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Abstract: The answer to covering the energy demand of society by increasing the share of renewables
must come from the conjunction of several technologies. A preliminary study on the feasibility
of anaerobic digestion in residential housing and buildings was carried out, considering a mix of
novel and traditional technologies. Different scenarios were evaluated for developed and developing
countries, considering small communities and single housing configurations. Anaerobic digestion
produces biogas to be used for cooking or heat production, thus aiding in covering the energy
demand of residents. There are several aspects still pending a solution regarding medium and
small-scale digestion applications under a decentralized waste configuration. The increase in reactor
productivity is essential, but social aspects must be considered as well to prevent nuisance caused
by offensive odors and legal responsibilities when community digesters create inconvenience to
neighbors. Results indicated that using anaerobic digestion to treat residential food and garden waste
under a decentralized configuration could scarcely cover 5.8% of the domestic heating demand for
highly populated residential urban areas. This value may be increased if assumptions of maximum
methane yields are considered, reaching up to 17%. Biological processes may be integrated into
a mixed energy production approach, but higher yields are needed to make it realistic. Factors
regarding levelized energy production costs are to be carefully considered. Large-scale systems
are intrinsically more efficient than small-scale devices, thus making it crucial to establish a critical
equilibrium between public acceptance and the scale of technology application.

Keywords: decentralized digestion technologies; microbial electrolysis cells; waste valorization;
residential energy demand; domestic heating

1. Introduction

The linear economic model is receiving criticism due to the large resource consump-
tion and volume of waste residues generated in a linear production path, with limited
possibilities for reintegrating resources into the economic chain. The concept of a circular
economy has a core defining element of the “restorative use” of resources. Thus, raw
materials should be transformed into valuable products and avoid becoming discarded [1].
However, this concept, which may seem relatively easy to define, and finds a great share of
acceptance in public opinion, is difficult to implement in the current production chain and
everyday social activities. The concept must confront the limits of reality and thermody-
namic laws. Recycling activities inherently increase entropy, resulting in increased energy
demand in order to maintain a high quality of resources [2,3]. Therefore, it is relevant
to adopt a techno–economic perspective to shed light on the efficient implementation of
circular processes in real-world settings [4].

Reduction of waste production, valorization, or reintegration of lower-quality material
into the production chain should consider material dispersion, transportation costs, and all
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the different treatment units involved in recovering valuable components and equipment
associated with its transformation [5]. To these constraints, other requisites should also be
taken into account; such as religious beliefs, health risks, and social concerns regarding the
acceptance of by-products.

Renewable energies will play a significant role in future energy solutions. However,
factors such as seasonality, dispersion, and lack of energy storage result in constraints upon
guaranteed energy security. The substitution of fossil fuels and mitigation of CO2 emissions
are also linked to the circular economy model. The Landfill Directive in 1999 (European
Commission, 2008/98/EC) was decisive in optimizing waste management policies by
prioritizing waste prevention. Recently, Directive (EU) 2018/851 was conceived to increase
synergies between the circular economy and different policies regarding energy, climate,
agriculture, industry, and research, to benefits the environment in terms of greenhouse gas
emission savings [6,7].

There exists a clear interconnection between different economic activities and several
environmental impacts. Environmental impacts, energy solutions, and efficiency maxi-
mization are to be considered interrelated when assessing the efficient use of raw materials.
Optimizing the use of resources and limiting emissions promote local economies and the
decentralized production of consumer goods, together with the decentralization of waste
treatment centers. This is the case with decentralized services in urban and residential areas.
There exist different alternatives for producing renewable energy, such as wind turbines
and solar panels, to produce heat or electricity (solar thermal or solar photovoltaic). Solar
panels are experiencing fast growth, thanks to the significant reduction in installation costs
and the ease of decentralized operation covering a wide variety of scales [8].

The use of biomass for producing energy is another example of technology adaptation
to cover different demands for producing heat and electricity. Large-scale biomass thermal-
power units for electricity production are under construction in Spain. This technology is
also experiencing a significant expansion worldwide, thanks to its excellent transferability
to developing countries [9,10]. Another application of biomass technology is small biomass
units for individual family residences, producing heat and hot water. This market has also
experienced a great expansion due to the versatility of biomass boilers, but centralized
thermal units with higher efficiency dominate electricity production.

Technologies capable of producing energy (heat and electricity) and valorizing waste
simultaneously have not experienced the same level of expansion and adaptation to differ-
ent scales. This is the case with anaerobic digestion. This technology is widely recognized
as an environmentally friendly option for converting organic wastes into methane and
valuable organic amendments, allowing nutrient recycling in agronomic lands [11,12].
However, the European market is mainly dominated by large-scale centralized units, due
to high installation and operating costs and the need for highly skilled personnel to main-
tain these running units. Other factors limiting the spread of this option are the lower
productivity attained at smaller scales, and the limited profits to be made under high-solid
configurations [13]. On the contrary, in rural areas worldwide, including in developing
countries, the majority of anaerobic digesters treat waste from single households. However,
some of these installations experience operating problems and fail to keep operating for
long-term [14,15].

Microbial cells are another technology capable of transforming organic materials
into valuable products (energy and chemical compounds), but further development at a
larger scale has proven impossible. The technology remains at a laboratory scale. It offers
promising results that lack applications at an industrial scale due to difficulties in achieving
stable performance under real operating conditions [16,17]. Several challenges need to be
overcome: biofouling of surfaces, unstable long-term performance, low efficiency, and the
high cost of components [18].

The present document examines the feasibility of applying small-scale digestion in the
residential sector under different scenarios, considering climatic conditions and different
types of residential configurations. The overall scope of the present study is to analyze the
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capability of digestion technologies to produce energy in a decentralized mode, reducing
the demand for fossil fuel energy. Integrating different technologies producing renewable
energy must be done by estimating expected production based on lifestyle and assessing
climatic effects on technology performance. This study gives a novel approach to the
total energy expected from different configurations and scenarios, attempting to foresee
constraints and limitations regarding the application of small-scale digestion technology in
a variety of residential conditions. Evaluating different scenarios provides a starting point
for future research regarding the joint analysis of climatic and socio-economic conditions
when transitioning technology implementation from the context of a developed country to
a developing country. The aim of this research was to express the energy recovered from
household wastes as a percentage of the total energy demanded for domestic heating.

2. Types of Small-Scale Anaerobic Digesters and Main Performance Parameters

Anaerobic digestion is a well-developed technology with several commercial compa-
nies offering solutions at different scales. Small-scale digestion systems can be operated
under low- and high-solid content configurations. Wet digestion is usually performed
in continuously stirred reactors (CSTR), with low solid content and agitation provided
by mechanical means. However, this type of operation limits productivity due to the
high water content. Increasing the organic loading rate (OLR) may lead to higher biogas
production and reactor productivity. However, this higher loading also results in lower
methane yield, reducing the degradation efficiency [19]. The OLR can be increased either
by modifying the solid content of the feeding or by reducing the hydraulic retention time
(HRT) under these operating conditions. Tubular reactors operating under plug flow mode
are another widely employed configuration. Its main characteristic is a simplified design
and absence of moving parts. The volume of the reactor is usually higher, allowing for a
greater residence time inside the digester, compensating for the absence of active mixing,
and for temperature regulation. The tubular design is more efficient than CSTR systems
under similar operating constraints.

Solid-state fermentation is another type of reactor configuration, where the solid
content is greater than 20% total solids (TS). The operation of these systems requires
loading and unloading stages. Inoculation is a relevant step affecting the development
of biodegradation. The system usually operates under batch conditions if agitation is not
provided. Solid-phase reactors, based on a percolating configuration, require an additional
tank to store the anaerobic leachate, which is rich in active methanogenic microflora [20].
In this case, the porosity of the percolating bed is essential to ensure the homogenous
distribution of leachate throughout the bed.

The main parameter for evaluating anaerobic digestion performance is the specific
methane production (SMP), which gives the volume of methane produced per unit mass
of solids fed into the reactor. Another parameter used for evaluating efficiency is the
volumetric methane production of the reactor, which indicates the daily volume of gas
produced per unit of reactor volume. Temperature also affects the degradation rate; thus,
the reactor must be kept at a constant temperature. This is accomplished by a heating
system and insulation to reduce heat loss. The simplest parameters commonly used to
monitor process performance are alkalinity and pH measurement. These parameters
predict possible fermentation imbalances due to excessive organic loading or changes in
the biodegradability of the feed.

3. Material and Methods
3.1. Methodology

The methodology for analyzing a given scenario consists of defining its characteristics
in a manner which allows calculation of the percentage of energy demand that can be
offset by converting wastes into energy. A simplified schematization of the methodology is
shown in Figure 1.
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Figure 1. Schematization of methodology for estimating biogas and energy production from the
different scenarios considered. TS: total solids, VS: volatile solids, BMP: biochemical methane
potential, BES: bioelectrochemical systems, OLR: organic loading rate, HRT: hydraulic retention time,
SMP: specific methane production, LHV: lower heating value.

The present manuscript aimed to approach to energy production through small-scale
digestion units from household wastes. Therefore, parameters such as waste production,
energy demand, and population density were used to define different scenarios, also
serving as indicators to describe the socio-geo-economic context and approximate the
development level (developed or developing country). Urban settlement type (rural area,
dispersed/compact city) was used to estimate food and garden waste production per area.
Two different climatic conditions were considered (mild temperatures and temperature
variations throughout the year).

Regarding waste production, the type of waste (food waste, garden waste, animal
manure), its characteristics (TS, volatile solids (VS), biochemical methane potential (BMP)),
availability, and seasonality were defined. Energy demand was estimated by considering
thermal housing demands (sanitary hot water, space heating, cooking gas) and seasonality.
This was done by assessing the energy demand of single houses and extrapolating to a
local community. Biogas produced was assumed to be available to cover the community
energy demand.

The next step defines the type of digestion technology. This is based on waste char-
acteristics and production rate. Main configuration parameters include wet-/solid-state
digestion, bioelectrochemical systems, reactor working volume, and heating requirements.
This stage is explained in detail in Section 3.2 of Material and Methods. Energy production
is then calculated using the waste production rate based on digestion technology. Parame-
ters used for estimating energy production are SMP, daily biogas production, and methane
lower heating value (LHV). The LHV of methane was 35.8 MJ/m3. Finally, energy assess-
ment was carried out by comparing energy production versus demand. Sensitivity analysis
was performed by considering the effect on the response, varying waste production rate,
and SMP. The maximum and minimum values considered were 20% higher and lower
than the selected data. Variables selected as responses were digester volume and energy
production. Data were obtained from the scientific literature.

3.2. Digestion Plant Configuration

The production of food wastes and garden wastes were the main substrates considered
susceptible to valorization by anaerobic digestion. The rate of food production was used to
estimate the reactor volume needed and the expected production of biogas. The minimum
working volume of the anaerobic reactor was 6 m3, with a headspace of 30% of the total
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reactor volume. The volume of the digester was estimated by assuming an HRT of 35
days when temperature control was provided for the biological process. In contrast,
this parameter was increased to 80 days when lacking temperature control. Continuous
operation was considered for reactors operating a wet configuration.

Dry digestion was assumed when garden wastes and community parks were inte-
grated into the service area of the digester. The amount of biogas produced was based on
methane yield values reported in the literature for food wastes and grass material. When
data were derived from BMP tests, a correction factor of 40% was applied to account for
changes in reactor dynamics due to continuous operation, thus lowering biogas production.

Gómez et al. [21] and González et al. [22] reported an average value of 340 mL CH4/g
VS when operating under semi-continuous conditions and an HRT between 40 and 20 days.
Cabbai et al. [23] reported values obtained from BMP tests for restaurants and can-teen
organic wastes between 571 and 675 mL CH4/g VS. Thus, in order to extrapolate to
continuous conditions, an average value of 357.6 mL CH4/g VS was considered. The mean
value used for calculations was then 349 mL CH4/g VS. The TS content of food waste was
152 g/L, with 90% content of VS, using data reported by Brown and Li [24]. The methane
yield of garden and grass lawn waste was assumed to be 340 mL CH4/g VS under batch
conditions [25], using a value of 203 mL CH4/g VS under continuous conditions. For
garden waste, a yield of 185 mL CH4/g VS was assumed (equivalent to 111 mL CH4/g VS
for continuous conditions) [26].

Digester volume (Vdigester) is calculated as the ratio between volumetric flow and HRT.
The daily mass of waste to be treated (Mwaste) and TS content of the reactor feeding stream
are used to calculate the volumetric influent flow (q), as expressed in Equation (1).

q =
Mwaste

TS
(1)

Daily methane production is calculated from the SMP value and the OLR applied to
the reactor

Methane = SMP × OLR × Vdigester (2)

A mass balance over the digester was performed to estimate digested material and
water content, considering that biogas is derived from volatile solid material. Inorganic
solids were assumed remain constant during biological degradation.

3.3. Description of Scenarios

The energy demand of residential housing was estimated at 5233 kWh/year per home
to cover sanitary hot water and space heating needs [27,28], considering that 75% of this
consumption was produced in the autumn–winter period, and the remaining value was
for the spring–summer period. Decentralization is usually proposed as an efficient way of
promoting the local economy and civic empowerment [29]. However, in the case of waste
treatment, this idea may not be directly translated into better public services or community
comfort. Three scenarios were studied in the present research to evaluate the capacity
of small digestion technologies and their basic requirements in order to produce energy
to cover residential heating demands. The scenarios selected were based on different
residential configurations, considering the feasibility of decentralization in urban waste
treatment. The first scenario resembles the compact distribution of Spanish cities, and
the dispersed configuration of some European regions is analyzed in the second scenario.
The implementation of small-scale digestion in developing countries was also analyzed
to establish basic constraints when installing small digesters. Several reports found in the
literature indicate poor performance and challenges associated with policy and funding,
among other constraints [30–32]. Nevertheless, the benefits of digestion are undeniable.
This technology can aid in reducing greenhouse gas emissions and improve the quality of
life in urban and rural areas by allowing access to a local energy source [33,34]. Therefore,
the third scenario considers rural housing in tropical regions. The text below describes
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assumptions for each scenario in detail, and Figure 2 shows a simplified schematization of
scenarios under study.

Figure 2. Schematization of the analyzed scenarios.

Scenario 1 presents the case of housing in residential buildings averaging 6 stories,
with4 flats per story. The average food waste production was 77 kg/year per capita for
Spain, with a total waste production of 442 kg/year per capita [35,36]. Three individuals
per flat were considered. The daily volume of water consumption was 136 L/inhabitant
per day [37]. 8% of urban soil was assumed to be dedicated to green public gardens and
community parks [38]. The value of garden plus food waste in Spain was 187 kg/person-
year [39].

Scenario 2 presents the case of single-detached housing with a higher number of family
members (5 members). This scenario was evaluated for less populous regions, with the
housing comprising 500 m2 of space, with the ground floor having 150 m2. Total space
for estimating heating demand was 300 m2. Garden waste production was assumed as
1.96 ± 1.35 kg/person per day [40]. Two types of reactor configurations were studied. The
first was a high-solid reactor, working under batch conditions at 20% total solids in a
staggered mode. The second reactor was a leachate-bed percolating system, operating at an
initial 50% TS, also under batch conditions. In this latter case, a bio-electrochemical system
(BES) was integrated to aid the treatment of the percolating liquid. It was also assumed
that yard trimmings, with a TS content of 70%, were used for creating the percolating bed
(bed density of 430 kg/m3). The recirculating leachate tank was assumed to have a volume
between 30–40% of the volume occupied by the percolating bed. SMP production values
were lowered by 40% to allow for mass-transfer restrictions.

Scenario 3 studies the energy production from small digesters treating organics derived
from single houses with small farms in tropical regions in developing countries. In the
present case, a single family of 8 members was considered (4 adults—4 children), assuming
no food waste production, since this material is commonly used to complement animal
feeding. Garden waste was also disregarded in this case due to the assumed digester
configuration. The type and number of animals belonging to the family members were,
in this case, 20 hens, 4 pigs and 3 cows. Animal manure and human feces were digested
in a simplified fixed-dome reactor, with an HRT of 80 days. The total solid content of
the digester feed was fixed at 60 g/L. The production of human feces was 400 g/person
per day for adults, and half this value for kids. Laying hens were assumed to generate
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162 g/hen per day. The production of manure for pigs was 19.2 kg/pig per day and
55 kg/cow per day [41,42].

The scenarios proposed here are a preliminary study assessing the feasibility of waste
treatment decentralization in urban and rural areas. The volume of biogas produced will
be estimated from data reported in the scientific literature regarding waste production and
biogas yields. The effect of climatic conditions will be considered in terms of the demand
for residential heating and sanitary hot water, digester thermal demand, and substrate
availability. These factors are essential to estimate reactor size and the energy coverage
attained in each case. Biogas is assumed to be used as the fuel covering heating demand in
Scenario 1 and 2, and cooking gas demand in Scenario 3.

4. Results and Discussion
4.1. Scenario 1

Figure 3 shows assumptions and results for Scenario 1, which considers residential
housing and the treatment of community wastes for a single building. The annual food
waste production for each building was estimated at 5.5 t/year. Thus, using assumptions
established in the Section 3, the working volume of the digester needed for treating the
mass of waste generated by six residential buildings was 6.1 m3. Therefore, the total volume
of the reactor would be 8.7 m3 after including the headspace.

Figure 3. Results obtained from Scenario 1, considering residential housing in highly populated areas.
Reactors considered in this scenario were a CSTR type operating at low solid content.

The amount of biogas produced would be 55.4 GJ/year (15,300 kWh/year). However,
this quantity is insignificant compared with the amount of energy needed for these same
houses, which accounts for 2712 GJ/year for covering the demand for heating and sanitary
hot water. Results of sensitivity analysis are also shown in Figure 3. Energy production
ranges from 35.5 to 80 GJ/year under previous assumptions. However, even in the best
case, the energy contained in biogas would only account for 3% of the total energy de-
manded. The energy demand of Finnish housing was studied by Heinonen and Junnila [43],
reporting values for total energy consumption between 15,000 and 23,500 kWh/year per
dwelling, differentiating between detached houses, with the greatest energy demand, and
flats with a lower demand. Although reporting total energy consumption (more than 60%
of this energy demand represents heating demand), these data give an idea of the impli-
cations of weather conditions and energy needs in different climatic areas. One relevant
consideration is that although detached houses present greater energy demand, the number
of household members is usually higher, resulting in more efficient energy living systems
when considering energy demand per capita.

Given the low capacity for producing energy from waste to cover the energy demand
in residential housing, other substrates would need to be available to produce enough
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energy locally. Therefore, if garden wastes were added, the material could be obtained
from a surface equivalent to 0.2 km2 of a high-density area; as in the case of Madrid, with a
mean population density of 2181 inhab./km2 in the urban area. For a less populated region
(such as the urban area of León (466 inhab./km2)), a surface equivalent to 0.93 km2 would
be needed.

The present study assumed an average production of 0.3 kg/person per day of garden
waste. When considering urban areas, volume of green waste reported for English housing
was about 0.64 ± 0.46 kg/person per day. This value increases to 1.96 ± 1.35 kg/person per
day when considering rural areas [40]. However, other authors reported lower values; for
instance, 0.365 kg/person-day for Denmark [44]. Given the scarcity of studies regarding
garden waste collection and characterization, the mean value considered here was increased
by 30% for low population areas and reduced by the same amount for highly populated
areas. Therefore, a range was obtained for the energy derived if this material was used as a
co-substrate. As a gross approximation, the maximum volume of biogas produced from
garden waste was, in this case, 2870 m3 of extra methane, if values of methane production
reported by Zhang et al. [26] were used. Taking into account assumptions described for the
sensitivity analysis, the range of extra energy obtained by adding yard wastes would be
68–143 GJ/year.

This gas production only covers 5.8% (range of 3.8–8.2%) of the total needs of an
average house for heating and domestic hot water. These approximations were obtained
by only estimating global gas production, without considering relevant factors that play a
crucial role in the feasibility of these alternatives; such as, the transport of wastes, prepara-
tion of feeding, and by-product disposal. These subjects are crucial and will be treated in
future work. The effect of applying a higher organic loading rate and the size needed for
the reactor determines the space needed for the decentralized treatment unit. Considering
that this alternative is configured for urban areas, the available space within cities to install
these plants is a relevant constraint.

The addition of garden wastes to an anaerobic digestion system must consider the
type of reactor and operating conditions. Previous estimations assumed no synergies
between different substrates. However, it has been reported by several authors that co-
digestion may increase the global production of the mixture due to attaining a better
nutrient balance [45–48]. In fact, Fitamo et al. [49] reported a yield ranging from 287 to
433 mL CH4/g VS when operating at an OLR between 0.65 to 5.0 g/Lreactor d, with an HRT
as low as 14 days under continuous operation. These yields are much higher than those
obtained from previous estimations. Recalculating with these higher yields, the mixture
of garden and food waste would give 471 GJ/year (ranging from 389 to 550 GJ/year) for
the most favorable case, which would cover 17% (14–20%) of the energy demand studied.
This latter consideration implies operation under low solid content for the feed, which
would translate into excessive demand for water and a high digestion volume. That is,
garden waste has a high solid content, and this material would need dilution if used as
a co-substrate in a CSTR configuration. Methane yields used in previous calculations
were based on a high-solid reactor system, explaining the lower values reported due to
mass-transfer limitations and accumulation of inhibitory compounds. Recalculating the
size of the digester for an OLR of 5 g VS/Lreactor d, the working volume would be 17 m3

(total volume of 22 m3) when operating with a lower solid content.
Reactor productivity was 9.2 GJ/year m3

reactor for digestion of food waste, whereas the
addition of co-substrate increases this value to 27.7 GJ/year m3

reactor due to the hypothetical
increase expected in methane yield. Even though this increase seems beneficial, several
aspects must be considered before validating such an approach. The most relevant would
be the urban space available for introducing this installation into the city configuration. For
a population of 150,000 inhabitants, approximately 350 units of this type would be needed,
which sets great pressure on the use of land in cities with high population density. It should
be added the possible nuisances of unpleasant odors and the health risks with the final
disposal of the digestate. Thus, the alternative of decentralization seems unreasonable for
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this scenario. Although the availability of additional co-substrates would increase reactor
productivity, this assumption would also translate into a larger digester size. In addition,
garden waste would be produced during spring-summer periods. Therefore, storage would
be necessary to guarantee a continuous feeding to the digester all year round, translating
into higher space requirements for storing substrate. However, the main thermal demand
for heating occurs in winter, and digesters are not flexible enough to run under different
loading conditions to produce the amount of energy demanded.

Decentralized treatment of wastes in urban areas has been proposed as a suitable
alternative for producing energy from local sources [50]. Nevertheless, the amount of
energy obtained from this approach is minimal. The installation of several small plants
may adversely affect urban land prices and be rejected by the community. Several aspects
regarding digestate management [51] and plant location need careful assessment.

4.2. Scenario 2

This scenario considers single-detached housing located in the vicinity of urban areas
or in regions where the density of population is low. A digester treating waste from a
single-family unit with 5 members was assumed. Food waste production was 385 kg/year
for this case. Under the same assumptions of Scenario 1, the mass of garden waste was
3577 kg/year. A wide difference in the mass of food waste and garden waste was found in
this case. An equivalent proportion of food and garden waste was used in this scenario,
considering a solid phase reactor operating at a solid content of 20% TS. The remaining
garden waste material would need to be treated by other means, as it would be composting.
Figure 4 presents a schematization of the main parameters considered in this scenario and
the energy produced from different reactor configurations.

Figure 4. Results obtained from Scenario 2, evaluating single detached housing in low population
areas using a high-solid phase digestion and leachate percolating bed reactor. Methane yields were
reduced by 40% to consider mass-transfer limitations.

Under the assumptions considered, the mixtures of food and garden waste would
result in a TS content of 38%, requiring dilution with water. Thus, water is required to lower
the solid content to 20% to meet digester operating requirements. Wastewater from the
same residence may be used for attaining the TS content required. The additional volume of
water was 670 L/year. This quantity is easily obtained from the daily wastewater produced
in developed countries. For the present case, with daily water use of 136 L/inhabitant per
day, the volume of water used is 248 m3/year. However, this issue is of great concern in
dry regions where water is scarce, and only basic needs are covered. This is the case of the
National Domestic Biogas Program (NDBP), which was invested in 2007 with an initial
budget of $14.1 million. This program intended to develop the Rwandan biogas sector by
building 15,000 family-sized biogas plants [52]. Many factors adversely affected the success
of the program; the evident ones were the complexity of the technology and the lack of
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skilled personnel. However, a fundamental problem was the scarcity of water necessary to
attain the required solid content for the process to be run at a given configuration [52].

In the present case, analyzing a high solid reactor running at 20% TS solid content, a
great volume of water must be added if the material does not have the necessary moisture
content. Operating at higher solid content has been demonstrated to cause a decrease
in biogas yield and longer operating times due to the accumulation of acid-inhibitory
compounds [13,53]. Many solid-state digestion systems work with leachate recirculation,
but this regimen implies an increased reactor volume to hold the bulking material needed
for the percolating bed [54,55].

A batch reactor operating under a high-solid phase configuration was assumed for
the sake of simplicity. This condition implies a time needed for loading, and another for
completing digestion. Two reactors are to be built, where one remains in the final digestion
phase where the other receives substrate daily. In addition, the lack of mixing implies
the preparation of inoculation with digestate derived from the maturation phase prior to
feeding the substrate. Thus, a total working volume of 108 L was estimated for each reactor.
Each digester would have a loading capacity of 31.6 kg for the mixture of food and garden
waste. The treatment time will be 30 days, if temperature control is provided. The increase
in retention time for the reactor would translate not only into higher digester volumes, but
also into more digesters for treating the annual waste production.

Calculations focus on the volume of gas produced from the reactor, with several aspects
regarding auxiliary equipment being left aside. The maximum gas production obtained
under the configuration considered would be 57.6 m3 of methane (2.0 GJ/year). Figure 4
also shows results from the sensitivity analysis. Just as in the previous case, the energy
produced is too low to compensate for the heating demand of a family house (estimates
were between 20 and 60 GJ/year, varying according to different climatic conditions). The
most favorable case is still reports low energy yields. Thus, if reactor heating requirements
and electric demand for all auxiliary devices are considered, the outcome can only worsen.
If climatic conditions are to be those of tropical countries with mild temperatures all year
round, then the thermal demand of the digester can be disregarded, and operation at
ambient temperatures would not result in an excessive increase in reactor volume. Biogas
would be used only to cover the fuel demand for cooking, since domestic heating would
no longer be necessary.

Another option for treating wastes, which has not been considered yet in the calculations,
is the use of microbial electrolysis cells. This technology is still waiting for application at a
real-world scale. There are several reports regarding the capacity for treating soluble organic
components present in a liquid stream in order to produce electricity (microbial fuel cell, MFC),
H2 gas (microbial electrolysis cell, MEC), or valuable organics in a reducing compartment
(BES). In the present scenario, BES may be integrated into the biological process for the
treatment of organics. Given that this technology is suitable for treating soluble components,
a high-solid phase configuration is inadequate when coupling both technologies.

By considering a solid-state digestion system also operating under batch configuration,
the application of leachate recirculation along with BES treatment would allow the fast
conversion of short-chain fatty acids, which accumulate at the initial stage of the reactor
process. In the present case, an amount of material accumulated over 15 days may be
treated in each batch reactor. The initial mixture would have a TS content of 38.1% when
prepared, following a 50% ratio of food waste and yard waste. Higher TS content is needed
to run a solid-state digestion reactor. Yard trimmings rich in recalcitrant lignocellulosic
material are added to create a porous structure. However, the presence of a percolating bed
increases the reactor volume. Here, yard trimmings with a TS content of 70% were assumed.
35 kg of this material would be needed for mixing with the biodegradable substrate, leading
to a reactor volume of 170 L (for a bed density of 430 kg/m3), which is much higher than
the previously considered under a high-solid configuration. A recirculating leachate tank
is also needed. If a liquid volume between 30–40% of the reactor volume is assumed for the
recirculating tank, then a tank of 51–68 L is necessary. Although the reactor volume here
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is higher than in the high-solid configuration, the total amount of water needed is lower
because leachate is recirculated in subsequent batches.

As previously stated, the coupling of BES would allow producing extra energy from the
biological degradation of waste. By considering energy yields reported by Mohanakrishna
et al. [56] (0.147–0.322 W/kg CODremoved), the amount of electricity produced from volatile
fatty acids (VFA) accumulated during digestion can be estimated. Assuming that 5% of
volatile solids are transformed into VFA, with a conversion factor of 1.5 g COD/g VS, the
annual electricity produced would just account for 205 Wh. If, instead, an MEC system
is considered for producing H2, then the amount of energy recovered under the same
assumptions—but in this case, using the yield reported by Sun et al. [57] (1.6 mol H2/mol
acetate)—would be 16.8 MJ annually. This value is insignificant compared with the annual
energy demand to be covered.

4.3. Scenario 3

Several reports about installing small digesters for producing biogas in China and In-
dia [58–61] are available in the literature. Many small plants are dedicated to treating waste
from single households using simplified designs. However, low biogas production and
inefficient operation have been reported. The construction of these decentralized facilities
required subsidies to cover installation costs, which otherwise could not be afforded by
small farmers [62]. The most common technologies for small-scale digesters in developing
countries is the Chinese fixed and flexible dome, along with their variants developed in
India and Vietnam. The tubular digester is also very popular due to its simplified design.
However, the lack of mixing and the simplification of the technology makes these systems
highly demanding in water, making them unsuitable for dry African countries [63].

Figure 5 shows the main results from this scenario. The daily manure produced,
considering animal and human feces, would account for 252 kg/day. To prepare the
digester feed at a TS content of 60 g/L, 237 L of water must be available daily. The working
volume of the digester would be 39 m3 which translates into a significant investment for
a single family. The total digester volume would increase to 79 m3 in the less favorable
case as shown in Figure 5. In the most favorable case, the volume may be reduced to 35 m3.
Therefore, unless financial aid is available, the construction and maintenance capability
for these types of facilities is scarce. The volume of biogas expected from this system was
estimated with an SMP of 180 mL CH4/g VS for the mixture. Thus, the daily volume of
biogas produced would be 7.5 m3. This quantity covers the demand for cooking only in
the case of a gas consumption equivalent to 1.2 m3/h of natural gas for 4 h daily. Energy
obtained from digestion is also represented in Figure 5. The sensitivity analysis indicated a
maximum production of 84.6 GJ/year, with a minimum energy production of 37.6 GJ/year.

The scarcity of water is a factor relevant the implementation of anaerobic digestion in
dry regions. The amount of water needed to run this technology, and the space required to
install this system, are significant factors that should not be disregarded. If these resources
are not abundant, the operability of this technology would be null. Other options should
be studied prior to creating funds for subsiding technologies that are not suitable for the
climatic conditions of the region. The digester size needed for transforming waste into
biogas sets a significant constraint; either there is not available space for such an installation
or high construction costs prohibit implementing this technology. A simplification of the
technology is required, and the design of compact reactors capable of operating a high-solid
configuration and low water demand is needed. One approach is provided by Degueurce
et al. [64]. However, methane yields need to be improved before decentralized digestion
technology may be considered as a practical solution for waste treatment and enhancing
local energy production.
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Figure 5. Results obtained from Scenario 3, evaluating single housing in developing countries under
mild climatic conditions.

5. Conclusions

The feasibility of three small-scale digestion scenarios in the residential sector were
studied: residential housing in highly populated areas, single-detached housing, and a house
with a small farm in developing countries. The energy demand covered was 17%, under
the maximum methane yield assumptions for the first case and less than 10% in the second
scenario. Results from the third scenario indicated that biogas produced could scarcely cover
the gas demand for cooking, even when there are no disturbances during the digestion
process. Given the high water consumption of the process in this latter scenario, for dry
climatic conditions, other solutions should be proposed rather than anaerobic digestion.

Decentralized anaerobic digestion may contribute to attaining the circular economy
model, but it does not meet all users’ energy requirements. This type of configuration may
not be suitable in many regions with limited space or water scarcity. Therefore, resources
must be optimized to obtain the greatest value from residues, and of the energy demand
to transform waste should also be carefully considered. Factors to be considered when
implementing a decentralized configuration for waste treatment are climatic conditions
and year-round substrate availability. Extreme temperatures during the winter period
adversely affect the energy balance of biological systems and also impact garden waste
production, leading to a steep decrease in the feeding material. Thus, storage units need
to be available to keep the digester running. Implementing the technology in developing
countries with water scarcity problems translates into failure, due to the lack of organic
material and water to feed the digester. The digestion technology seems too complex if high
reactor productivity is attempted, whereas simplified design leads to poor-performance
systems. Given the results obtained here, it seems more reasonable to focus resources on
mid- and large-scale systems rather than implementing small-scale units.
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