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Abstract: The development of societies and industrial progress cannot be achieved without the use of electricity. The 

growing demand for energy and the degradation of the environment by current sources force us to look for other methods to 

produce it. The production of renewable energy from landfill waste reduces the environmental problems caused by the 

combustion of coal, oil and natural gas. Therefore, in this work, life cycle assement is used to compare the different energy 

recovery options of four solid waste management systems with each other and to assess the corresponding carbon credit. The 

four management systems are: landfilling (scenario S0), landfilling with energy recovery (scenario S1), incineration combined 

with anaerobic digestion with energy recovery in both cases (scenario S2) and incineration with energy recovery (scenario S3). 

The assessment showed that scenario S2 is the best waste management option for energy production with an energy potential of 

890.9 GWh/year, which corresponds to 11% of the Côte d’Ivoire's net electricity production in 2015. In addition, this scenario 

has led to a better reduction in methane emissions with a carbon credit of USD 12168200 for the total amount of waste 

managed in one year. However, scenario S1 is the wrong option in terms of energy production with an energy potential of 232.2 

GWh/year corresponding to 3% of the Ivory Coast's net electricity production in 2015. Regarding the potential reductions in 

CO2equivalent emissions, those of scenario S1 are the lowest with a carbon credit of US$ 12,025,343. From the point of view 

of the production of clean and green energy, the voice to be followed for an optimal MSW management technique in Abidjan is 

the anaerobic digestion of the organic fraction, the incineration of the fuel fraction, followed by the landfilling of the residues. 
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1. Introduction 

In developed and developing countries, human activities 

lead to the production of large quantities of waste. This waste 

is a source of pollution because of its presence in the 

environment. In addition, this waste can be recovered into 

energy, thus reducing its impact on the environment. 

Electricity is an essential component of the development of 

societies and industrial progress. The growing demand for 

energy and the degradation of the environment by current 

sources force us to look for other methods to produce it. The 

production of energy from landfill waste reduces the 

environmental problems caused by the combustion of coal, 

oil and natural gas [1]. Thus, there is a pressing need to 

exploit the energy potential of municipal solid waste (MSW) 

through strategies for its treatment. There are different 

methods of solid waste treatment. However, given the 

heterogeneity of this solid waste, it is not easy to determine 

the best way to manage this waste [2]. The proportion of each 

waste stream in the total amount of municipal solid waste 

varies according to several factors [3]. Waste streams 

classified as organic can be burned or composted, while 

waste streams classified as inorganic cannot. Organic waste 

streams include paper, plastics, textiles, wood, food waste 
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and garden waste, while inorganic waste streams include 

glass and metals. As a result, waste treatment strategies have 

been studied by researchers around the world [4-7]. In 

addition, the comparison of the influence of various 

parameters on energy potential using life cycle analysis 

(LCA) revealed that the composition of MSW is a key factor 

that directly affects energy potential from different MSW 

management strategies. Even if the same treatment is used, 

the energy potential differs in the differences in MSW 

components and operating parameters [8, 9]. 

About 65% of the MSW generated in Abidjan (Côte 

d'Ivoire) is disposed of in the Akouédo landfill, and the 

remaining 35% is burned uncontrolled or forgotten in public 

places. This practice is a danger not only to the health of the 

population of Abidjan and the environment, but is also a 

potential source of greenhouse gases with serious 

environmental consequences. Although waste-to-energy 

(WtE) technologies have been developed in several countries 

around the world, in Côte d'Ivoire, there are almost no 

studies to this effect. Thus, information on the subject on the 

potential contribution of MSW to the profile of the Côte 

d'Ivoire 's energy supply is limited. 

The objective of this study is to apply the Life Cycle 

Assessment (LCA) methodology as an analytical tool to 

compare the different energy recovery options of four solid 

waste management systems with each other and to assess the 

corresponding carbon credit. Thus, the LCA methodology 

based on ISO 14040-43 and Eco-indicator 99 was used. 

2. Methodology 

2.1. Site Description 

The district of Abidjan consists of 13 municipalities, 

covers an area of 2.119 km2, is the largest in Côte d’Ivoire 

and is located at 5 020’11’’ north and 40 01’36” west. The 

mass of the waste generated was evaluated using the most 

recent population data [10] from National Institut of Statistic 

(INS) and projected to 2017 based on 4.1% growth rate and 

the per capita waste generation of 0.77kg/capita /day [11]. 

The composition of MSW of the district is showed in figure 1 

[11]. It is assumed to be the same during the evaluation 

period (2017-2036). 

 

Figure 1. Annual average of the waste composition in Abidjan. 

2.2. Physical and Chemical Characteristics of the Waste 

Waste samples were collected according to MODECOM 

for five independent days from the contents of collection 

trucks arriving at the landfill site [11]. The analyses were 

carried out according to standard methods AFNOR [12]. 

Thus; the total humidity H, the volatile dry matter content 

(VM) (drying and combustion at 550°C) and the 

carbon/nitrogen ratio (C/N) were determined [12]. Total 

humidity and dry matter content were determined by drying 

in an oven for 24 hours. As for the volatile dry matter 

content, it was determined by calcination at 550°C for 4 

hours. The carbon C content was determined from the 

following theoretical formula: 

� = ��

�,��	
                                               (1) 

The nitrogen (N) was obtained by hot mineralization 

(300°C) of the organic matter in a sulphuric acid medium. 
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2.3. Lower Calorific Value of Waste 

The LCV (kcal/kg) of the waste was calculated from the 

following equation [12]: 


���
������ = ����
��
 + ������� + ������� +

������� + ������� + 44��� (
(�""#$%

�""
% − 6(   (2) 

��
: paper and cardboard (%); 

��� : textiles (%); 

���: plastics (%); 

���: woods (%); 

���: food waste (%); 

���: other combustibles component (%); 
H: moisture content; 

���
 (35,19), ���� (36,24), ���� (71,17), ���� (48,26), 

���� (42,21) and ����(44) are the regression coefficients for 

��
, ��� , ��� , ��� , ���)*	��� . respectively. 

2.4. Estimation of the Mass of Waste Generated and 

Collected 

The mass of municipal solid waste (MSW) generated was 

estimated using demographic data from 2008 to 2014 and 

extrapolated to 2017. The population growth rate and the 

specific daily waste production are 4.1% and 0.77 

kg/inhabitant/day respectively [10; 11]. The population of 

Abidjan is about 4.8 million in 2014 [10]. In Abidjan, only 

65% of the waste produced is collected and deposited at the 

disposal site [11]. Thus, the mass of waste going to landfill 

(MF) was obtained by the following equation: 

,- = *. × ,0                           (3) 

*. is the waste collection coverage rate (0.65); 

,0 (t/year). is the total mass of waste generated per year. 

,0 is calculated from the following relation: 

,0(*% = 12
 × �(*% × 3.                 (4) 

P(t) the expected population for the year in question (from 

2017 to 2036), taking into account a growth rate r of 4.1%; 

3.  is the waste generation rate which is of 
0.77kg/capita/day; 

12
 is the number of days in a year (365). 

Thus, the expected population �(*% was determined by the 

following equation: 

(*	) = �	0(1 + 4	)t                                        (5) 

r : growth rate; 

�	0 : Population of Abidjan in 2017 taken as a reference; 

t: time of extrapolation. 

Finally, the mass of waste going to landfill is calculated by 

the following relation: 

,-(*% = *5 × 12
 × 3. × �"(1 + 4%�        (6) 

The amount of MSW composition (,-(�%�(*/8)94%) that 

could be utilized for different technologies such as landfill 
gas to energy ( LFGTE ), anaerobic digestion ( AD ) and 
Incineration ( INC ) was estimated using the following 

relation: 

,-(�%� =	,-(�% 	× :(;%	                 (7) 

With: 

i: the type of waste-to-energy technology which could be 

Landfill Gas to Energy (LFGTE), incineration (INC) or 

Anaerobic Digestion (AD) 

f: the organic fraction of the waste composition that goes 

into the specific technology option; 

t: the number of years of calculation; 

,-(�%: mass of waste in landfill. 

Putrescible fraction of waste composition were allocated to 

AD technology. Combustible portion of the waste stream was 

used for INC system while combination of combustibles and 

putrescible/yard waste fractions were considered for LFGTE 

technology. The results of fraction of waste composition for 

each scenario are presented in Table 1. 

Table 1. Fraction of MSW used for each scenario. 

Scenarios and remaining waste 
MSW fraction used by scenario 

(%) 

Scenario S0: Landfilling without 

energy recovery 
fGDC=80,09 

Scenario S1: Landfilling with 

energy recovery 
fGDC=80,09 

Scenario S2: Incineration combined 

with anaerobic digestion 

fINC= 34,67 
fINC+ fAD=80,09 

fDA= 45,42 

Scenario S3: incineration fINC= 80,09 

Remaining waste recyclable= 4,25 
recyclable+ 

fInerte=19,91 

2.5. Functional Unit 

In this work, the functional unit is the annual average 

waste managed in tonnes (t), from 2017 to 2036. Average 

annual waste managed over a period of 20 years without 

including recyclable and inert components of MSW is 

calculated by Eq. (6). 

MFU(i)= 
∑ �=(�%×�(�%>
?@A

B
                            (8) 

MFU(i) = 1240799.21t 

2.6. Life cycle Assessment (LCA) 

LCA is a systematic methodology for an environmental 

comparison between energy production technologies from 

waste developed by different scenarios of current and future 

waste management strategy [12]. ISO 14040/43 and Eco-

indicator 99 are used in this study. 

2.6.1. Analysis Assumptions 

To perform the life cycle analysis, five hypotheses were 

taken into account. These are: 

1. the exclusion of the objectives the emissions due to the 

transport and the waste collection of this study because 

they are the same for all the scenarios. Only emissions 

relating to the activity time of the landfill are considered 

[14---16]; 

2. an assumed zero charge for all environmental impacts 
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due to a product before it is converted into waste; 

3. Excluding energy and emissions during the construction 

of waste treatment facilities; 

4. the performance of all scenarios over a period of 20 

years (2017-2036); 

5. Excluding the effects of carbon storage from landfills 

(carbon sequestration) in all scenarios. 

2.6.2. Estimation of the Electrical Energy Potential 

Generated Using Different Waste-to-Energy (WtE) 

Technologies 

(i) Biogas to Energy (LFGTE) 

The electrical energy potential generated by LFGTE 

technology depends largely on the methane content of the 

biogas generated, which in turn depends on the amount of 

waste buried [8]. In this analysis, the LandGEM 3.02 model 

was used to estimate the amount of biogas generated [17]. In 

this estimate, the specific k and Lo values for the Akouédo 

landfill were used. 

For this estimate, the values used for the recovery rate and 

oxidation factor are 75% and 10% respectively [18-20]. 

The electrical energy potential (kWh/year) EP(LFGTE) is 

obtained from the methane content of the biogas generated 

according to the following relationship: 

CD(E-F0G% =
E$�HIJ	×",K	×LH	×	M	

N,O
               (9) 

3.6 is the conversion factor of MJ to kWh; 

η is the electrical conversion efficiency which has a value 

of 33% for an Internal Combustion Engine (ICE) of[ 21, 22]; 


(��$	 is the lower calorific value of methane which is 
37.2 MJ/m3; 

0.9 is the proportion of methane emitted; 
QC is the average flow rate of methane collected per year 

(m3 /year). 
The average methane flow rate collected per year was 

estimated according to the following formula: 

P. = Q × PR                                 (10) 

Q: biogas recovery rate (75%); 

PR: average methane flow rate generated. 

PR =
∑ LHIJ(�%
>
T@A

B
                             (11) 

P�$J(;%: flow rate of methane generated in year i; 

n: number of years considered (20 years). 

The methane generated is estimated according to the 

USEPA LandGEM [12] mathematical model (see Eq.(12)). 

P�$J= ∑ ∑ U
"(
�V=WXY

�"
�
2Z".�

B
\Z�  )	)#\�T]       (12) 

with P�$J = annual production of CH4 (m
3/year), t = 1-year 

time increment, n= (year of the calculation) –(initial year of 
waste acceptance), j = 0.1-year time increment, k = methane 
generation rate or constant (year-1), Lo = potential methane 
generation capacity (m3/t), MLFGTE is the annual waste 
landfilled (t/yr) ( see Eq.(5)). 

In the LandGEM model, degradable organic carbon (DOC) 

is used in the Eq (13) to calculate the methane generation 

potential (L0)[23]. 

L0 = MCF.DOC.DOCF.	F.
�O

��	
                     (13) 

DOC = 0.4P +0.15K + 0.3W + 0.24T              (14) 

DOCF= 0.014 Temp(°C) + 0.28                (15) 

Where MCF is the methane correction factor assumed to 

be 0.8 (uncontrolled discharge), DOCF is the assimilated 

DOC fraction assumed to be 0.77 [24]. Temp is the 

temperature of the discharge area. F is the methane fraction 

by volume in the landfill gas that is assumed to be 0.5, P is 

the MSW paper fraction, K is the MSW kitchen waste 

fraction and W is the wood/leaf fraction MSW and T is the 

textile fraction of MSW. 

The production rate (k) is determined according to the 

method proposed by Aguilar et al [25]. 

k = ∑ (%4��"
�Z� 	×vp)                              (16) 

%4�: percentage of waste in each category; 

vp: value of k predetermined by the MBM 2.0 model in 

each degradation category. 

(ii) Incineration with Energy Recovery (INC) 

The incineration unit has a capacity that is based on the 

average annual amount of waste generated. The pollution 

load is assumed to be zero for waterborne pollutants. The 

efficiency of the electricity recovery unit is 20% [18, 22, 26]. 

The electrical energy (kWh/year) EINC, generated from the 

useful heat produced in a steam turbine, has been estimated 

by the relation 17: 

CD(���% =
E$�_`a?bcdH	×	�cdH	×	MT>e	

N,O
                (17) 

LHVwasteINC (MJ/kg): lower calorific value of waste; 

f�B.: conversion efficiency; 
MFINC (tonnes/year) is the average annual mass of waste; 

,-��� =
∑ �=cdH(?%
>
?@A

B
                        (18) 

,-���(�% : mass of waste (tonnes) used for incineration 

calculated using equation 7; 

n: duration of the project t (20 years). 

(iii) Anaerobic Digestion (AD) 

The potential for electricity generated with this technology 

was estimated using equation 19: 

CD(gh% =
(�HIJ?i×	M	×	E$�HIJ 	×	�=(jk%	%	

N,O
            (19) 

With, 

��$J?i (m3/tonnes): actual volume of methane in biogas; 

f: electrical efficiency of the generator supplied with the 
generated biogas ( 0.26) [27]; 


(��$J:  lower heating value of methane which is 37.2 

MJ/m3; 
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MF(AD) (tonnes/year): average mass of raw material used 
for AD. 

The theoretical volume of methane ��$J?i  was estimated 

using the model proposed by Salami et al. [28]. According to 
this model, the moisture content M (%) of the solid waste is 
given by the following relation: 

, = 
#l



× 100                          (20) 

a: initial mass of waste (kg); 

b: mass of dry solid waste (kg). 

The mass of dry solid waste b is given by the following 

relation: 

n = ∑(�""#�T

�""
% 	× o�                        (21) 

��: typical moisture content for each waste category (Table 
2); 

o� : mass of each category of waste per 100g of waste (kg). 

Table 2. Typical composition of solid waste [28]. 

category humidity (%) Density (kg/m3) C H O N S Ash 

fermentable 25 240 48,5 6,5 37,5 22,2 0,3 5,0 

plastics 2 65 60,0 7,2 22,80 - - 10 

paper 6 85 43,5 6,0 44,0 0,3 0,2 6,0 

glass 2 195 - - - - - - 

sand 20 130 - - - - -- - 

Ash 8 480 26,3 3,0 0,5 0,5 0,2 68,0 

 
This estimate takes into account the volume p� 	of each 

category of the solid waste sample. To calculate this volume 

p� 	the following relation is used: 

p� =
�T

�T
                                     (22) 

mi: mass of each category of solid waste; 
li: density of each solid waste category. 

The total volume v of the waste sample is estimated from 

the following formula: 

p = ∑p�                                   (23) 

The mass m of the solid waste sample is estimated by the 

relation: 

q = ∑q�                             (24) 

Thus, the density of the sample of solid waste is estimated 

by the formula: 

r = �

s
                                 (25) 

In addition, the mass of oxygen required for complete 

aerobic stabilization of solid wastes ( ��(Rtuv�(�%%  is 

estimated using the following equation: 

��(Rtuv�(�% +
	�wR#�u#N�

	
t�(R% → :�t�(R% +

R#N�

�
(�t(�% +

;v(N(R%                         (26) 

If ammonia (NH3) is oxidized to nitrate the required 

oxygen mass is determined from the following equation: 

v(N(R% + 2t�(R% → (�t(�% +	(vtN(R%           (27) 

To estimate the theoretical methane volume that could be 

expected from anaerobic digestion, the following equation is 

used: 

��(Rtuv�(�% +
	�#R#�u#N�

	
(�t(R% →

	�wR#�u#N�

z
�(	(R% +

	�#Rw�uwN�

z
�t�(R% + ;v(N(R%	)            (28) 

In practice, a part of the waste is intended for the synthesis 

of the cellular tissues of the organism which influences the 

microbial decomposition. The actual volume of biogas is 

about 85% of the calculated theoretical value. 

The average mass of raw material used for AD was 

estimated by equation 29: 

,-(gh% =
∑ �=jk(?%
>
?@A

B
                       (29) 

MFAD(t): mass of the proportion of waste (tonnes) used for 
AD. It was calculated using Equation 7; 

n: durée du projet (20 ans). 

2.6.3. Scenarios Studied 

(i) Scenario 0: Landfill Without Biogas Recovery (S0) 

This is the baseline scenario where all waste fractions, 

with the exception of recyclable materials (metals, glass), are 

buried at the landfill without energy recovery (Figure 2). 

 

Figure 2. Simplified flowsheet and boundary settings for scenario 0. 

The equivalent CO2 emission (CH4) is calculated by 

multiplying the annual CH4 emission by 25 as methane is 25 

times the global warming potential of CO2[29]. Thus 

according to the Eq.(30): 

EO(kgCO2eq/year) = {|��$J .	0.9 ,�$J .1000    (30) 

,�$J(Mg/an ) = 6.67 Qg. 10#	                 (31) 

Qg = 
∑ LHIJ(�%
>
T@A

B
	                       (32) 
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Q~ = 	Q	PR                       (33) 

where E0 is the CO2 equivalent of CH4 released without 

energy conversion, ,�$J  is the mass of CH4 gas, Qg the 

average methane generated per year (m3/year), 

{|��$J .	(kgCO2/kg GHG) is global warming potential of 

CH4 and 0.000667 is a conversion factor from m3/yr to 
Mg/yr, n is the number of years considered (20 years), λ is 
the collection efficiency (λ = 75% [8]) and Qc is the average 
of methane collected per year (m3/year) with a factor of 
oxidation of 10% [8] relative to the coverage of the landfill. 

(ii) Scenario 1: Landfill with Energy Recovery (S1) (See 

Figure 3) 

 

Figure 3. Simplified flowsheet and boundary settings for scenario 1. 

The CO2 emission in this case is not taken into account for 

the GWP because it does not have a fossil origin; the rest 

(25% of the biogas) is supposed to be released directly into 

the atmosphere. Thus, the CH4 equivalent to CO2 (CO2eq) 

emitted ELFGTE is calculated according to the relation: 

ELFGTE(kgCO2 eq/an) = {|��$J × 0.25 ×	,�$J × 1000 (34) 

(iii) Scenario 2: Incineration and Anaerobic Digestion (See 

Figure 4) 

 

Figure 4. Simplified flowsheet and boundary settings for scenario 3. 

To obtain the total emissions through this scenario, it is 

necessary to sum the emissions due to waste incineration and 

those due to anaerobic digestion. 

(a) Emissions from the incineration plant 

The incineration plant used is the massive combustion 

plant designed with a capacity in agreement with the annual 

average of the waste mass (Eq. (35)) [8]. 

MFINC = 
∑ �=cdH(?%
>
?@A

B
                                (35) 

where MFINC (t) is the quantity of waste (t) used for 
incineration during period t (20 years) determined according 
to Eq. (5). MFINC (t/yr) is the average annual mass of 
incinerated waste. 

The GHG emission by incineration technology (EINC) is 
calculated by Eq. (36) [30]: 

EINC = C���  + ∑ Cu
B
uZ�                          (36) 

C��� = FC. MFINC. �.
�H��
�H

                   (37) 

Eh = EFh × GWPh× PCIdéchetINC×	MFINC× %Fnonbiogenic (38) 

where FC is the fossil carbon component, h is the GHG 

concerned, ,��� = 44 kg/mole, MC = 12 kg/mole, �  = 

oxidation factor (� = 100% [31]), EFh is emission factor of 
the GHGs (30 kg/TJ and 4 kg/TJ for CH4 and N2O 
respectively [30]), Fnonbiogenic is the fraction of anthropogenic 
component in the waste stream and LHVwasteINC is the lower 
heating value of the waste obtained in (2). The CO2 emission 
of biomass (paper, wood, food and other biodegradable 
components) from waste is not considered because it is 
assumed to be biogenic. 

(b) Emission of the anaerobic digestion facility 

In this case, only the putrsecible fraction of the waste is 

put in a digester for biogas. Here it has been assumed that 

biogas lost by leakage is 5% [31, 32]. Thus CH4 emitted into 

the air because of leakage (EMAD ) is determined by Eq. (39): 

EMAD = 0.05.{|��$J . ��$J`e?�b�. ����u
B� . MFAD     (39) 

MF(AD) = 
∑ �=jk(?%
>
?@A

B
                      (40) 

where 	����u
B�  is the density of CH4, (0.717 kg/m3) [17], 

��$J`e?�b� is the actual volume of CH4 produced by the 

anaerobic digester. It is calculated according to the method 
used by Salami L et al. [28], MF (AD) (t/year) is the average 
mass of feedstock placed in the digester according to Eq. (30) 
and MFAD (t) is obtained by Eq. (5). 

(iv) Scenario 3: Incineration with Energy Recovery (See 

Figure 5) 

 

Figure 5. Simplified flowsheet and boundary settings for scenario 4. 
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In this case, all waste except recyclables and inerts are 

incinerated to generate electricity while the remaining ash is 

dumped. The emissions due to this ash are not taken into 

account in the calculations. GHG emissions for this 

technology were calculated according to Eq. (36). 

3. Results and Discussion 

3.1. Physical Characteristics of Municipal Solid Waste 

The organic fraction and the inorganic fraction are 
respectively 80.09% and 19.91%. The organic fraction, the 
highest, is about 4/5 of the mass of waste. The putrescible 
fraction (composed mainly of food waste) is the largest in the 
organic waste received (47.42%). Recyclable waste such as 
paper and cardboard, plastic, glass, textiles and metals 
accounts for 30% of MSW. The high proportion of organic 
waste in Abidjan is due to the eating habits of populations. 
For example, Abidjan people would typically consume 
unprocessed and unpackaged foods. This waste can be 
removed by anaerobic digestion. 

The proportions of organic waste and recyclable waste in this 

study were compared to those of other countries (Table 3). 

Table 3. Proportion of recyclable and organic MSW in some countries. 

Country 
Recyclables 

(%) 

organic putrescible 

(%) 
References 

Côte d’ivoire 30 47,42 this study 

Hongary 29 36,00 [33] 

Slovakia 38 31,00 [33] 

Tunisia 24 65,00 [34] 

China 21 60,00 [35] 

France 58 29,00 [34] 

Greece 47 39,00 [34] 

For the proportion of MSW that can be recycled, the value 

obtained in this study is higher than those determined in some 

countries such as Hungary [33], Tunisia [34] and China [35]. 

However, the proportion of recyclable MSW in this study is 

lower than those determined in other countries such as 

Slovakia [33], France [34] and Greece [34]. Recyclable waste 

represents a smaller fraction of MSW in developing countries 

compared to cities in developed countries, unlike China [13]. 

The composition of the MSW in Abidjan is dominated by a 

high content of putrescible organic matter higher than that of 

France [34], Slovakia [33], Hungary and Greece [33]. 

In contrast to Côte d’Ivoire, the high proportion of MSW 

that can be recycled in developed countries is due to 

increased use of paper and plastic with electronic media 

(television, radio, etc.) in these countries [35]. It is well 

known that MSW in developing countries are made up of 

more biodegradable waste than recyclable waste [36]. 

3.2. Physicochemical Characteristics of Waste 

The high moisture content of MSW (43%) is due to the 

fact that this waste consists mainly of food waste. Anaerobic 

digestion (AD) is appropriate for this type of waste, while 

incineration (INC) suitable for combustible waste (plastic, 

paper, etc.) is also possible [37]. Munipal solide waste 

(MSW) with a moisture content of less than 45% and a 

volatile dry matter (VM) level above 40% are suitable for 

thermochemical conversion. In addition, MSW with a lower 

moisture content to 45% and a VM rate lower than 15% are 

suitable for thermochemical conversion (incineration, 

pyrolysis, gasification). For MSW having a C/N ratio 

between 25 and 30, a higher moisture content to 50% and a 

VM rate greater than 40%, it is preferable to apply anaerobic 

digestion [37]. Fuels like diesel are needed to burn these 

MSW. This is the case of MSW incineration in Thailand, 

where the largest fraction of MSW is food waste with a 

moisture content of 40-60% [38]. The combustion of this 

waste without the use of fuels is difficult. Since incineration 

is a type of mass combustion, the separation of waste 

according to its heating capacity and moisture content should 

improve combustion and reduce fuel consumption [38]. 

3.3. Assessment of the Lower Heating Value of Municipal 

Solid Waste 

The value of the lower heating value (LHV) of municipal 

solid waste (MSW) is 1763,199 kcal/kg or 7377,225 MJ/t 

(according to equation 2). Incineration of these MSW with 

energy recovery is possible [39]. In fact, when the lower 

heating value of municipal solid waste is greater than 1700 

kcal/kg, their incineration with energy recovery is possible 

[39]. Also, to maintain the combustion of municipal solid 

waste in a self-sustaining combustion state, the LHV of 

municipal solid waste must be greater than 4960 MJ/t. 

Failing this, a supplement of fuel mixed with the waste 

would be necessary for their combustion [40]. Therefore, the 

combustion of Abidjan's municipal solid waste can be done 

under self-sustaining combustion conditions. 

The lower calorific value of municipal solid waste from this 

study were compared with those of other studies (Table 4). 

Table 4. LHV of MSW in selected developing countries. 

City or country LHVof MSW( kcal/kg) References 

Abidjan(Côte d’Ivoire) 1 763,199 This study 

Dhaka (in Bangladesh) 550-850 [41] 

Delhi (in India) 800-1 100 [42] 

Amman (in Jordan) 2 747 [43] 

Mostaganem (in Algeria) 1 700 [39] 

Ouagadougou (Burkina Faso) 4 780 [44] 

The LHV of MSW in this study is higher than that found 

in other developing country studies such as Bangladesh [41], 

India [42], and Algeria [39] (Table 4). However, it is low 

compared to that found in other studies in developing 

countries such as Jordan [43] and Burkina Faso [44]. 

The annual mass of waste generated as well as the 

physico-chemical characteristics of the waste are important 

in the estimation of the volume of biogas generated from 

mathematical models. The volume of biogas is essential in 

estimating the energy potential of a landfill. 

3.4. Fraction of Municipal Solid Waste Used by Scenario 

Table 1 summarizes the MSW fractions used for each 
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scenario. An analysis of this table shows that the fraction of 

MSW used for all different scenarios is 80.09%. The 

remaining one is 19.91% with 15.66% inert MSW and 4.25% 

MSW recyclable. The fraction of incinerated MSW (fINC) 

ranges from 34.67 to 80.09%. As for the buried MSW 

fraction (fLFGTE), it is 80.09% for the S0 and S1 scenarios and 

47.42% for the S3 scenario. The fraction of MSW used for 

anaerobic digestion (fAD) is 45.42% for the S2 scenario. 

The high fraction of MSW used for these different 

scenarios could be justified by the composition of MSW. The 

MSW consist mainly of organic waste (71.59%) and plastic 

waste (8.5%), as shown in Figure 1. The fINC fraction used in 

the S3 scenario would be related to fuels (plastics, paper- 

cartons, wood, textile, bones and straw) contained in MSW 

(32.67%) as shown in Figure 1. The variation in fINC would 

be due to leaves and fermentables with fractions of 2% and 

45.42% respectively. When considered as fuels, fINC increases 

from 32.67% to 34.67% and then to 80.09%. The fAD fraction 

of 45.42% used for anaerobic digestion is justified by the fact 

that only fermentable MSWs were used for anaerobic 

digestion (Table 1). 

3.5. Potential of Electricity Production 

Figure 2 describes the energy potential of the different 

scenarios with energy recovery studied. Scenarios S1, S2 and 

S3. These results suggest that the best option for MSW 

management for power generation is S2 (891 GWh), followed 

by S3 (509 GWh) and scenario S1 (232 GWh). 

 

Figure 6. Energy potential of different technologies.  

The high energy potential of the S2 scenario would be due 

to the combination of anaerobic digestion and incineration. 

This could be explained by the presence in MSW of plastics, 

certain fuels (paper-cardboard, wood, textile) having high 

calorific values and a large quantity of fermentable with a 

high biodegradability. In addition, incineration is the best 

management option for MSW for energy production [45]. 

The low energy potential observed for scenario S1 could be 

explained by the presence in MSW not only of material that 

is difficult to biodegrade, such as textiles, but also plastics. 

Plastics are stable; they do not degrade and therefore do not 

contribute to the production of methane in landfills. These 

energy values for these different scenarios could be used to 

provide about 3% to 11% of 2015 net electricity production 

in Côte d'Ivoire according to the CIE (Ivorian electricity 

company) annual report in 2015. Taking into account the 

tariff electricity of 66.96 F CFA/kWh (US $ 0.12) this 

corresponds to a gain of between 15.53 billion F CFA and 

59.7 billion F CFA (US $ 27 million - US $ 103 million). It 

should be noted that the scenario S0 is a technology without 

energy recovery. It therefore has a zero energy potential. 

3.6. Carbon Credit 

The potential reduction in CO2 equivalent emissions that 

would no longer be released to the atmosphere for the 

scenarios S0, S1, S2 and S3 are presented in Table 5. This CO2 

equivalent reduction is zero for the base scenario S0. For 

scenarios S1, S2 and S3, these potential reductions are 

between 1093kt and 1106kt of CO2 equivalent. Thus the 

corresponding credits have values between USD 

$ 12,025million and USD $ 12,168million US $ per year. 

This calculation is based on the results of Pathak et al [46] 

who reported an average cost of USD $ 11.00 CO2e/tonne on 

the carbon market. 

Table 5. Carbon credit corresponding to each scenario. 

Scenarios 
The potential reduction in CO2 

equivalent emissions(kt CO2e) 

Carbon credit (US 

$ ) 

S0 0 0 

S1 1093,213 12 025 343 

S2 1106,200 12 168 200 

S3 1095,093 12 046 023 

4. Conclusion 

Four scenarios (S0, S1, S2 and S3) of the MSW treatment 

systems in Abidjan are analyzed using LCA to compare their 

energy recovery potential and the resulting carbon credit. The 

results indicated that: 

a. Scenario S0 (landfill), the baseline scenario, has the 

highest methane emission. It has no energy potential nor 

carbon credit;; 

b. Scenario S2 (anaerobic digestion combined with 

incineration with energy recovery) gives the best option in 

terms of energy production with an energy potential of 890.9 

GWh/year. This scenario also corresponds to the largest 

reduction in CO2equivalent emissions with a carbon credit of 

US$ 12168200; 

c. In terms of energy production, scenario S1 (landfill with 

energy recovery) is the least interesting with an energy 

potential of 232,2 GWh/year; 

d. Regarding the potential reductions in CO2equivalent 
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emissions, the S1 scenario (landfill with energy recovery) is 

the lowest with a value of 1093.2 kt, which corresponds to a 

carbon credit of US$ 12,025,343 for each. 
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