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A B S T R A C T   

This study investigates the potential energy resources from livestock manure to evaluate the country’s energy 
potential from domestic animals (e.g., cows, chickens, sheep, and goats). A comparative analysis of four distinct 
energy routes, such as process I: anaerobic digestion and co-generation, process II: gasification and co- 
generation, process III: combustion and co-generation, and process IV: direct combustion to heat energy gen
eration is exclusively examined. In addition to that, a simulation using a Biogas calculator was run to get a better 
idea of how the technical potential of the mathematical models stacks up. Results from this analysis reveal that 
the gasification process with heat recovery options (process II) has the greatest energy estimation (26,564.64 TJ) 
among the four energy-producing paths, whereas process IV (combustion) has the lowest energy potential 
(4419.75 TJ). The maximum electricity generation potential has been found for process II (1630.77 GW h/year), 
whereas the minimum from process I (27361.45 MW h/year). Moreover, CO2 reduction potential results show 
that the maximum potential was obtained for process II (3,78,941.57 ton/year), whereas the minimum reduction 
potential (63,047.23 ton/year) was obtained from process IV, compared to coal combustion. The annual revenue 
obtained through process II is the maximum among different techniques, which is 141.87 million dollars.   

1. Introduction 

This century’s scarcity of energy sources drives researchers to 
explore alternative power sources. Recent years have seen popular in
vestigations in the scientific field of waste recovery and alternate energy 
sources. A lot of research discusses production from various organic 
wastes and plant types. Because the world is expected to run out of fossil 
fuels, renewable energies are becoming increasingly attractive [1–5]. 
Biogas is composed largely of 60% methane (CH4), 35–40% carbon di
oxide (CO2), and a few other gases [6], which could be a good substitute 
for fossil fuels. The key goal of the biogas sector is to reduce the con
sumption of fossil fuels, with the ultimate goal of minimizing global 
warming. Several countries, including China, Germany, and Sweden, 
have focused on the development of bio-energy, while regional au
thorities in China and India have constructed biogas digesters [7]. The 
materials pouring into the tanks stimulate anaerobic gas output, while 
the substrate can be used as fertilizer [8,9]. Similarly, industrial waste as 

well as wastewater can be handled in biogas digesters\ using anaerobic 
digestion (AD). This cycle, in addition to producing biogas, helps reduce 
environmental dangers. Among all the raw materials used for biogas 
production, manure is the most famous. Manure is a livestock waste 
product with limited commercial value and is responsible for a variety of 
environmental consequences across a range of categories [10,11]. The 
AD process is the most effective method of mitigating manure’s negative 
effects by generating energy from biogas and creating digestate as a 
bio-fertilizer [12–14]. Biogas is considered a potential replacement for 
natural gas derived from fossil fuels in the future [15]. Table 1 sum
marizes previous literature on different approaches for producing biogas 
from this livestock animal manure with the experiment overview and 
conclusions. Here, four different animal manures have experimented 
with four diverse energy generation methods. In recent years, the gen
eration of biogas from organic waste has been increasing due to social, 
economic, and technological factors [16]. Bangladesh is an over
populated developing country, lacking the availability of energy in 
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many distant locations. Rural electricity with solar PV technology is a 
growing trend. Due to the centralization of the industry of solar power 
systems, both solar power systems are supplying a significant quantity of 
electricity in rural areas of Bangladesh. Currently, there are a number of 
enterprises implementing solar energy and biogas program in 
Bangladesh. Grameen Shakti established a low-cost solar program for 
the rural poor in 1996 [17,18], and in 1997 [19,20], BRAC initiated a 
solar energy and small scale biogas program. In Bangladesh, the proven 

resource of natural gas is 34 TC F, which can serve the country for the 
next 20 years [21]. 

Currently, natural gas is utilized in the power sector for power pro
duction, accounting for 82% of total natural gas consumption, only 3% 
of renewable energy sources are responsible for total electricity pro
duction [21,35]. Bangladesh is a net importer of petroleum and crude oil 
[36]. Almost 56% of residential energy demand is supplied by gas [37]. 
Conversely, the country is suffering from an energy shortage due to its 

Table 1 
Results and aspects of earlier research for the production of biogas from manure.  

Author Study area Raw Material Experimental 
type 

Techniques 
used 

Methodology Outcomes 

Ilbas et al. 
[22] 

Turkey Animal manure Experimental Anaerobic 
digestion 

A portable biogas digester with a 60 L 
capacity was used in the investigation, 
which ran for 40 days. 

According to the experimental findings, 
0.389 m3/kg of manure was produced as 
biogas. The basic payback period is only 
2.5 years, while the original investment 
cost was discovered to be $515. 

Ammen et al. 
[23] 

Japan chicken manure, pig 
manure and cow dung 

Experimental Anaerobic 
co-digestion 

In this investigation, a batch process 
was run for 90 days at a temperature of 
55 ◦C in an incubator. 

A three-stage anaerobic digester was 
found to have an average methane 
production of 0.442 m3/kg. 

Khan et al. 
[24] 

Pakistan cow dung and crop 
residue 

Experimental Anaerobic 
co-digestion 

This experiment was carried out on a 
small scale in the biology lab of the 
University of the Punjab. 30 days of the 
trial were spent using a 100 L plastic 
barrel. 

The results show that 1 kg of cow 
manure can generate between 15 and 
30 L of biogas each day. It produced 
20–60 L of biogas per day by adding 
wheat straw. 

Jeung et al. 
[25] 

Korea livestock manure, 
slaughterhouse waste, 
and agricultural by- 
products 

Experimental Anaerobic 
co-digestion 

The modified Gompertz model was used 
to validate the results of our 
experiment, and it was discovered that 
the results were nearly identical to those 
of the experiment. 

The three feedstocks were mixed in a 
ratio that produced the greatest CH4 

production of 0.84 m3/kg. 

Xin et al. 
[26] 

China Cattle manure Experimental Gasification For the disposal of produced biogas 
from cow manure, a two-step 
gasification method was developed. 
Then, at 750 ◦C and 850 ◦C, biochar 
produced at various pyrolysis- 
carbonization temperatures was 
gasified using steam. 

The production of syngas was measured 
at 1.61 m3/kg at a two-step gasification 
method. 

Dong et al. 
[27] 

China Cattle manure Experimental Gasification In this study, a large-scale plug flow 
reactor has been operated at a hydraulic 
retention time of 25 d under a 
temperature of 37–40 ◦C with a working 
volume of 3.85 × 104 m3. 

The specific biogas and methane yields 
of substrate was found 0.39 m3/kg and 
0.22 m3/kg, respectively. 

Rahman 
et al. [28] 

Bangladesh Cow dung, poultry litter 
and straw 

Experimental Anaerobic 
digestion 

The effectiveness of Cow dung, poultry 
litter, and straw for biogas production 
has been studied. 

The biogas yields of Cow dung, poultry 
litter and straw was found 0.034, 0.030 
and 0.142 m3/kg respectively. 

Sahu et al. 
[29] 

India Catle and poultry 
manure 

Experimental Combustion The different types of manure was 
collected and dried carefully and then 
burned in order to measure calorific 
value as well as emission 
characteristics. 

Manures had a calorific value that 
ranged from 2580 to 11,200 kcal per kg, 
with a mean of 5333 1073 kcal per kg. 

Pasolini et al. 
[30] 

Brazil Poultry manure Experimental Combustion The poultry manure was dried in order 
to remove its moisture content and then 
combusted and the heating value was 
measured. 

After drying, poultry manure’s calorific 
value was determined to be 11 MJ/kg, 
demonstrating that it is a potential 
biomass for the production of thermal 
energy. 

Abubakar 
and Ismail 
[31] 

Malaysia Cow Manure Experimental Anaerobic 
digestion 

The effectiveness of cow manure for 
biogas production has been studied. 

The cumulative biogas output and 
methane concentration were 
respectively observed by 0.15 m3/kg 
and 47%. 

Alvarez and 
Liden [32] 

Sweden Animal waste and 
domestic fuel 

Experimental Anaerobic 
co-digestion 

Biogas is produced in farm-scale 
facilities under mesophilic conditions 
used for domestic fuel. In a mixture of 
cow-sheep dung fed to the system at low 
temperatures (291–298 K), the results 
imply that processing occurs. 

This methane output of between 0.07 
and 0.14 m3/kg of gas with a methane 
concentration of between 47% and 55% 
has been attained in the mixing studies. 

Obiukwu and 
Nwafor 
[33] 

Nigeria Animal waste Experimental Anaerobic 
co-digestion 

Conducted a small-scale laboratory 
experiment to examine biogas 
production, an attractive source of 
energy using animal wastes, in the 
laboratory scale. 

This system was found to create biogas 
holding a methane content of 65% at a 
temperature of 310 K 1 kg of animal 
waste could be biologically converted to 
360 I of biogas in continuous and 1 kg of 
waste could produce 260 I of biogas in 
batch process. 

Castrillion 
et al. [34] 

Spain Cattle dung and crude 
glycerin 

Experimental Anaerobic 
co-digestion 

The study was used to improve biogas 
production from cattle dung by the 
addition of crude glycerin. 

The CH4 yield was obtained at 0.056 
m3/kg and a COD removal rate of 90%.  

Md.S. Hossain et al.                                                                                                                                                                                                                            



Renewable Energy 217 (2023) 119354

3

enormous population. However, installed generation capacity was 11, 
387 MW as of July 2018, and additional shortfalls are caused by faulty 
distribution layout and fuel mix instability. Again, increasing numbers 
of countries are shifting to renewable energy systems as a result of global 
warming and climate change occurrences now-a-days. That’s why 
biogas energy potential is a huge source of utilization for the country. 

At this time of energy crisis, Bangladesh needs to utilize its available 
energy sources, which are regarded as waste. It is also looking to boost 
the contribution of renewable energy sources to the country’s overall 
energy supply. Especially in the biogas sector, renewable energy utili
zation has increased in recent years in Bangladesh [38]. As a result, the 
production of biogas from waste is considered one of the most promising 
possibilities for meeting the growing worldwide demand for energy 
consumption. Biogas is the favored alternative renewable energy 
resource among the numerous forms since it is simple to generate and 
can be utilized directly in a variety of applications in internal combus
tion generators, micro-turbines, fuel cells, etc. In Bangladesh, rising 
energy demands, a lack of natural resources, and a lack of renewable 
energy alternatives have motivated a strong concern for biogas tech
nology. Among the various sources of producing biogas, livestock 
manure is one of the finest alternatives. Bangladesh is an agricultural 
country, and most of its population lives in rural areas, therefore, it has 
the opportunity to utilize livestock animals to mitigate its energy de
mand. The high number of cows, chickens, sheep’s, goats in the country 
might be exploited as the primary supply of organic raw materials for 
biogas generation, as could be seen in other countries. Generally 
speaking, the amount of animal waste that has been collected from farms 
is mostly dependent on a variety of criteria, like animal type and size, 
animal age, food and feeding practices, breeding type, etc. 

There are numerous use pathways, including anaerobic digestion 
(AD), combustion, and gasification, for both raw and improved forms of 
biogas, and each has its own advantages. According to the findings, the 
amount of feedstock collected per animal per day for AD may vary 
mostly depending on their type and age, feeding habits, etc. The data on 
cattle and poultry came from field experience reported by Grameen 
Shakti, a large-scale practitioner in Bangladesh. 

Sufficient study and energy generation route modeling are not good 
enough in the previous literature, especially for Bangladesh. We have 
introduced in this manuscript four mathematical models of energy 
generation routes as well as simulation results to calculate the approx
imate biogas energy potential in the country. In this study, the potential 
of biogas in Bangladesh is estimated based on the availability of four 
animals (cows, chickens, sheep, and goats), which are the most abun
dant in the country. Several significant parameters, such as availability, 
LHV, HHV, volatile matter in manure, and machine efficiency, have 

been taken into consideration in the development of four mathematical 
models. In addition, a simulation has been carried out to compare the 
results from the modeling part of the study. Finally, electricity genera
tion potential as well as CO2 reduction potential have been determined 
for various pathways. The information revealed a pattern in likely en
ergy results, which is crucial for researchers, practitioners, and in
vestor’s alike.2. Current Energy Scenario in Bangladesh. 

Bangladesh is served by a variety of energy sources, like fossil fuels, 
solar power, hydroelectricity, wind power, geothermal energy, and 
biofuels. Traditional, commercial, and alternative sources can be clas
sified into three distinct types of renewable energy. The share of tradi
tional energy for heating and cooking in rural areas is over 90% of the 
total energy, which is 35% of the entire energy of the country [39]. 
Besides, over 97% and around 3% of the total electricity utilized in 
Bangladesh are derived from the fossil fuel-based energy and renewable 
energy, respectively [40]. The rising utilization of renewable energy in 
Bangladesh has recently occurred. It is especially true in rural regions, 
where biogas, as well as solar power generation technology are making 
big inroads. The vast majority of commercial electricity in Bangladesh is 
derived from natural gas, which accounts for 45.65% of the overall 
power output in Bangladesh [40]. Table 2 shows Biomass and Biogas 
energy target of the Bangladesh government along with their prospect 
and barrier. Power is generated by diesel, furnace, coal, and hydro, with 
the percentage contribution for each energy source being 4.05%, 
26.06%, 10.81%, and 0.92%, respectively [40]. In comparison to other 
energy sources, most power sources depend on fossil fuels. 

The energy requirements are swelling today due to population 
growth, technological advancement, and economic reasons [43]. 
Available renewable energy sources will not be able to fulfill our future 
energy demand, as discovered energy will diminish within a few de
cades. In our daily lives, energy has been conveyed as a critical 
component. Bangladesh has secured a good economic growth rate of 
8.2% in FY20 [44]. The real GDP of Bangladesh stood 11,637.4 billion, 
which is the highest in the South Asian region [44]. This was possible 
due to the growth in the industrial sector. A country with such hasty 
growth will need access to energy resources. But in comparison with 
world energy, the situation of Bangladesh’s primary energy resource is 
not good at all. And an increasing population will have a big demand for 
energy in the future. 

According to Table 2, these renewable energy sources have a 
promising outlook due to support from both the government and private 
sectors. The government has taken steps to invest in biomass and biogas 
along with solar, hydropower, nuclear etc. However, these alternative 
energy sources face certain barriers, particularly related to environ
mental concerns. Assuming one of them refers to a different energy 

Table 2 
Biomass and Biogas energy target of Bangladesh government along with their prospect and barrier [21,41,42].  

Year Year wise 
Bangladesh 
government target 
(MW) 

Investor in Biomass & Biogas Prospect of Biomass & Biogas Barrier of Biomass & Biogas Total electricity 
production in the 
year 2022 (MW) 

Share in 
Renewable energy 
in 2022 (%) 

Biomass Biogas Biomass Biogas Biomass Biogas 

Until 2018 0 1.08 Government and private Bright Carbon emission 0.4 0.69 5 8 
2019 0 1 
2020 0 2 
2021 15 3 
2022 15 4 
2023 15 4 
2024 15 4 
2025 15 4 
2026 15 4 
2027 15 4 
2028 15 4 
2029 15 5 
2030 15 5 
Total 150 45.08  

Md.S. Hossain et al.                                                                                                                                                                                                                            



Renewable Energy 217 (2023) 119354

4

source, we can understand that biomass and biogas energy sources has a 
positive future outlook due to government and private sector initiatives. 
The same can be said for other renewable energy sources as well. 
Although, the government has invested in other energy sources such as 
biomass and biogas energy sources, there are obstacles associated with 
these sources, particularly in terms of environmental concerns. It implies 
that these energy options may face challenges in terms of their impact on 
the environment, which need to be addressed for their successful 
implementation. 

Bangladesh has a significant opportunity to make use of the bright 
future prospects offered by renewable energy sources. By harnessing 
these energy potentials, the country can address its future energy de
mands effectively. By adopting and investing in these renewable energy 
sources, Bangladesh can reduce its reliance on conventional, non- 
renewable energy sources and contribute to mitigating the global en
ergy demand while promoting a sustainable and environmentally 
friendly energy sector. 

The research and development (R&D) activities related to biomass 
energy in Bangladesh are presented in Table 3. Numerous groups have 
participated in these activities, and their work is highlighted. In recent 
years, both government and non-government organizations in 
Bangladesh have actively participated in promoting biomass energy. 
These organizations have recognized the potential of biomass as a 
renewable energy source and have taken steps to advance its develop
ment and utilization. 

The statement emphasizes that Table 3 provides a summary of the 
research and development activities conducted by various entities, 
including both governmental and private organizations. The table likely 
includes information on the specific initiatives, projects, and advance
ments made by these entities in the field of biomass energy. By under
taking such research and development efforts, these organizations aim 
to enhance the understanding, efficiency, and viability of biomass as an 
energy source in Bangladesh. These activities can include studies on 
biomass conversion technologies, biomass resource assessment, 
improving biomass supply chains, exploring new biomass feedstocks, 
optimizing biomass energy production processes, and assessing the 
economic and environmental impacts of biomass energy systems. 

Overall, the table highlights the active involvement of governmental 
and non-governmental entities in advancing biomass energy in 
Bangladesh and provides a comprehensive overview of their research 
and development activities in this domain. 

1.1. Biogas production scenario upto-2040 in Bangladesh 

The Bangladesh government has prepared a power system master 
plan (PSMP-2016) in order to satisfy electricity demand with an 
installed capacity that would be extended to 21,000 MW by 2021 and 
31,000 MW by 2030 [47]. The share of renewable generation capacity is 
projected to reach 5% by 2015, 10% by 2021, and ultimately 100% by 
2050. To achieve this target, the government has implemented various 
strategies for investment in both the public and private sectors, as 
mentioned in Table 6. As part of these efforts, the Government of 
Bangladesh (GoB) has successfully generated 649.95 MW of renewable 

energy in accordance with the established plan (2023) [47]. The overall 
objective is to provide funding for 100,000 biogas plants, of which 37, 
700 have already been built, by the end of March 2015 as part of the 
initiative [48]. There are three possible scenarios that might occur by 
the year 2040 with regard to biogas production, as seen in Fig. 1 [48]. A 
number of solutions were considered and analyzed when deciding on the 
most cost-effective and efficient production line. Three separate scenario 
situations, each with a different set of suggestions, were evaluated for 
comparing the biogas production rate with the number of livestock 
animals being used. In business-as-usual cases, various problems have 
been found, like inefficient digesters, poor as well as uncontrolled 
operating parameters, etc. The first scenario (as usual) is based on the 
current situation in rural Bangladesh, which includes an inefficient 
digester of dome type having poor maintenance as well as unregulated 
operating settings. During low-ambitious cases, various factors should 
be considered, like digester type, appropriate feedstock delivery and 
mixing with water, operating parameters, etc. That’s why it is higher 
than a low-ambitious case but lower than high-ambitious case. On the 
other hand, multi-feedstock digesters (plug flow, mesophilic condition, 
co-digestion of agricultural leftovers and animal wastes, high TS value), 
with regulated operational parameters and proper maintenance, are 
required for advanced, i.e., high-ambitious cases. The available feed
stock and manures should be utilized appropriately and in a suitable 
manner for these cases. Moreover, manure collection should be more 
sensitive in order to improve the overall quantity of the product. Thus, 
having all of these advantages, the higher value of biogas is obtainable in 
those cases. 

1.2. Environmental and technical evaluation of proposed energy routes 
from biomass 

The use of techniques for unlocking manure’s technological potential 
in some energy conversion routes needs a more thorough analysis of the 
technical and environmental ramifications of its use. In that research 
work, four conversion pathways were chosen for calculating technical 
energy generation potential. These are anaerobic digestion and co- 
generation, gasification and co-generation, combustion and co- 
generation, and combustion alone. 

There are various laboratory-sized studies that have discovered that 
the AD (process I) of manure is feasible during dilution to less than 6% 
total solid concentration [49]. Still, issues including low pH, ammonia 
toxicity, and bacterial adaptation to high ammonium levels must be 
addressed with proper steps. Although anaerobic nutrient disposal is not 
technically feasible and does not eliminate manure nutrients [50]. 
Several problems arose during the digestion process, and hence the 
thermal gasification approach appears to be better. Therefore, the AD 
process is unlikely to be an economically feasible solution due to 
hydrogen sulfide (H2S) in biogas. In order to properly de-sulfurize 
biogas, sulfur must be decontaminated before thermal processing 
[51]. In the case of gasification and co-generation (process II), animal 
manure is thermochemically converted to syngas through gasification, 
which offers syngas with lower calorific values than biogas. But gasifi
cation delivers energy outputs that are many times higher than 

Table 3 
R&D activities regarding renewable energy of various organizations [45].  

Technology Related organizations Activities 

Improved cooking 
stoves 

BCSIR, BRAC, RSF, VERC, GIZ, 
UNDF etc. 

BCSIR develops three fundamental types of stoves (without chimney, with chimney, and with waste heat utilization). 
VERC, on the other hand, disseminates seven ICS models. 

Briquetting 
machine 

KUET, BRRI KUET has created improved machines with extended screw life under the ‘RETs in Asia’ program. 

Biogas plant IFRD of BCSIR, LGED, GS, BAU, 
BRAC, IDCOL, RSF 

Fixed-dome type plants are planned, built, and distributed in Bangladesh providing government subsidies of 46.09 
USD, with IDCOL donating 82.96 USD for each plant. 

Pyrolysis 
technology 

RUET, Radiant Renewable Energy 
Ltd 

Since 2000, research and development for pyrolysis to provide alternative liquid fuel has been performed in RUET. 
Moreover, Radiant Renewable Energy Ltd. Has begun operations for producing liquid fuel from scrap tire. 

1 USD = 108.48 BDT, as on July 3, 2023 [46]. 
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digestion. Reactor configuration and operational factors, like tempera
ture and air equivalence ratio, are the key contributors to syngas and 
residue quality [52]. Chicken manure gasification is used for fixed and 
fluidized bed reactors. Updraft fixed bed systems are effective at mini
mizing excessive moisture and ash content [53]. 

Despite these advantages, there are significant downsides to using 
this method, which must be taken into consideration before imple
mentation. When syngas is considered for gas turbines and IC engines as 
a fuel, it must be reformed since it causes undesirable by-products like 
tar, dust, alkalis, heavy metals, H2S, HCl, etc. Most manure gasification 
problems are related to the ash’s alkaline composition, which causes it 
to coagulate in the bed [54]. Decreasing the reactor temperature below 
the melting point of ash causes excessive char to be generated. 

Moreover, a considerable amount of moisture and ash are present in 
manure; therefore, the combustion pathway (process III) might lead to 
operational issues and lower overall efficiency. As a result, it is required 
to dry raw manure before further thermal processing, such as burning or 
gasification. Moisture content can be removed by the use of evaporative 
dryers [55], incorporated into the ventilation and manure transport 
systems on the poultry farm, or added to the combustion system. Using 
the livestock facility’s exhaust air for drying greatly reduces the drying 
costs [56]. Another issue to consider is the creation of NOx, which is the 
primary air pollutant. To offset these unfavourable trends, extensive 
research is being conducted [5]. 

Fluidized bed combustion (FBC) types of combustion can help alle
viate this problem [57]. One of the most essential ways to reduce The 

Fig. 1. Biogas production rate till 2040 in million m3 for three cases in Bangladesh.  

Fig. 2. Description of energy generation processes.  
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NOx levels can be reduced by lowering the combustion temperature 
(using excess air). Furthermore, the concentration of high sulfur and 
volatile matter in the manure provides an air-fuel mixture in the boiler, 
which indicates high efficiency and low pollutant emissions. The fuel 
composition necessitates the use of primary reduction technologies as 
well as extensive gas cleaning systems, like selective catalytic reduction 
(SCR) for denitrification and sorption for acid gas removal (SO2, HCl, 
etc.). These approaches are frequently used in large combustion and 
cogeneration facilities [53]. Any optimal manure combustion technique 
is a viable alternative to coal-fired co-generation in Bangladesh, 
particularly on farms where heat is generated through the use of fossil 
fuels and can be used to generate heat and energy. When compared to 
coal burning, it can greatly lower the amount of flue gas components 
released into the environment [56]. Fig. 2 represents the four energy 
conversion paths by which energy potential is analyzed. In an anaerobic 
cogeneration process, the potential is measured by an IC engine. That’s 
why the thermal and electrical efficiency of an IC engine are needed in 
this process. Electricity and heat generation in the organic ranking cycle 
(ORC) are needed for measuring combustion and cogeneration. The 
Organic Rankine Cycle (ORC) is a thermodynamic process that involves 
the conversion of thermal energy into mechanical work. It is commonly 
used in power generation systems that utilize low-temperature heat 
sources, such as waste heat from industrial processes or geothermal 
energy. In an ORC, a working fluid with a low boiling point is vaporized 
using the heat source, and the resulting high-pressure vapor is expanded 
through a turbine to generate electricity. Fluidized bed combustion is a 
combustion technique that involves suspending solid particles (typically 
a mixture of fuel and inert materials) in an upward-flowing stream of air 
or combustion gases. This method offers advantages such as efficient 
combustion, reduced emissions, and the ability to handle a variety of 
fuels. Yet again, in the combustion process, a fluidized bed boiler is used 
for combustion. 

2. Materials and methods 

Bangladesh is a country in which more than half of the population is 
based on agriculture and livestock farming. Livestock animals are 
specially kept on farms for economic benefits. In Bangladesh, these are 
generally chickens, cows, goats, sheep’s, etc. These livestock animals are 
an important part of the country’s wealth. These animals provide us with 
milk, meat, and manure from which a large amount of biogas could be 
produced, which can mitigate the future energy demand. The amount of 
livestock animal statistics is presented in Table 4. It has been found that 
for the year 2014–15, the chicken and cow was 261.770 and 23.636 
million, respectively. However, in the years 2020–21, the number of 
chickens and cows will have increased by approximately 16% and 4%, 
respectively. Therefore, these increased numbers of livestock are 
responsible for generating a huge amount of manure waste. The more or 
less same increasing trend can be seen for goats and sheep. The total 
quantitative potential of this animal manure can be determined from the 
sum of the potential manure produced by all the animals. Table 5 il
lustrates the data on daily manure generation from major livestock an
imals in Bangladesh. The amount of these animal manures indicates the 
availability of biogas energy potential. It can be seen that; cows produce 
on average 29.5 kg of manure daily. In terms of droppings (kg/day/ 
animal), the chickens are divided into layer and boiler categories. Layer 
chickens produce 136 g of droppings per day, whereas boilers produce 

40 g of droppings. Moreover, 70 g of average droppings per chicken per 
day were used for calculation due to a lack of precise data. The calcu
lations have been adopted by taking the mean values of the manure 
produced by these animals. Generally, it depends on the feeding systems 
of these animals, which vary from region to region. Therefore, a mean 
value is taken for general calculation. The proximate and ultimate 
analysis of these four animal manures mean values is collected from 
several papers and internet sources, which will be useful to find the 
biomass potential in Bangladesh. The annual manure production in 
different years is calculated from the average droppings in a day of these 
animals from Table 5 is multiplied by the total livestock animals avail
able (Table 4) in Bangladesh. Afterwards, it is multiplied by 365 to find 
the net annual droppings of each animal presented in the results and 
discussion section. 

With the increase in livestock, the amount of animal manure has 
increased concurrently. Disposing of these huge amounts of animal 
manure causes difficulties like air pollution. Moreover, it is necessary to 
find a cost-effective solution through which our environment will 
remain harmless and manure can be converted into sustainable energy. 
The maximum contributions in total biogas come from animal manure, 
which accounts for 36% of total biogas [68]. This percentage can be 
increased by utilizing the manure through a good disposal chain. Fig. 3 
shows the flowchart of the animal manure waste disposal chain in 
Bangladesh. 

This process started with collecting the animal droppings. Dropping 
depends on the animal. In the case of some animals, some droppings 
were collected on a daily basis, and some were collected on a weekly 
basis. Like normal, the droppings of layer birds are cleaned daily, and 
some traditional chicken manures are collected on a weekly basis. 
Proper disposal of these droppings is a big challenge for the environ
ment. Some little amount was disposed of along the roadside and drain 
side. The majority of the farmers disposed of the fresh manure in the 
fishpond directly, where some farmers used the manure on agricultural 
farms. But raw manure is not suitable for fishpond as they contain many 
toxic elements. Some farmers disposed of the droppings in a pit near the 
farm. A very small percentage of these droppings are used for biogas 
plant composting and fuel cooking. But if these manures can be utilized 
properly, they can be a big source of energy production. 

2.1. Ultimate, proximate and heating value analyses of different types of 
manure in Bangladesh 

Ultimate analysis delivers into a method for reporting the major 
organic element composition of manure samples, where proximate 
analysis reports volatile matter, moisture content, fixed carbon, etc. Due 

Table 4 
Amount of livestock animal’s in Bangladesh (in million number) [58].  

Name of species 2014–15 2015–16 2016–17 2017–18 2018–19 2019–20 2020–21 

Chicken 261.77 268.39 275.18 282.15 289.28 296.60 304.11 
Cow 23.64 23.79 23.94 24.09 24.24 24.39 24.55 
Goat 25.60 25.77 25.93 26.10 26.27 26.44 26.61 
Sheep 3.27 3.34 3.41 3.45 3.54 3.61 3.68  

Table 5 
Daily manure generation from different animal manure taken from calculation.  

Name of species Animal manure (kg/ 
day/animal) 

Animal manure taken for 
calculation (kg/day/animal) 

Chicken Layer 
[59] 

0.136 kg at 75% 
moisture 

0.070 

Boiler 
[59] 

0.040 kg at 25% 
moisture 

Cow [5,60] 29.5 29.5 
Goat [61,62] 0.38 0.38 
Sheep [11,63] 1.81 1.81  
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to a lack of available data and technology, it is not possible to experi
ment in each region of Bangladesh with animals (chicken, cow, sheep, 
and goat) manure for testing to determine ultimate and proximate 
analysis. That’s why the mean value of each animal is considered for 
calculation. The concentration of carbon, nitrogen, sulfur, and hydrogen 
is determined in the ultimate analysis. It can be seen from Table 6 that 
the carbon percentage is greater in cow manure, which is 37.64 ± 1.87, 
whereas in chicken, it is 36.2% by average. The lowest carbon per
centage is seen in sheep manure (10.91%) among the enlisted animal 
manures. In terms of hydrogen percentage, the lowest percentage of 
hydrogen is in chicken manure and the highest is in goat manure which 
is 40.09 ± 0.04. The total organic matter (VS) is the sum of these organic 
matter found in ultimate analysis. The highest amount of VS is found in 
goat manure, which is almost 89.39% and the lowest is found in chicken 
manure, which is 46.81%. The total organic matter in sheep manure is 
52.2 on average, while it is 73.39 in cow manure. 

2.2. Energy generation potential 

The energy potential of animal manure depends upon its character
istics such as weight, chemical composition, volatile matter, etc. The 

energy generation potential can be classified into theoretical potential, 
technical potential, economic potential, and applicable potential. 

In the theoretical potential process, availability of equipment and 
efficiency are considered 100%, as are losses in the process. The total 
potential using this full efficiency without any losses is calculated. 
Moreover, technical potential can be practically utilized as technical 
restrictions like available equipment efficiency, internal losses, 
geographical location, transmission losses, etc. Are accounted for in the 
calculation. The availability factor is taken as 0.7 in all cases of calcu
lation for this. The efficacy with which chemical energy in raw manure 
(representing energy potential) is converted to a useable type of energy 
is dependent on the specific transition path. It can be accounted for the 
criteria of economic tools after detailed analysis of economic tools with 
profitability, market fuel prices, tax rates, etc. Again, the ultimate and 
applicable energy potential could be used in energy production after 
minimizing all the losses. The ultimate and proximate analysis values of 
the collected animal manure (From Table 6) are applied in the procedure 
for finding the energy potential of this animal manure in Bangladesh. It 
is possible to find the approximate values of energy potential in 
Bangladesh, as most of the animals here are cows, goats, sheep’s, 
chickens etc. The further calculations are limited to three parts: such as 

Table 6 
Proximate and ultimate analysis of major livestock animal manure in Bangladesh.  

Manure types Proximate analysis (wt. %) Ultimate analysis (wt. %) Ref. 

M VM FC C H O N S LHV (kJ/kg) HHV(kJ/kg) 

Chicken 
manure 

74.53 - - 36.2 4.6 – 5.9 0.11 2664 13,084 [64] 

Cow manure 75.56 ±
3.07 

80.42 ±
2.85 

19.58 ±
2.85 

37.64 ±
1.87 

5.06 ±
0.25 

28.64 ±
2.36 

1.87 ±
0.40 

0.18 ±
0.05 

10,950 ±
0.44 

16,090 ±
0.44 

[65] 

Goat manure 8.7 ± 0.08 69.5 ±
0.44 

4.5 17.3 ±
0.20 

40.09 ±
0.04 

5.85 ±
0.05 

24.16 ±
0.06 

1.95 ±
0.04 

ND 12,980 ±
0.14 

[66] 

Sheep manure 47.80 34.03 7.26 10.91 21.19 2.66 16.03 1.10 6610 8360 [67]  

Fig. 3. Flowchart of animal manure waste disposal chain in Bangladesh.  
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theoretical level energy potential, technical level energy potential, and 
simulation result. 

The theoretical potential is calculated by using Equation (1) for four 
different potential animal manures. The overall theoretical potential can 
be found by summing the four potentials listed (Equation (2)). 

Eth =Bi × LHVar (1)  

Eth =
∑

n=i

(
Eth,i

)

or,Eth =Eth,chicken + Eth,cow + Eth,goat + Eth,sheep (2) 

The mathematical model has been developed, and technical-level 
energy potential is calculated using Equations (3)–(8) for four 
different pathways. These are anaerobic digestion and cogeneration 
(process I), gasification and cogeneration (process II), combustion and 
cogeneration (process III), and combustion alone (process IV). The 
explanation of the symbols is presented in the nomenclature table. 

Process I: For anaerobic digestion and cogeneration processes, the 
energy potential is calculated for all four animals by following Equation 
(3). 

Process II: The second process gasification and cogeneration by ORC 
technology, energy potential is designed by Equation (4). 

EProcess 2
Technical =

(
Bdried,n×(s)n× LHVn× ηth,ORC

)
+
(
Bdried,n ×(s)n×LHVn× ηel,ORC

)

− Ed,n
(4) 

Process III: The technical potential by combustion and cogeneration 
is done by ORC energy generation with fluidized bed boiler which is 
calculated by Equation (5). 

EProcess 3
Technical =

(
Bdried,n ×LHVn× ηth,ORC

)
+
(
Bdried,n× LHVn× ηel,ORC

)
− Ed,n

(5) 

Process IV: The fourth process is designed by the analysis of direct 
heat production in boiler which can be estimated by Equation (6). 

EProcess 4
Technical =

(
Bdried,n ×LHVn× ηth

)
− Ed,n (6) 

In the case of processes I, II and III, the animal manures required 
drying before further processing. The amount of energy Ed used calcu
lation depends on the manure. Again, it depends on electricity demand 
and specific heat for the drying process. 

Ed,n =
(
Bw,n × q

)
+
(
Bw,n× q

)
(7) 

The specific heat and electricity demand for drying evaporated water 
are represented by q and e, respectively. The amount of water evapo
rated, available raw manure, moisture content before drying, and 
moisture content after drying are represented by B w, B a, M tw and M tw, 

ad, respectively. The amount of water evaporated was calculated ac
cording to Equation (8). 

Bw,n =
(
Mtw ×Ba,n × af

)
−
(
Mtw,ad ×Bdried,n × af

)
(8)  

When the material had fully dried, the total volume of B was measured 
using the mass balance of the procedure. The input data for technical 

Table 7 
Input data for calculating technical level energy potential.  

Parameters Unit Value 

Chicken Cow Goat Sheep 

Process I 
VS % by weight 48.099 73.39 89.05 41.29 
b m3/ mg of VS 300 270 150 250 
LHV MJ/m3 11.18 10.95 13.06 6.61 
η el % 20 20 20 20 
η th % 15 15 15 15 
Process II 
Mtw % by weight 74.53 75.56 8.7 47.80 
Mtw,ad % by weight 15.0 14.0 5.3 12.0 
q kWh/kg of evaporated water 0.80 0.80 0.80 0.80 
e kWh/kg of evaporated water 0.06 0.06 0.06 0.06 
s m3/kg of dried mass input 2.5 2.5 2.5 2.5 
LHV MJ/m3 11.18 10.95 13.06 6.61 
η el % 20 20 20 20 
η th % 15 15 15 15 
Process III 
Mtw % by weight 74.53 75.56 8.7 47.80 
Mtw,ad % by weight 15.0 14.0 5.3 12.0 
q kWh/kg of evaporated water 0.80 0.80 0.80 0.80 
e kWh/kg of evaporated water 0.06 0.06 0.06 0.06 
LHV MJ/m3 11.18 10.95 13.06 6.61 
η el % 20 20 20 20 
η th % 15 15 15 15 
Process IV 
Mtw % by weight 74.53 75.56 8.7 47.80 
Mtw,ad % by weight 15.0 14.0 5.3 12.0 
q kWh/kg of evaporated water 0.80 0.80 0.80 0.80 
e kWh/kg of evaporated water 0.06 0.06 0.06 0.06 
LHV MJ/m3 11.18 10.95 13.06 6.61 
η th % 15 15 15 15  

EProcess 1
Technical =

(
Ba,n ×(VS)n× af×bn×LHVn× ηth,IC

)
+
(
(Ba)n×(VS)n× af×bn×LHVn× ηel,IC

)
− Ed,n (3)   
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energy generation calculations are tabulated in Table 7. These data came 
from Tables 5 and 6, using the mean values of the proximate and ulti
mate analyses of manure available in South Asia. As Bangladesh is in the 
South Asian region, these mean values are taken into consideration for 
calculation. As the values change from region to region, mean values are 
taken for general calculations, including the availability factor. A 
simulation (by a biogas calculator [69]) has been conducted to deter
mine the amount of energy that can be extracted from these manure. 

2.3. Electricity generation potential and plant capacity of various 
processes 

Methane, as well as electricity generation potential, are two impor
tant parameters for investigating the effectiveness of any process. The 
electricity generation (kWh/y) as well as the size of the specific plant 
(kW) for four energy generation processes (process I-IV) were deter
mined using Eqs. (9) and (10) [70]. 

Eel =
Eth × GENeff × CAPfact

3.6
(9)  

Eel,plant =
Eel

Dhour × N
(10)  

where, Eth is the technical energy generation potential, GENeff is the 
generation efficiency of the biogas generator and taken as 26% [71], 
CAPfact is the capacity factor of the plant and considered as 85% [72], 
and 3.6 is used for conversion from MJ to kWh. Besides, the plant size for 
various processes was determined in kW, assuming that the projects 
operate throughout the year. Here, Dhour is the number of hours in a day 
(24 h), and N is the operating days in a year (365 d). The price of 
electricity sold is considered to be 0.087 $/kWh [73], and annual rev
enue was also calculated for the year 2020–21 in Bangladesh. 

2.4. Greenhouse gas (GHG) emission reduction potential for various 
processes 

The amount of biogas as well as electricity generation from various 
processes could reduce carbon dioxide (CO2) emissions by replacing 
fossil fuels such as coal. Biogas consists of 65% CH4, 25% CO2, and 10% 
other gases; therefore, CO2 from biogas combustion is mainly from CH4 
and its CO2 component. Moreover, methane combustion with oxygen 
can produce an equal volume of CO2. Therefore, the CO2 emissions from 

biogas combustion are the sum of the methane volumes and CO2 in the 
biogas. As we know, 16 g of methane produces 44 g of CO2, i.e., the 
complete combustion of 1 kg of methane generates 2.75 kg of CO2. The 
CO2 emissions reduction is calculated by subtracting CO2 emissions from 
biogas combustion from CO2 emissions from standard coal combustion. 
The CO2 emission from biogas combustion from gasification and 
anaerobic digestion processes was calculated using Equation (11) [74] 
Moreover, the CO2 emissions from combustion as well as the combustion 
and co-generation processes were calculated using Equations 12 and 
13 [75]. 

MCO2 ,biogas =CH4(act) ×
[
(x % CH4 × ρCH4

× 2.75
)

+
(

ρCO2
×(1 − x % CH4)

]
(11)  

MCO2, comb =ELcomb ×EFel (12)  

MCO2, cogn =
(
ELcogn ×EFel

)
+
(
THcogn ×EFth

)
(13)  

Where, MCO2 ,biogas is the CO2 emission from the combustion of biogas 
through various processes. Besides, the density of methane is repre
sented by ρ CH4 

and taken as 0.65 kg/m3, ρ CO2 
is the density of CO2 is 

given as 1.80 kg/m3, and x% CH4 is the percent content of methane in 
the biogas by volume. The total carbon dioxide emissions from the 
combustion of a 1-m cube of biogas are the sum of the carbon dioxide 
content in the biogas and the amount of CO2 resulting from the com
bustion of methane. Notably, 1 m3 of biogas can produce 1.8 kg of CO2 
after combustion, no matter what the composition of methane is [76]. 
M CO2, comb and M CO2, cogn represent CO2 emission from combustion 

as well as combustion and cogeneration process. Besides, ELcomb and EFel 
is the electrical energy generation, and emission factor through the 
combustion processes, respectively. Moreover, ELcogn, EFel, THcogn and 
EFth are the electrical energy generation, emission factor for electrical 
energy generation, thermal energy generation and conversion factors for 
thermal energy generation for combustion and co-generation process 
respectively. The conversion factor for thermal and electrical energy 
generation were 33.5 kg CO2/GJ and 0.44 ton CO2/MWh, respectively 
[75,77]. The CO2 emission from standard coal, and the CO2 emission 
reduction potential of various processes were calculated using Equa
tions 14 and 15 [76]. 

MCO2 ,coal= [(3600 × Eel) /( ηc × Qcoal) ] × Fcoal (14) 

Fig. 4. The various type of animal manure generation trend in Bangladesh for different year.  

Md.S. Hossain et al.                                                                                                                                                                                                                            



Renewable Energy 217 (2023) 119354

10

ΔMCO2
=Mcoal − Mprocess (15)  

MCO2 ,coal is the CO2 emission from the combustion of standard coal, and 
ΔM CO2 

is the CO2 emission reduction potential of various processes. 

Moreover, Wcoal represents the standard coal consumption for gener
ating an equivalent amount of electricity, Fcoal is the CO2 emission co- 
efficient of standard coal and taken as 2.4925 t CO2/t standard coal, 
Eel is the electrical energy potential, ηc is the engine-generator efficiency 
of coal and given as 30%, the calorific value of standard coal is repre
sented by Qcoal and taken as 29,307 MJ/t. 

3. Results and discussion 

3.1. Animal manure generation potential 

The trend in livestock manure generation trend in Bangladesh is 
presented in Fig. 4. It has been found that the generation of animal 
population increases as the animal number increasing with economic as 
well as population growth in Bangladesh. Results indicate that the 
amount of cow manure was 254.5 Mt for the year 2014–15, but for the 
year 2020–21, it has reached 264.28 Mt. A similar trend in nature is 
observed for other animal manures as well. 

3.2. Theoretical energy potential 

The values of the theoretical energy potential are computed using the 
data that has been gathered, input using methods described, and prox
imate, ultimate, and heating potentials in conjunction with data on 
Bangladeshi animal manure. Using Equations (1) and (2), the 

computation results are shown in Fig. 5. It has been found that the 
maximum energy potential comes from cow manure, and the lowest 
energy potential lies in sheep manure. Cow manure weight is the big 
factor here. Though all the manures cannot be properly utilized because 
disturbance and the harmfulness of the environment. But here calcula
tions are made by ensuring that all manures are being utilized properly. 
Again, the availability factor af is not used here. The maximum energy 
potential from cow manure is 28,517.47 TJ, and from sheep manure it is 
101.84 TJ. The total energy potential from only these four animals is 
30,545.76 TJ, which is a very gigantic source if properly utilized. 

3.3. Technical energy potential 

According to a commonly used classification of energy potential, the 
following step in analyzing it should be related to the technical chal
lenge of measuring the efficiency with which the chemical energy in the 
manure is converted to useable energy forms. Technical energy potential 
is calculated using the collected data and according to the mathematical 
model developed at Equations (3)–(8). As reported earlier, it is not al
ways possible to utilize the full amount of potential because of some 
technical issues. That’s why technical energy potential is used here, 
including those factors in the model. The estimation of technical energy 
potential is presented in Fig. 6. It has been found that the biggest 
quantity of technical energy potential came from cow manure because 
they produce roughly 29.5 kg [78] of dung per day, while the lowest 
amount of technical energy potential came from sheep due to their 
relative scarcity in Bangladesh. On the basis of the findings, it can be 
asserted that the greatest technical energy potential of manure was 
realized through the process I and process II conversion approaches, 
while a lower energy potential was found by process III and process IV, 

Fig. 5. Theoretical energy generation potential from major livestock animal manure for the year 2020–21 in Bangladesh.  

Fig. 6. Comparison of calculated technical energy potentials for different paths for the year 2020–21 in Bangladesh.  
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which represent combustion. It can be demonstrated that, for all four 
animal manures, the energy potential that emerges through anaerobic 
digestion is smaller than what can be derived by gasification. The in
crease in energy production was also noted by Chang [51], who claimed 
that syngas yielded 44.5% more energy than biogas. The maximum 
technical energy potential was obtained through process II, which is 26, 
564.64 TJ, whereas the maximum potential was obtained from cow 
manure. 

3.4. Simulation results 

In this study, the simulation is carried out using the Biogas Simulator 

software to examine the energy and bio fertilizer potential. The simu
lation results of biogas and fertilizer as well as electrical and thermal 
energy generation potential from different animal manures in 
Bangladesh for the years 2020–21are presented in Figs. 6 and 7. It has 
been found from the numbers that the most bio-natural gas was pro
duced by cow manure, with 1109.64 million m3 produced each year 
being the highest. If correctly utilized, these biogases have the potential 
to supply a significant number of households. Using a cow manure 
biogas simulation, it can be observed that bio natural gas can be trans
formed into electrical and thermal energy as well. Goat manure pro
duced the most biogas, followed by cow manure. Fig. 6 shows that the 
goat dung accessible in Bangladesh has the potential to yield around 

Fig. 7. Simulation results for extractable natural gas and by-product fertilizer from major livestock animal manure.  

Fig. 8. Simulation results for extractable heat and electricity energy from major livestock animal manure.  

Fig. 9. Annual revenues calculating from the gas and electricity price in Bangladesh.  
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158.67 million m3 per year, which is significant. From the 7.76 million 
tons of chicken manure that are now available in the country (2020–21), 
approximately 419.04 million m3 of biogas can be produced per year. 
The least amount of biogas, with only 102.06 million m3 produced each 
year from sheep manure. Thus, there is a possibility to produce a sig
nificant amount of biogas from major livestock animal manures (sheep, 
chicken, goat, and cow manures). The annual bio natural gas produced 
by these manures is turned into electrical energy and thermal energy, 
with the remainder going to waste. The bio-natural gas produced from 
cow manure may be transformed into 1109.64 million m3 of energy for 

the years 2020–21. It is found that cow manure can produce the highest 
amount of fertilizer, while the lowest amount can be made from sheep 
manure, as it is less. The Simulation results for extractable heat and 
electricity energy from major livestock animal manure is presented in 
Fig. 8. It is possible to generate 4216.63 MWh/year of thermal energy. 
The amount of electrical and thermal energy produced by chicken 
manure is 1592.35 MWh/year and 1885.68 MWh/year, respectively. 
The electrical energy generated by the available biogas created by goat 
manure is 602.95 MWh per year, while the thermal energy produced is 
714.01 MWh per year. Electrical and thermal energy produced by sheep 

Fig. 10. CO2 compensation for gas and electricity feed in.  

Fig. 11. Comparison of different processes for investigating the total energy generation potential.  

Fig. 12. Comparison of various techniques for electricity generation potential per year.  
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manure are 387.83 MWh and 459.27 MWh each year, respectively. 
Based on the data, it can be concluded that the amount of thermal energy 
that can be created is always greater than the amount of electrical 
energy. 

The carbon dioxide compensation can also be calculated from sim
ulations. With 0.09 $/kWh for the bio-natural gas charge and 0.088 
$/kWh for the electricity charge, the annual revenue was calculated, 
which is presented in Fig. 9. It has been found that the highest revenue is 
obtained from cow manure, whereas the lowest is from sheep manure. 
The annual revenue from cow manure is about $101.18 and $371.06 
million from bio-natural gas and electricity, respectively. The lowest 
income from these 4 types of manure is from sheep manure, since the 
amount of manure is less than three other animals’ manure. Natural gas 
and electricity generated from sheep manure amount to $9.30 million 
and $34.12 million, respectively, in a year. The CO2 compensation from 
electricity and gas feed-in is presented in Fig. 10. It has been found that 
the maximum CO2 compensation is obtained from cow manure, whereas 

the least compensation is obtained from sheep manure. The CO2 
compensation from four types of animal manure is 4.28 million tons in 
the case of electricity feed-in, whereas from gas feed-in the value is 3.58 
million tons. 

3.5. Comparison of various energy generation routes 

3.5.1. Energy potential 
A summary of the various energy generation techniques is presented 

in Fig. 11. It has been found that, with regard to the technical energy 
potential, one can clearly see that it is significantly smaller than the 
theoretical energy potential. Process II (gasification and cogeneration) 
can generate the maximum amount of energy of all the possible pro
cesses, which is 26,564.64 TJ. Process IV (combustion) produced the 
lowest overall energy output with a total of 4419.75 TJ. Thus, the cal
culations show that the maximum outcome came from the gasification 
and cogeneration (Process II) of all the four kinds of animal manure. 

Fig. 13. Comparison of various techniques for plant size (kW/year).  

Fig. 14. Comparison of various techniques for revenue earned in a single year.  

Fig. 15. CO2 reduction potential for various techniques in a year.  
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Additionally, each of the four processes is compared for each animal 
manure, and the results are also obtained in Fig. 11. It has been found 
that the maximum energy potential found among all four processes 
comes from cow manure. In order to compare the simulation results, 
different theoretical and technical paths yield different results, as shown 
in Fig. 11. The theoretical potential is greater than the technical one 
because there is not any consideration of losses for conversion as well as 
availability factor. Moreover, the simulation result is higher than tech
nical as well as theoretical ones. The reasons behind that in practical 
application, various losses should be considered, but in the case of 
simulation, all losses could not be considered because various unex
pected things happened in practical application. The electricity gener
ation potential through different energy generation pathways is 
presented in Fig. 12. The procedure for calculating electricity as well as 
plant capacity is mentioned in the methodology section. 

It has been found that the highest electricity generation potential was 
found for process II, i.e., for gasification techniques (1630.77 GW h/ 
year), where maximum comes from cow manure (1524.63 GW h/year). 
The number of animal cows is huge in Bangladesh; therefore, it shows 
the highest amount of potential compared to other animals in various 
techniques. The lowest electricity potential has been found for process I 
(27,361.45 MW h/year) due to different losses associated with energy 
conversion. There are various losses associated with process I; thus, it 
has the lowest electricity generation potential. The plant capacity for 
various techniques is presented in Fig. 13. The maximum plant capacity 
was found for process II among four energy generation techniques 
(1,86,161.38 kW), whereas the lowest plant capacity was found for 
process I (3123.45 kW). It can be concluded that, process II shows 
maximum electricity generation values, but they are still lower than 
theoretical as well as simulation results. In theoretical as well as simu
lation calculations, the operational losses are not properly considered, 
which results in variation in outputs. 

3.5.2. Economic benefits 
The economic benefits of different energy routes have been deter

mined using levelized cost of energy (LCOE) 0.087 $/kWh [73]. The 
revenue earned from various processes of electricity selling is presented 
in Fig. 14. It has been found that the maximum revenue was earned from 
process II (141.87 M$), whereas the lowest was found for process I (2.38 
M$). Process II shows maximum electricity generation potential 
(Fig. 12); therefore, the revenue earned from this process is also 
maximum. The revenue earned from cow, chicken, goat, and sheep 
manure through process II is 132.64 M$, 3.81 M$, 4.94 M$, and 0.47 M 
$, respectively. It has been found that in every energy generation 
technique, the maximum output comes from cow manure because of its 
numbers and highest manure production. The electricity generation 
through process I is minimal, therefore, it provides the least revenue. 
Though the maximum revenue comes from process II, but it has lower 
theoretical as well as simulation results. 

3.5.3. Environmental potentials 
The potential CO2 minimization has been calculated with respect to 

the CO2 generation from standard coal burning for power generation. 
The CO2 reduction potential of various processes is illustrated in Fig. 15. 
It has been found that the maximum CO2 reduction potential was found 
for process II (3,78,941.57 tons/year), whereas the lowest was found for 
process IV (6,3,047.23 tons/year). The CO2 reduction potentials from 
cow, chicken, goat, and sheep manure gasification (process II) are 
3,54,278.15 tons/year, 10,180.99 ton/year, 13,217.45 tons/year, and 
1265.01 tons/year, respectively. Thus, the successful implementation of 
various energy generation processes is not only responsible for energy 
generation but also capable of reducing greenhouse gas emissions to the 
environment. 
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4. Discussions and future recommendation 

4.1. Opportunities and challenges of biomass gasification process 

Despite abundant feedstock, the number of biomass gasification 
plants in Bangladesh is very low. The biomass gasification process has 
various benefits, including producing bio-energy and bio-fertilizer, as 
well as other socio-economic and environmental benefits [79–81]. It 
may help reduce greenhouse gas emissions and improve crop nutrient 
utilization. Many countries have established waste management systems 
that involve biogas production to address environmental challenges 
through biomass gasification techniques [82]. The biomass gasification 
plants have various advantages, such as being suitable for a variety of 
sources, they could be tailored to certain regions and economies. 
Bangladesh is an agriculture-based economy with ample indigenous 
resources to create biogas on a massive scale through biogas technology. 
Despite having an abundance of adequate resources, the country’s 
biogas production has stalled [45]. An abundance of resources acts as a 
driver for biogas production through the gasification process in 
Bangladesh. In the previous section, it was found that the gasification 
process shows better performance than any other conversion process. 
Therefore, the overall comparison of biomass to energy generation 
pathways by means of economic-environmental effects is investigated 
and presented in Table 8. It has been found that the gasification process 
has various advantages as well as being more environmentally friendly 
than any other process. Table 9 illustrates both the challenges and 
perspectives for utilizing biomass gasification plants in Bangladesh. It 
has been found that the removal of the barrier to biomass gasification 
plants could help generate a huge amount of energy through this tech
nology. Therefore, related authorities should come forward to remove 
obstacles to the successful implementation of biomass gasification plants 

in Bangladesh. 

4.2. Social impact and management strategy for biomass gasification 

Waste management can lead to new work possibilities, reducing 
Bangladesh’s unemployment. Throughout the procedure, manpower 
will be required. Each district will have a processing plant. The collec
tion and delivery of this garbage will be paid for, reducing unemploy
ment. Farmers will benefit since harvesting costs will be reduced, 
lowering food prices. Handling and processing waste will produce jobs 
for 20,000 people in Bangladesh, and this number will grow in the future 
[84]. The reduction in unemployment is also projected to reduce crime 
rates. People will be better aware of garbage handling and the 
waste-to-energy possibilities in Bangladesh. Some policies must be 
initiated immediately to support farmers and people.  

✓ Proper equipment should be provided for the biomass gasification 
plant. For a smaller plant, a larger subsidy should be provided.  

✓ Farmer cooperation should be fostered to assure the supply of raw 
resources. This can be accomplished by providing enough training 
facilities for them.  

✓ To secure the development of this sector, the private sector’s 
involvement should be promoted. Various non-governmental orga
nizations (NGOs) should be established in rural regions to assist in 
raising awareness among local residents. Aside from that, waste 
management policies must be modified every two years to address 
ongoing waste issues.  

✓ Because this country is endowed with agricultural resources, 
research in this field should be prioritized. Priority should be given to 
collaboration between universities, research officials, and agencies. 

Table 9 
Challenges and perspectives for implementing biomass gasification plants in Bangladesh.   

Challenges Perspective 

Economic factor  ✓ Competition with other investments with biomass gasification plant 
installation.  

✓ No certainty of return of the investments.  
✓ Uncertainty about receiving financial assistance  
✓ Initial investment is too high  
✓ Lack of incentives  

✓ Return on investment that is profitable.  
✓ Financial assistance is available.  
✓ Energy cost savings are possible.  
✓ The availability of low-cost feedstock.  
✓ Loans from a bank at a low interest rate.  
✓ Getting the most out of biomass gasification projects.  
✓ Third-party funding. 

Technical support  ✓ Problems with planning and installation  
✓ Feedstock of poor grade.  
✓ Unavailability of water  
✓ There is no established technology.  
✓ A scarcity of feedstock.  
✓ Uncertainty in feedstock production  
✓ Availability of land  

✓ Methods of utilizing waste that are efficient.  
✓ Bioenergy feedstock comes in a variety of forms.  
✓ Based on the application.  
✓ Technologies that are tailored to the processing of local 

feedstock. 

Social awareness  ✓ Feedstock’s perceived detrimental environmental impact.  
✓ Inadequate knowledge of biomass gasification to energy utilization.  
✓ Inadequate knowledge of policies, technology, and so on.  
✓ Political reluctance.  
✓ Change apprehension.  
✓ Differences in socio-economic status between urban and rural populations.  

✓ Carbon emissions could be reduced.  
✓ Environmental advantages rather than CO2 reduction  
✓ The rising renewable energy sector is appealing.  
✓ End-user interest in bioenergy has grown.  
✓ Political will to support green energy. 

Biomassgas market  ✓ Uncertainty in the energy market.  
✓ Biomass gasification to energy market in its infancy.  
✓ Primary end-user demand is low.  
✓ Global carbon market participation is low.  
✓ Insufficient private participation.  
✓ Competitors include fossil fuels.  

✓ Market opportunity or diversification.  
✓ Bioenergy is adaptable.  
✓ Natural gas prices are on the rise. 

Organizational 
competence  

✓ A scarcity of technical experts/services.  
✓ Inadequate research and development.  
✓ In biomass gasification initiatives, there is a lack of coordination.  
✓ There is no one-of-a-kind platform for biomass gasification stakeholders.  
✓ Inexperience with feedstock.  

✓ System of environmental certification.  
✓ People with genuine ambition.  
✓ Image of the environment  
✓ Long-term energy plan. 

Government policy  ✓ Uncertainty and complication.  
✓ Insufficient government attention.  
✓ Complexity in the bureaucracy.  
✓ There is a lack of a concrete biomass gasification policy.  

✓ Meeting the government’s renewable energy goal.  
✓ Climate change adaptation.  
✓ Specific goal for biogas production. 

Very good: 5, Good: 4, Moderate: 3, Poor: 2, Very poor: 1. 
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4.3. Government initiatives and subsidies for the biomass gasification 
plants 

It is possible that government activities will have an impact on and 
actualize the deployment of an environmentally friendly technology like 

biomass gasification. Governmental activities can affect and increase the 
viability of the use of a sustainable technology [85]. Governmental ac
tivities, as depicted in Fig. 16, include legislative and policy changes as 
well as financial assistance, teaching and training, exchange portability, 
and other associated projects, among other things. 

There are numerous examples of effective biogas dissemination from 
which lessons can be drawn. Sweden is becoming a paradigm for biogas 
diffusion by combining waste management with biofuel production 
through biogas technology [86,87]. Germany has long been successful in 
implementing biogas-based transportation systems and electricity gen
eration in several places [88]. The key catalyst for the spread of the 
biogas sector in Thailand was government subsidies [89]. India and 
Pakistan are two neighbouring South Asian countries focused on biogas 
production through community-based waste management systems [90, 
91]. 

The primary reasons for the effective diffusion of biogas in various 
regions of China [92] have been a financial subsidy scheme as well as an 
appropriate waste management system. In Ghana, the government is 
working on pilot-scale biomass gasification plants [93]. Proper waste 
management, increased institutional capacity, and policy are the actors 
that will help expand biomass gasification technology on a larger scale 
in Bolivia [94]. The researchers found numerous factors for proper 
biogas diffusion, with a particular emphasis on policy instruments. 

4.4. Policy framework for biomass gasification plant in Bangladesh 

Biogas can be generated from the anaerobic fermentation of biomass, 
animal waste, municipal waste, etc. In a plant. The existing resources of 
biogas in our planet can give us a perspective on global production. Only 
a very small part of this potential is utilized today. It is critical to the 
establishment of any policy to have certain goals that must be met. 

Fig. 16. The government activities aimed for adoption of renewable energy 
technologies in Bangladesh. 

Fig. 17. Policy framework for biomass gasification in Bangladesh.  
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Examples of targets achieved include sustainable development for 
environmental elements, communicating clear waste management 
norms and regulations, enacting environmental laws to control related 
activities, and so on. A biomass gasification policy is made up of five 
phases, which are: phases I–V, presented in Fig. 17. 

Phase I: Establishing a single regulatory organization to analyze and 
monitor the problems of various stakeholders who are being affected by 
biomass gasification projects, as well as help in decision-making and 
future development by appointing a single focal point. This focal point 
might come from either the government or non-governmental organi
zations (NGOs), which will help achieve national goals. 

Phase II: It involves the development of clear instructions as well as 
requirements for biomass gasification plants, which include the man
agement strategy of raw materials, disposal of biomass wastes, the 
preparation of environmental impact assessments (EIA) for current and 
future facilities, the application of the waste hierarchy known as the 5 R 
s (responsibility, reduce, reuse, recycle, and recover), license issuance, 
permit to work, the implementation of cyclic environmental audits, etc. 

Phase III: It provides incentives and subsidies to encourage facilities 
to create biomass gasification plants and expand their contribution to 
the economy, as well as foster collaboration with the private sector to 
ensure a green economy. A scheme like this will aid biomass gasification 
facilities in their repair and waste management efforts. Incentives and 
subsidies include a tax-free time, free consulting, a lower tariff for raw 
materials for the manufacturing process, and a reduction in the payback 
period, which would increase the return on investment of future pro
jects, mitigating the biomass gasification sustainability concerns. Un
expected obstacles must be planned for in contingency plans. The energy 
sector is vulnerable to a variety of factors that can impact the energy 
market, including wars, natural disasters, and, most recently, the 
COVID-19 pandemic, which has caused oil prices to plummet dramati
cally and has had a bad impact on the industry. 

Phase IV: This will provide scientific support for biomass gasifica
tion and waste-to-energy projects. This is important in order to imple
ment the best environmental practices (BEP) and most advanced 
technology available (BAT). This can be accomplished through tech
nology transfer and scientific research, with each plant required to 
maintain an R&D department. The ministry of higher education or any 
other competent entity in a country can pay universities and plants to 
conduct additional research on utilizing garbage to generate energy in 
collaboration with industry. 

Phase V: It is essential to attend international conventions. 
Bangladesh must engage in international activities and agreements 
related to waste management and WTE efforts, such as the Basel Con
ventions (Basel, 2020). With this engagement, various international 
agencies like the German Technical Cooperation (GTC), the Japan In
ternational Cooperation Agency (JICA), and the United States Agency 
for International Development (USAID) will be able to fund environ
mental projects. 

5. Conclusions 

The research examines the theoretical energy potential and envi
ronmental emissions reduction potential of the major animal manure 
sources in Bangladesh. The assessments take into account the annual 
manure generation for four major livestock species and determine the 
physiochemical properties of the manure. Furthermore, the technolog
ical potential of energy generation has been examined using four 
different energy routes. In addition to that, mathematical models for the 
various energy paths have been developed with likely losses and avail
ability variables. A simulation was also performed to compare the 
calculated findings. The important outcomes of this investigation are 
listed below.  

• The total theoretical energy potential from the available livestock is 
estimated at 30,545.76 TJ, of which cow manure has the highest 
potential at 28,517.47 TJ. The ascending order of the energy po
tential found Sheep (101.34 TJ) < Chicken (819.53 TJ) < Goat 
(1106.91 TJ) < Cow (28,517.47 TJ).  

• Process II (gasification and cogeneration) offers the highest energy 
output (26,564.64 TJ) compared to the other three paths in terms of 
technical potential. In this process, the cow manure generates the 
highest potential. The process with the lowest energy potential 
(4419.74 TJ) among the four-energy generation processes is com
bustion (process IV). In descending order of the energy generation 
process, it would be process II > process I > process III > process IV.  

• The biogas simulation results follow the pattern of energy generation 
routes. The simulation shows a total of 1789.41 million m3 of bio- 
natural gas per year can be extracted annually from the four ani
mal manures. The amount is equivalent to 6800 MW h of electric 
energy and 8052.34 MW h of thermal energy per year. In this 
calculation, the maximum potential comes from cow manure in the 
country.  

• The result shows that about $141.87 million in electricity can be 
generated annually if the available manures are properly utilized 
through process II (gasification and cogeneration). Most of the rev
enue comes from electricity produced by cow manure. The lowest 
revenue comes from Process I ($2.38 million). The ascending order 
of revenue generation for various processes would be process I <
process IV < process III < process II.  

• The CO2 emission reduction potential result reveals that, when 
compared to coal combustion for the same quantity of power pro
duction, process II achieved the highest CO2 reduction (3,78,941.57 
tons/year). On the other hand, the lowest amount of CO2 reduction 
potential was obtained from process IV (63,047.23 ton/year). The 
descending order of CO2 reduction potential of various energy gen
eration processes, process II > process I > process III > process IV. 

Finally, after analyzing the overall energy potential, electricity 
generation potential, yearly revenue, and CO2 emission reduction po
tential, it can be said without any hesitation that gasification and 
cogeneration (process II) show better results among various energy 
generation pathways. Therefore, successful implementation of this 
process not only manages a huge amount of animal waste but also 
provides us with a huge amount of energy potential, which is really 
impressive for a developing country like Bangladesh. Moreover, the 
process will also offer a scientific guideline for investors as well as re
searchers for generating renewable and sustainable energy, which will 
mitigate the energy crisis in the near future. 
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Nomenclature 

Symbols Description 
af Availability factor 
b Biogas yield 
e specific electricity demand for drying, kWh/kg of evaporated water 
E Energy potential (kJ) 
FBC Fluidized bed combustion 
HHV Higher heating value (kJ/kg) 
H Hydrogen content (wt. %) 
IC Internal combustion 
LHV Lower heating value (kJ/kg) 
M Moisture content (wt. %) 
N Nitrogen content (wt. %) 
O Oxygen content (wt. %) 
ORC Organic ranking cycle 
q Specific heat demand for drying, kWh/kg of evaporated water 
VM Volatile matter (wt. %) 
VS Organic matter (wt. %) 
η Efficiency (%) 
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