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Abstract 

Biogas technology represents an option to enhance sustainable energy use in 

developing nations particularly in the rural context. However, the produc-

-

introduces a set of nine indicators in the economic, social and environmental 

sustainability dimensions for assessing the impact of a small-scale biogas 

plant on the energy sustainability of a restaurant located in Mexico City. 

Indicators were evaluated before (base scenario) and after (biogas scenario) 

biogas plant installation and then they were linearly normalized using a sca-

le between 0 and 1 corresponding to a growing level of energy sustainability. 

Economic dimension indicators averaged 0.67 in the base scenario and 0.68 

in the biogas scenario; those of the social dimension, 0.52 and 0.54; and those 

of the environmental dimension, 0.17 and 0.49, respectively. Results indicate 

indicators provide objective elements to examine in detail biogas contribu-

tions in strengthening energy sustainability of cities in developing countries.

doi:10.1016/j.riit.2016.01.006
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Resumen

La tecnología del biogás representa una opción para impulsar el uso sustentable de 

la energía en el mundo en desarrollo, particularmente en el contexto rural. Sin em-

bargo, la producción y el uso del biogás también pueden acontecer en zonas urbanas 

ofrece un grupo de nueve indicadores en las dimensiones de sustentabilidad económi-

ca, social y ambiental para evaluar el impacto de una planta de biogás de pequeña 

escala sobre la sustentabilidad energética de un restaurante en la Ciudad de México. 

Los indicadores se evaluaron antes (escenario base) y después (escenario biogás) de 

la instalación de la planta y luego se normalizaron linealmente usando una escala 

entre 0 y 1 correspondiente a un nivel creciente de sustentabilidad energética. Los 

indicadores de la dimensión económica promediaron 0.67 en el escenario base y 0.68 

en el escenario biogás, los de la dimensión social, 0.52 y 0.54; y los de la dimensión 

ambiental, 0.17 y 0.49, respectivamente. Los resultados muestran el impacto positi-

-

contribuciones del biogás en el fortalecimiento de la sustentabilidad energética de las 

ciudades en países en desarrollo.

Descriptores: 

 biogás

 zonas urbanas

 países en desarrollo

 sustentabilidad energética

 indicadores

Introduction

sustainable deve-

lopment (SD) as a development that can meet the needs 

of the present without endangering the ability of future 

generations to meet their own needs (WCED, 1987). 

-

ship between three main dimensions, namely: Econo-

mic, social and environmental. 

From an energy point of view, SD demands the ac-

-

ces (Vera et al., 2005). Renewable energy sources (RES) can 

help achieve energy sustainability objectives as they 

greenhouse gases 

(GHG) mitigation, job creation, rural development and 

energy access (REN21, 2012). It is estimated that RES 

2010, most of which through some form of biomass 

-

-

rectly for energy production (traditional biomass) or 

processed to solid, liquid or gaseous fuels (modern bio-

anaero-

bic degradation (AD) composed of methane (CH4), 

carbon dioxide (CO2) and traces of other gases.

In the developing world, deployment of biogas te-

chnology has taken place mainly in rural locations by 

means of small-scale units fed by animal manure and 

the biogas being used for domestic applications (Bond 

is as cooking fuel having the advantage of a cleaner and 

fuels (Smith et al., 2000; Zhang et al., 2000). Biogas also 

reducing the overexploitation of forest resources for 

fuel wood extraction, the incidence of health problems 

derived form the use of low quality fuels and the 

workload for fuel wood collection (Gosens et al., 2013).

In Mexico in 2010 there were 721 biogas projects 

across the country, nearly half of which (354) were un-

der construction, mainly for treating manure from large 

-

nology dissemination within the country, other loca-

organic fraction of municipal solid waste (OFMSW) 

-

trates for biogas production (Müller, 2007; Khalid et al., 

2011; Curry and Pillay, 2012). Mexico City alone gene-

rates approximately 12,500 t/day of municipal solid 

waste (MSW) of which 49.5% corresponds to organic 

materials (Duran-Moreno et al., 2013). 

Due to its amount and composition, the OFMSW re-

quires an adequate management to avoid negative im-

pacts on the environment and human health. 

Unfortunately, main cities in developing countries re-

gularly manage their MSW in an unsuitable way. For 

instance, 32% (7,800 t/day) of the MSW transported to 

the 13 transfer stations in operation in Mexico City was 

85% of the input waste of the three selection plants in 
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use of OFMSW for biogas production constitutes an ap-

-

tion sites and to give a proper treatment for this 

enormous volume of residual biomass. 

Decentralized production of biogas from OFMSW 

implies the deployment of biogas technology in the ur-

be expressed in terms of its impact on energy sustaina-

bility concerns. A set of indicators related to SD dimen-

biogas on such sustainability aspects.

Work has been done dealing with biogas sustainabi-

lity assessment. Sustainability of biogas systems com-

monly used in Kenya was evaluated by Nzila et al. 

(2012) considering indicators in the economic, environ-

mental and technical sustainability dimensions. In the 

rural China context, Gosens et al. (2013) assessed the 

contribution of domestic biogas digesters to sustainabi-

lity objectives using indicators relative to human health, 

environment and poverty alleviation applied to a sam-

ple of households with and without digesters. 

Cited works, however, evaluate biogas contribu-

tions in the context of rural communities. Decentralized 

use of biogas technology in urban areas requires similar 

analyses but taking into account the economic, social, 

-

-

nagement, the possible change on commercial fossil 

example, it is calculated that 96% of Mexican urban 

households uses  (LPG) for coo-

king (INECC, 2009) contributing to place the country as 

the world’s second larger per capita LPG user (65 kg 

per inhabitant) (SENER, 2012). 

sustainability indicators for the economic, social and 

environmental dimensions to assess the impact of a 

small-scale biogas plant on the energy sustainability of 

fed by mixed food waste (MFW) from the restaurant and 

biogas is used as cooking fuel at the restaurant. 

are detailed in Section 2. Section 3 describes biogas plant 

components and operating principle. Section 4 focuses 

on the formulation and calculation of the energy sustai-

nability indicators. Section 5 presents and discusses the 

results, and Section 6 is devoted to the conclusions.  

Restaurant

Restaurant is located in Ciudad Universitaria, central 

campus of the National Autonomous University of 

-

tes six days a week (Monday to Saturday), serves on 

average 600 dishes per day and its incomes are around 

MXN 63,000 per week, according to restaurant’s mana-

per day of MFW. Note that to date none fee is paid by 

the restaurant for the collection and deposition of its 

solid wastes. 

Restaurant uses LPG as main fuel for cooking with 

an estimated consumption level of 264.5 kg per week, 

i.e. about 12,122 MJ considering a heating value of 45.8 

MJ/kg. Since it was assumed that LPG is exclusively 

used for cooking, the 12,122 MJ was taken as the 

Biogas plant

-

rant which provides the MFW used as feedstock. Physi-

cochemical characteristics of MFW were experimentally 

by 40.5 kg of MFW that is put into a shredder where 

water is added for adjusting solids concentration to 

meet wet digestion standards (Figure 1). A pump trans-

1m3

anaerobic digester (D-2), an adapted HDPE tank of 5m3. 

external recirculation. Once both anaerobic digesters 

are full and D-1 is fed by fresh substrate, D-2 is automa-

-

milar volume of digested sludge leaves D-2 and is put 

in the sedimentation tank to separate residual liquid 

3d and a 

biogas has three burners of 2.5 kWth each one whose 

Density, kg/m3a 715.4

Moisture, %a 77.0

a 23.0

b 94.2

b 5.8

pH 5.7
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operate with biogas.

Based on the above operating conditions, biogas 

plant production amounts to 6.1 m3 of biogas per day 

with a CH4 content of 56% by vol. corresponding to a 

heating value close to 20 MJ/m3. As a result, biogas 

energy contribution accounts for 122 MJ per day or 732 

MJ per week.

Methodology

For assessing the impact of the biogas plant on 

restaurant’s energy sustainability, two scenarios were 

base scenario, portrays 

the restaurant before biogas plant installation so that 

with LPG bought to a commercial supplier at a price of 

biogas scena-

rio, consists of the restaurant after biogas plant installa-

tion and biogas being used as supplementary fuel for 

cooking at the restaurant. For both scenarios, the 

-

med to remain constant at 12,122 MJ per week.

A set of indicators relative to the economic, social and 

environmental sustainability dimensions was develo-

ped. Sustainability aspects examined by the indicators 

were intended to be relevant for the restaurant’s energy 

sustainability. Previous works on energy sustainability 

indicators (Salgado and Altomonte, 2001; CEPAL et al., 

2003; IAEA et al., 2005; Vera et al., 2005) were reviewed 

for each of the abovementioned scenarios and then 

compared to see the impact of biogas on the restaurant’s 

energy sustainability. For comparative purposes, indi-

cators were linearly normalized taking a value between 

0 and 1, corresponding to a growing degree of energy 

sustainability. 

Economic dimension indicators

cooking energy cost ( ) 

in MXN/MJ as follows

i

i
i
TEDC

E
LUCCEC      (1) 

      

Where LUCi and Ei denote the levelized unit cost in 

MXN/MJ and the weekly energy contribution of coo-

MJ. In case of LPG, LUC was estimated considering a 

price of 11.5 MXN/kg of LPG (0.25 MXN/MJ) and a pri-

ce annual growth rate of 15%. In case of biogas, LUC 

was calculated based on the biogas plant techno-econo-

20 years and a minimum accepted rate of return 
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assuming that since Mexico is a developing country a 

lower energy cost corresponds to a higher level of ener-

gy sustainability as it would propel energy access. 

-

tion criterion arbitrarily states that zero and one corres-

pond to a cooking energy cost 30% higher and 30% 

lower than that for the base scenario, respectively. 

Aside from the price of energy, it is important to 

examine to what extent meeting energy needs might 

this reason, it was formulated the indicator share of res-

taurant income spent on energy for cooking ( ) com-

puted as follows 

100
Income

ELUC

SISEC i

ii

   (2)

 
 
 

Where LUCi and Ei are the levelized unit cost in MXN/

MJ and the weekly energy contribution of cooking fuel 

i in MJ, respectively, and Income denotes the levelized 

-

ter was calculated using a MARR of 6%, a time frame of 

20 years and an incomes growing rate of 3% per year. 

For normalizing the indicator, zero and one were asso-

ciated to the SISEC calculated considering a cooking 

energy cost 30% higher and 30% lower than that for the 

base scenario, respectively.

topic of reliability of energy supply and was named cer-

tainty on cooking energy availability ( ). It was com-

puted as below

i

i
i
TEDC

E
CCCEA

                        

(3) 

    

Where Ci and Ei are, respectively, the certainty on the 

availability and the weekly energy contribution in MJ 

it was assumed that CLPG is equal to 1 (100%) since ti-

mely fuel provision is virtually assure given the large 

number of suppliers in the Mexico City market. With 

-

mance (Khalid et al.

and its composition. In the light of this, the following 

biogas

biogasbiogas vcC ..1     (4)

Where c.v.biogas

production, i.e. the standard deviation divided by the 

mean of biogas generation records over a given period.  

It was proposed as a roughly estimate of biogas pro-

et al. (2012) 

use a similar indicator named operational reliability 

requiring extensive refurbishment. However, it could 

be argued that aside from an uninterrupted supply, a 

stable composition and production level are also decisi-

ve for biogas system reliability. Consequently, the indi-

cator in the present work was explicitly linked to the 

stabilization on biogas production which at the same 

time entails a regular supply. Given that the biogas 

plant was recently put into operation, reliable produc-

Concept Estimated value
Annual growth 

rate

Capital cost, MXN 129,000.00 -

Fixed costs

1,000.00 3.0%

5-year reinvestment program, MXN 5,000.00 -

Variable costs

Electric energy, MXN/m3biogas 2.12 11.1%

Water, MXN/m3biogas 0.36 3.0%

Miscellanious, MXN/m3biogas 1.58 3.0%

Biogas annual production, m3 (GJ) 1,586.00 (31.70) -

Incomes (LPG savings), MXN/MJ 0.25 15.0%

Operating days per year, days 260 -

Plant life span, years 20 -
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tion records are still missing. So, the Cbiogas was estima-

ted based on biogas production data reported in 

Viswanath et al. (1992). Note that this indicator is nor-

malized directly. 

Social dimension indicators

A primary topic in the social dimension has to do with 

an indicator called  was propo-

sed. It measures the emissions of the following air po-

llutants from cooking fuel use: Carbon monoxide (CO), 

byproducts of incomplete combustion and have detri-

-

king fuel emissions comprise many other pollutants, 

although in this case only those whose emission factors 

were found in the literature were considered. Note that 

the indicator is not related to indoor air quality since 

biogas stove is outside the restaurant building so emis-

sions are dispersed in the outdoor environment. Emis-

sions of air pollutant i (APi) were estimated as below

    (5)

Where EFij is the emission factor of air pollutant i for 

cooking fuel j in g/MJ, and Ej is the weekly energy con-

tribution of cooking fuel j in MJ. In view of the charac-

teristics of the restaurant’s stove, emission factors 

reported by Smith et al.

each air pollutant, emissions were normalized under de 

following criterion: One equals to nil emissions while 

zero corresponds to emissions computed with the hig-

her emission factors for the examined pollutants as re-

ported in Smith et al.

10.700 g/MJ for CO (measured for charcoal), 2.694 g/MJ 

-

sions in each scenario was taken as the UAQ indicator.

(EI) was the second indicator 

for the social dimension. It relates to the share of 

covered by external energy supply. Authors such as 

Nzila et al. (2012) also dealt with this aspect, but from 

and economic point of view coupling the respective in-

dicator to monetary savings arising from fossil fuel 

substitution for biogas. However, it could be said that 

the energy independence notion is more accessible in 

that is produced by one’s own means. From the restau-

rant perspective, LPG represents an external energy 

supplier. In contrast, biogas is produced right next to 

-

tor was determined by the following equation

    (6)

Where Ebiogas is the weekly energy contribution of bio-

-

malized directly. Note that the term Ebiogas refers to 

energy that is produced in the same site where it is con-

sumed. So other decentralized energy technologies 

such as solar PV or wind might be included in this term.

useful 

energy for cooking (UEC). It measures the useful energy 

-

version processes and it can be considered the part of 

-

tor was computed as follows

Dishes

E

UEC i

ii

    (7)

i and Ei

the weekly energy contribution of cooking fuel i in MJ, 

respectively, and Dishes is the average of dishes served 

-

cies for LPG and biogas as reported by Smith et al. 

(2000) were used (i.e. 53.6% for the former and 57.3% 

stated that zero and one equal to the useful energy ob-

lower reported by Smith et al. (2000), and 80%, i.e. the 

typical value for electricity.

100
biogas

et al.

Air pollutant LPG, g/MJ Biogas, g/MJ

0.0112 0.0296

CO 0.3257 0.1101

0.4097 0.0320
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Environmental dimension indicators

Since carbon dioxide (CO2) is the most important 

anthropogenic GHG and its main source is fossil fuel 

consumption (IPCC, 2007), an indicator named carbon 

intensity 

CO2 emissions from cooking fuel consumption only per 

   (8)

Where CO2EFi is the CO2 emission factor of cooking 

fuel i in gCO2/MJ, Ei is the weekly energy contribution 

of cooking fuel i in MJ, and Dishes is the average of dis-

hes served by the restaurant over a week. For LPG, the 

CO2 emission factor used was 67.3 gCO2/MJ (Smith et 

al., 2000). For biogas, it was assumed that its combus-

tion is CO2 neutral. As biogas proceeds from non-fossil 

biomass which restitution, presuming that it occurs in a 

sustainable way, implies the absorption of CO2 from 

the atmosphere in a similar amount than that released 

from its combustion (Akella et al., 2009). Normalization 

was carried out equaling one to a CI of 0.0 gCO2/dish 

and zero to a CI obtained with an emission factor of 

141.2 gCO2/MJ, i.e. the higher within the group of non-

biomass cooking fuels examined by Zhang et al. (2000). 

2, CH4 and 

N2O) emissions, an indicator called global warming miti-

gation (GWM) was proposed. In this case, emissions in 

terms of kgCO2 equivalent (kgCO2e) from both cooking 

fuel consumption and MFW anaerobic decomposition 

  (9)

Where 

EFij  = emission factor of GHG i for cooking fuel j in 

Ej  = weekly energy contribution of cooking fuel j  

    in MJ 

GWPi  = global warming potential of GHG i according 

    to IPCC (2007) (CO2=1, CH4=25, N2O=298). 

Again, biogas combustion was assumed to be CO2-neu-

tral.

In the base scenario, it was assumed that the MFW is 

not properly managed to prevent the release to the at-

mosphere of the CH4 from anaerobic decomposition. 

For simplicity, it was assumed that the released volume 

of CH4 is the same to that produced by the biogas plant, 

i.e. 20.5 m3CH4

by the CH4 density (0.67 kg/m3 @20°C and 1 atm) and 

then by the CH4 GWP to obtain its equivalent in kgCO2e. 

use. In the biogas scenario, avoided GHG emissions 

from both LPG savings and CH4 destruction were taken 

scenarios. 

Emission reduction from base scenario to biogas 

scenario was determined by the following equation

 

100

base

basebiogas

GHG

GHGGHG
GWM  (10)

Where GHGbase and GHGbiogas denote the direct GHG 

emissions in the base and biogas scenarios, respecti-

vely. Note that the indicator is normalized directly. 

so-

lid waste management 

Although waste management is not explicitly related to 

energy sustainability, it is relevant to SD due to the en-

vironmental and health problems derived from an in-

adequate collection, treatment and disposal of wastes. 

  (11)

Where SWtreated refers to the daily amount in kilograms 

of MFW used for feeding the biogas plant and SWtotal is 

the total amount in kilograms of solid waste produced 

-

sed on bibliographic data since only MFW generation 

(2002) and CDM (2010), food scraps account for around 

it was established that MFW represents 60% of 

restaurant’s total solid waste production. In addition, it 

2

CI
i i

i

treated

total

SW
100

SW

et al.

LPG, g/MJ Biogas, g/MJ

CO2 6.73E+01 8.15E+01

CH4 1.09E-03 5.67E-02

N2O 3.21E-03 5.36E-03
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was assumed that before biogas plant installation all so-

deposition. Note that the indicator is normalized di-

rectly.

Finally, total scores for each dimension and scenario 

were calculated as the simple average of corresponding 

normalized indicators. 

Results and discussion

Economic dimension indicators averaged 0.67 in the 

Despite LUC of biogas (0.82 MNX/MJ) was lower than 

CEC indicator was diluted due to the modest contribu-

tion of biogas energy so the indicator showed a margi-

nal change. For the same reason, the SISEC indicator 

registered a positive but modest variation. In contrast, 

the CCEA indicator decreased in the biogas scenario 

because of the uncertainty on biogas availability  

(Cbiogas=0.79). However, the indicator remained high 

since in the biogas scenario LPG continues meeting the 

cooking. In spite of that, in the long-term the availabili-

ty of LPG is likely to reduce because of growing scarcity 

-

pact of the biogas plant on the economic dimension was 

marginal as reported by analogous studies (Gosens et 

al., 2013). 

Social dimension indicators averaged 0.52 in the 

base scenario slightly increasing in the biogas scenario 

-

-

maintained the same value in both scenarios. It is worth 

mentioning that the observed reductions respond only 

-

cations in the stove for controlling air pollutant emis-

indicator means that the restaurant is 6% less depen-

dent on the external supply of energy for cooking. By 

comparison, in rural households biogas might repre-

sent 8-22% of their energy balance (Gosens et al., 2013). 

-

rio might seem contradictory. Despite both indicators 

relate to cooking energy availability, the former measu-

res only the energy generated in situ

accounts for the energy that is ready to be used by the 

restaurant regardless its origin. With respect to the UEC 

-

ciencies of biogas and LPG along with the modest ener-

Indicator

Base scenario Biogas scenario

Value
Normalized 

value
Value

Normalized 
value

E
co

n
o

m
ic

D
im

en
si

o
n

Cooking energy cost (CEC) 1.00 MXN/MJ 0.50 0.99 MXN/MJ 0.52

Share of income spent on energy 
for cooking (SISEC)

15.16% 0.50 15.00% 0.52

Certainty on cooking energy 
availability (CCEA)

1.00 1.00 0.99 0.99

S
o

ci
al

D
im

en
si

o
n

Urban air quality (UAQ) 0.94 0.94

CO emissions 3.95 kg/week 0.97 3.79 kg/week 0.97

4.97 kg/week 0.85 4.69 kg/week 0.86

0.14 kg/week 0.99 0.15 kg/week 0.99

Energy independence (EI) 0.00% 0.00 6.04% 0.06

Useful energy for cooking (UEC) 1.80 MJ/dish 0.63 1.81 MJ/dish 0.63

E
n

v
ir

o
n

m
en

ta
l

D
im

en
si

o
n

Carbon intensity (CI) 226.61 gCO2/dish 0.52 212.93 gCO2/dish 0.55

Global warming mitigation 
(GWM)

0.00% 0.00 33.40% 0.33

Solid waste management (SWM) 0.00% 0.00 60.00% 0.60
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gy contribution of the former, caused that the indicator 

remained the same in both scenarios. 

-

vironmental dimension indicators. In the base scena-

rio their average score was 0.17, whereas in the biogas 

-

ved on the CI indicator since CO2 emissions per ser-

experienced the major positive change owing to the 

reduction of direct GHG emissions from 1,171.11 

kgCO2e/week in the base scenario to 779.96 kgCO2e/

week in the biogas scenario, which means a 33.4% 

-

ture and destruction of the CH4 from MFW anaerobic 

decomposition (-343.38 kgCO2e/week). Emissions 

avoided from LPG substitution were of lesser magni-

tude because LPG is a modern fuel with low carbon 

content. What is more, CH4 and N2O emissions from 

cooking fuel use augmented in the biogas scenario, 

0.33 to 1.35 kgCO2e/week and 11.60 to 12.06 kgCO2e/

-

led by avoided CH4 emissions form MFW treatment. 

et al. (2013) reports 

larger GHG reductions from fuel substitution as bio-

gas replaces for low quality solid fuels for cooking. 

-

gress which in some way points to the potential con-

tribution that biogas technology can make to a proper 

solid waste management in the cities of developing 

countries. It is worth mentioning that Gosens et al. 

on aspects related to the environmental dimension of 

sustainability.

In overall terms, the average score of all indicators 

in the base scenario was 0.45 while that in the biogas 

seen graphically as the area formed by the normalized 

values of indicators in the biogas scenario is larger 

than that formed by the indicators corresponding to 

the base scenario (Figure 2), that indicates a higher le-

vel of energy sustainability.

Conclusions

Biogas technology has aided in mitigating some sustai-

nability problems in rural locations in the developing 

world and may also contribute to lessen those prevai-

indicators in the economic, social and environmental 

sustainability dimensions was built for assessing the 

impact of a small-scale biogas plant on the energy sus-

tainability of a restaurant in Mexico City. 

In the light of sustainability items examined by the 

indicators, the biogas plant improves restaurant’s ener-

gy sustainability in all the three aforementioned dimen-

sions with economic and social dimension indicators 

of the biogas plant on this subgroup of indicators is due 

in part to the availability of commercial fossil fuels at 

-

alternative energy sources.

Environmental dimension indicators, on the other 

hand, register the most dramatic positive changes. In 

the view of this, biogas technology promotion in cities 

of developing countries should highlight these poten-

tial environmental contributions such as improved so-

lid waste management and GHG mitigation.

cooking energy requirements leads to a weak impact on 

most of the energy sustainability indicators. However, 

level of population, are also important in assessing the 

impact of an alternative energy technology on sustaina-

bility concerns.

taken from bibliography could be carried out as a futu-

re work along with extending system boundaries to get 

a more accurate evaluation of the biogas plant sustaina-

bility impact. 
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-

cations, for evaluating other energy technologies. 

Likewise, they could complement to indicators propo-

sed by other authors to create a more robust instrument 

energy sustainability in cities of developing nations 

provide objective elements to encourage the implemen-

tation of this technology as an element for constructing 

a sustainable development pathway for such human 
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