethylene 0.06 0.27
Peru PVC 7.5 90 - - - 67
3,300
Peru 2.4 60 1.29 0.47 0.36 -
3,400 0.43 0.33
Peru 6 100 - - - 63
3,900
[58] Peru Tubular PVC 22-23 7.5 75 Guinea pig manure 0.60 G 0.06/ @ 65"
2,800
[54] Peru Tubular PVC 16-20 75 90 Cow manure 0.34 |0.1Z 0.36 55"
2,800 0.17 0.32
7.5 60 Guinea pig manure 1.01 s 0.03 2% 60"
7.5 60 Co-digestion of Cow |0.82 0.08 0.10 55"
(92.5% by weight) and 0.07 0.08
guinea pig (7.5% by
weight) manure
[56] Bolivia | Tubular 14-18 0.85 124 Cow manure 0.24 0.06 0.23 47.22
3,884 polyethylene
0.70 124 Cow manure and PET| 0.24 0.09 0.39 47.54
rings
[69] Bolivia | Tubular 15-21 6.50 - Cow manure - - - 46.50
3,831- |polyethylene 6y
3,844
Bolivia 7.30 118 0.18 0.08 0.44 49.6
2,628
Bolivia 3.65 47 0.52 0.09 0.17 -
2,682
Bolivia 3.65 85.40 0.37 0.09 0.24 -
2,682
Bolivia 6.47 34.11 | Pig manure 1.15 0’25 0.22 43.90
2,607
Bolivia 12.90 68.21 0.58 0.15 0.2¢ 43.50
2,607
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[68] Bolivia | Tubular 13-19 0.88 80 Cow manure 0.44 0.09-0.12 |0.20-0.27 47.80
3,884 polyethylene 0.07 0.17
0.84 Llama manure 0.11-014 |0.25-0.32 46.70
0.10 0.22Y
0.86 Co-digestion of cow 0.17-0.28 0.39-0.64 44.80
and sheep manure 0.018 0.34
0.86 Co-digestion of llama 0.06* 0.1% 45.60
and sheep manure 0.05 0.11Y
[72] Colombia| Tubular PVC and| 22-25 0.52 15 Co-digestion of pig - 0.19 - -
1,850 polyethylene ) manure and urine 0.14

[33] Ferrer et al., 2009; [65] Chao et al., 20088][Lansing et al., 2008; [31] Lansing et al., 20[@®%] Lansing et al., 2010; [67] Lansing et al1P0[40] Ferrer et al., 2011;
[58] Garfi et al., 2011; [54] Garfi et al., 2011; [56pMi-Herrero et al., 2014; [69] Marti-Herrero et 2015; [68] Marti-Herrero et al., 2015; [72] Pazh et al., 2002. HRT:
hydraulic residence time; OLR: organic loading ratdumber of digesters monitored; ** Calculatedtls 80% of total volume. Biogas volumes expreséedn local

conditions; (y) at 0 °C and 1 atm; (z) at 20°C aradm. (w): estimated by G@ontent
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Table 5. Average feedstock (before dilution) and digestht@racteristics for the most common substratésitim America.

Substrate TS (%) VS TKN N-NH,4 P-P,0O5 K-K .0 pH EC References
(%TS) (%TS) (%TS) (%TS) (%TS) s cnit
Cow 13.42- 61.72- 1.28-2.62 0.05-3.78 0.23-1.17 0.06-1.65 7.10- 10.16 [40,53,54,56,61,62,63,6
manure 19.80 91.39 8.58
Guinea pig| 25.96- 67.61- 0.83-0.94 0.10-1.64 0.12-0.39 0.43-1.45 8.79- 17.38- | [54,58,71]
manure 27.82 68.51 8.82 17.95
Llama 49.50- 64.40- 1.70-1.90 0.14 0.40-0.70 1.10-1.50 7.8 - [53,6B4p,
manure 67.00 74.40
Digestate TS VS TKN N-NH,4 P-P,Og K-K,0 pH EC References
(%) (%TS) (%TS) | (mgL | (%TS) | (mgL | (%TS) | (mgL™") | (%TS) | (mgL us cmit
) D) )
Cow 0.89-2.69 64.43- 3.05 271 1.86 165.5C 1.51 134.50 1.89 168 7.10- 5.77 [54,56,63]
65.88 7.20
Guinea pig| 0.63-0.7Q 42.35- 2.93- 185- | 2.88- 190-210 2.08- | 130-215 3.58 - 250- 7.10- | 6.88-8.30| [54,58,71]
46.87 5.44 380 | 3.09 3.62 10.38 730 7.30
Llama - 54.61 - - - - - - - - 7.20- - [62,63]
7.50
[40] Ferrer et al., 2011; [53] Alvarez, and Lid@008; [54] Garfi et al., 2011; [56] Marti-Herreroad, 2014; [58] Garfi et al., 2011; [61] Alvaretal., 2006; [62] Alvarez,

and Lidén, 2008; [63] Alvarez, and Lidén, 2009;][Bdvarez, and Lidén, 2008; [71] Garfi et al., 20T5: Total Solids; VS: Volatile Solids; TKN: TotKjeldahl nitrogen;

N-NH4: Ammonium nitrogen; P-f0s: Phosphorus; K-§O: Potassium; EC: Electrical conductivity.
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Figure 1. Percentage of institutions pesuntry (a) and type of institutions (b) in

RedBioLAC (data from RedBioLAC database [41], lagtlate January 2015)
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Figure 2. Schematic diagram of fixed dome digesters: (&8digdome — Chinese model

[23,51] and (b) Camartec model [48]
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Figure 3. Schematic diagram of floating drum - Hindu styledel [23,51]
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Figure 4. Tubular digester model: a) schematic of the sysid) adaptation to Andean
Plateau (dome roof) (courtesy of Blanca Corona fhogenieria sin Fronteras

Zaragoza)
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