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ABSTRACT

With the pressing need for cleaner energy alternatives due to limited fossil fuel resources and environmental concerns, the
exploration of renewable energy sources has been perpetual. Despite numerous remarkable discoveries in this field, concern still
arises due to the carbon footprints of many proposed solutions. Stating the concern, Hydrogen (H.) emerges as a promising solution.
Unlike other renewable fuels, H, doesn’t involve any carbon-based emissions. This study explores various prospects of power
generation using Hydrogen fuel derived from municipal solid waste’s anaerobic digestion (AD). A comprehensive analysis,
encompassing quantitative calculation was conducted to determine the potential of utilizing H, for power generation and
environmental impacts over 20 years in Rajshahi city, Bangladesh. An ecological analysis was conducted to assess the potential
environmental benefits associated with the system. It was evaluated that 17.24x 10 m® fossil fuel could be substituted with the
produced H; per year and the net associated emission of greenhouse gases (GHGSs) of 3.565 tons/year could be prevented. When
compared with similar studies, RCC outperformed other locations in hydrogen-based power generation. Also, the sensitivity analysis
determined the impact of the food waste collection rate on the proposed power generation system. This comprehensive analysis of
the entire system will help the researchers and decision-makers make decisions regarding implementing hydrogen fuel-based plants
in different cities of Bangladesh alongside Rajshahi.
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1. Introduction

The increasing standards of living and expanding global
population are anticipated to drive a continuous increase in
global energy consumption over the next few decades. For
example, in 2011, around seven billion people used 15
terawatts(TW) energy globally. By 2050, these numbers are
expected to increase to 30 trillion and nine billion people,
respectively [1]. Approximately fossil fuels provide 80% of
the world's energy, followed by renewables at 14% and
nuclear power at 6% [2]. Climate change is a result of the
continued burning of fossil fuels, which releases greenhouse
gases into the atmosphere and creates a severe risk to the
ecosystem. Through the use of sustainable energy sources, it
is possible to lessen reliance on fossil fuels and reduce
emissions that are damaging to the environment. Since
hydrogen has a much higher calorific value than fossil fuels
(120 MJ/kg), it can be an excellent sustainable energy source.
It is becoming apparent that this energy source is flexible and
readily available for use in the twenty-first century. However,
hydrogen is not easily available in nature like fossil fuels are.
It may be generated using any major energy source and used
as fuel, either in a fuel cell that produces only water as a
byproduct or directly in an internal combustion engine.
Depending on the input raw materials, it is possible to create
hydrogen gas by conventional and renewable processes.
Hydrogen gas is conventionally produced through the
application of procedures like gasification, pyrolysis, and
hydrocarbon reforming fossil fuels like petroleum, coal, and
natural gas. On the other hand, water and biomass are the two
renewable resources that may be used to create hydrogen.

However, the process of producing hydrogen via steam
methane reforming (SMR) emits about 9 kilograms of CO-, per
kilogram of hydrogen produced [3]. This accounts for nearly
2% of total global CO; [4] emissions, largely due to the
extensive use of fossil fuels in industrial hydrogen production.
By using a water-gas shift reaction-based biogas steam
reforming method, each kilogram of hydrogen produced emits
1.5 to 2.5 kilograms of CO. This is lower due to the use of
renewable methane from biogas. In an anaerobic digester,
biogas is produced from the portion of municipal solid waste
made up of food that is collected from the Rajshahi City
Corporation in Bangladesh. Various studies have
demonstrated the potential for generating electricity directly
from food waste across the Rajshahi division. However, the
challenge lies in efficiently collecting food waste from the
entire region. Therefore, we have selected Rajshahi City
Corporation as the focus area for this study. Also, several
works of literature have highlighted the promising potential of
converting food waste into energy. In recent years, numerous
studies have been conducted on municipal solid waste (MSW)
management in Rajshahi City Corporation (RCC), Bangladesh,
highlighting various challenges and strategies for improving
waste collection, disposal, and sustainability efforts. In 2021,
researchers conducted a study on municipal solid waste
(MSW) in RCC), collecting samples from various household
groups. Their findings estimate the total MSW generation in
RCC to be approximately 358.19 tons per day, with a per
capita waste generation rate of 0.4214 kg/person/day. The
calorific value of the waste was calculated to be 14.9 MJ/kg,
and the potential for electricity generation from the waste was
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estimated at 159.40 MWh per day [5]. In a separate study,
researchers explored energy production from MSW in RCC
through anaerobic digestion (AD). The study estimated the
daily MSW generation at 420 tons, with an average per capita
waste generation of 0.40 kg/person/day, a figure consistent
with that of many developing countries. They also estimated
that the energy recovery from MSW in RCC could vyield
approximately 10.2 MW of electrical power, or around 45,300
m3 of biogas, which is equivalent to 11.4 kilotons of LPG. This
potential energy generation could play a vital role in
addressing the increasing energy demand in RCC [6]. Barun
et al. investigated the potential for energy recovery from
municipal solid waste (MSW) in Rajshahi City Corporation
(RCC) using the landfill technique. Their study estimated that
the landfill could produce approximately 7,549 tons of
methane (CHa4) annually, with an associated energy potential
of around 5.3 MW from the landfill gas [7]. Islam et al.
conducted a study to evaluate the power generation potential
from municipal waste and sugarcane bagasse. Their findings
estimated that approximately 119.8 MWh/day of power could
be harnessed from waste, while bagasse had a potential power
output of around 544 MWh/day [8].

However, no prior research has explored food waste-to-
hydrogen production specifically in this location, making it an
area of interest. The present study aims to explore the process
of producing hydrogen via the process of biogas steam
reforming and to evaluate the electricity generation potential
of hydrogen. Although the study is based on Rajshahi city,
every region in Bangladesh might use the techniques this study
presents.

2. Methodology

The research focuses on Rajshahi city in Bangladesh
(latitude 24°22"26"N and longitude 88°36'04"E). 0.984
million people live in this city and the city's rate of waste
generation per capita is 0.4214 kg per day [5,9].

2.1 Hydrogen Generation Potential

Anaerobic digestion of organic materials, especially food
waste, produces biogas as one of its byproducts. An estimate
of the proportion of food waste in municipal solid garbage that
will be utilized in the biodigester is crucial for each research
site. Food waste is one of the best inputs for a biodigester since
it breaks down fast. Utilizing food waste as the feedstock since

it breaks down rapidly and is abundant in the approved regions.

How much food waste, or feedstock, should be put into
the digester is estimated mathematically using equation (1)
because there is a paucity of historical data on the trash created
in Rajshahi city.

F(i)(t) = MSWgen(i)(t) X Feop X F(i)degradable 1)

where t denotes the time of reference (2017-2036), i
indicates the location, and MSWogen()y represents the total
quantity of waste produced by municipalities. This may be
determined by using equation (2)[10]. Fcu denotes the
proportion of collected municipal solid trash, which is
0.5667[11], and Fiydegradable represents the constituents of food
waste found in the municipal solid garbage collected in
Rajshahi, which is 72.29% [5].

(1+7pgse) EXW (1+700)Ex365
MSVVgen — (Pbase base 1001;ase ec )tOTlS (2)

where the base population and base waste generation per
capita are represented by Prase and Whase, respectively. reen
means the gross domestic product or the growth economic
factor; t indicates the anticipated period (2017-2036); and Iase
is the base population growth rate, which is 2.29% [9]. The
value recn is positive during periods of economic expansion and
negative during periods of economic contraction. Positive
economic conditions are anticipated to persist during the
estimated period. Here, rec, equals to 5.7% [12].

The efficiency with which a power plant or energy system
runs about its full possible output is measured by its capacity
factor (CF). Here, it is the ratio of the energy generated (food
waste) over a certain period to the energy that the system
would have produced if it had been running at maximum
capacity over that same period. The capacity factor, or CF, is
stated as 85%][13]. Thus, the following formula is used to
calculate the average food waste amount that has to be fed into
the digester:

20
Fargy = Zt:l(;;(i)(t)) % CF ?)
Methane (CH4) and carbon dioxide (CO2), two significant
greenhouse gases, are present in a mixture known as biogas.
About 25-45% of the volume in biogas is made up of CO; and
55-75% of the volume is CHa.
The theoretical generation of methane (B¢,) at0 °Cat 1

atm may be computed using the following formulae.

w, a f 3y

_ 2t a8
BCH4 = 22400 x (12W+a+16[?+14y> (4)
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According to Ref. [14], the normalized mole ratio
approach is used to derive the constants w, a, 3, and y. The
mole ratio is the relationship between an element's molar mass
and the mass fraction of each element in the organic substrate.
In terms of math,

. K 1
Mole Ratio = —Elemental 5 —
KMolarmass k

(6)
where k denotes the mole ratio of nitrogen, Kwolarmass
means the molar mass of the relevant elements, and Kegiemental
is the elemental composition.
The biogas's theoretical volume (Vgio) is

Vgio = Bcn, + Bco, (1)
The following relations can be used to determine the

percentage content of carbon dioxide and methane in the
biogas.

%CH, = i‘;”‘* x 100 ®)
%C0, =222 X 100 ©)
Bio

Since around 10% of the organic waste in an anaerobic
digester does not decompose, the actual biogas output, in
reality, is lower than the theoretical amount. Additionally, the
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synthesis of an organism's cell tissue requires 5-10% of the
organic materials found in garbage, and this has an impact on
the microbial breakdown process.

As a result, the real biogas yield may be determined as
follows:

VBio_actual (l) = FC X VBio X FAV(i) (10)

where Fc, which is thought to comprise 85% of the
organic materials used for the synthesis of cell tissue, is
expressed [15].

After purification, biogas contains 93-96% CHa, 4-7%
COz, and less than 20 parts per million H,S. But in this case,
CO; is the sole contaminant taken into account. Consequently,
the quantity of methane extracted from the biogas gas that has
been filtered is as:

VCH4purified(i) = VBio_actual(i) X %x (11)

where the percentage of improved biogas is represented
by % x. It should be noticed that % x is in fractional form to
execute equation (12).

One m® of steam-reformed CH. is equal to (0.5 x
CHadensity) kg of H. gas when considering the biogas density,
or the density of methane. This research assumes that the
reformer uses only energy that comes from a boiler that is fed
with biogas. Consequently, the system efficiency—that is, the
total efficiency of the reformer and boiler—determines the
quantity of H; gas generated (kg), which is determined as:

AHz(i) =0.5x CH4density X VCH4purified (l) X nsystem (12)

Where nsysem = Mr % Mg, and CHagensity IS the methane
density. Boiler efficiency (ng) and reformer efficiency (ngr) are
expressed as 80% and 80%, respectively [16].

Practically speaking, hydrogen gas is kept either as a
liquid in cryogenic tanks, as metal hydrides, or as high-
pressure (compressed) gas cylinders. It is assumed for the sake
of the research that compressed gas tanks or cylinders hold the
hydrogen gas. Therefore, the following relation is used to
calculate the compressed hydrogen gas volume:

AHy XN compression
Vy = —2mPreon (13)
2compressed Hocp

where Hacp stands for the compressed hydrogen gas
density, expressed as 36 kg per m°[17], compression
efficiency is denoted by Mcompression, €Xpressed as 95% [18], and
Ay, refers to the total H gas production in kg.

Separately Fuel cells, often known as electrochemical
energy devices, are capable of immediately converting
chemical energy found in fuels—such as methanol, propane,
natural gas, or hydrogen gas—into electrical energy, without
the need for combustion. Among the several types of fuel cells
are solid oxide fuel cells (SOFC), proton exchange membrane
fuel cells (PEMFC), molten carbonate fuel cells (MCFC), and
phosphoric acid fuel cells (PAFC) [19]. PEMFC is used in
this study because of its benefits. When hydrogen gas is
delivered into a PEMFC, the chemical energy it contains is
transformed into electrical energy. Consequently, the
following may be used to calculate the electrical energy based
on the heating value of hydrogen gas:

Ey X LHVHZ X Npc X HDensity (14)

2 = VHZCompressed

where the electrical conversion efficiency is denoted by
nNrc, Which is estimated to be 60% [20], and the lower heating
value of hydrogen gas is LHVy,, taken as 33.3 kWh per

kilogram or 119.9 MJ/kg [18]. Hydrogen density is known as
HDensity-

2.2 Environmental impact

The following formula can be used for calculating the
volume of fuel (diesel fuel) displaced yearly in liters based
on its heating values (LHV) concerning hydrogen gas:

VHZCDmpressed XLHV iy XNFcXHpensity
(LHVFuel)
3.6

(1)

AFuel =
XDFyelXNFuel

where the lower heating value of diesel fuel, calculated
as 42.5 MJ per kg, represented by LHV gyel [21], Deyel denotes
the density of diesel fuel, calculated as 0.837 kg per litre [22],
The MJ to kWh conversion factor is 3.6, and nruel means the
efficiency of the diesel fuel generator, taken as 33% [23].

The energy and environmental sectors are concerned
about the emissions of hazardous air pollutants produced by
burning fossil fuels, such as diesel fuel, in automobile
engines or engine-driven electrical generators for power or
transportation (CO,, CH4, and NO). Additionally, the
moving components of fossil fuel engines make them loud
during operation; heat loss makes them less efficient; and
pollution emissions are a common occurrence. One of the
most dangerous byproducts of burning fossil fuels is carbon
monoxide (CO), which is produced when combustion is
incomplete. While there are other greenhouse gasses as well,
this research will just focus on CO,. This is because it
accounts for around 77% of all greenhouse gas emissions
worldwide. One proposed remedy that might close the
energy-environmental gap is the adoption of FC powered by
H,. Water is the only output from H.-based fuel cells,
indicating no environmental risk. By using the formula, the
total quantity in kg of COz and CO releases per year might
be avoided if Ho-based fuel cells were used instead of
burning diesel fuel:

Eco, = Apyer X SE (16)

where SEg, which might be CO; or CO, is the particular
air pollutant's emission factor. Diesel fuel's CO, emission
factor is 2.7 kg per liter, whereas the CO emission factor
is 0.00766 kg per liter [24].

3. Results & Discussion

The waste generation evaluated for Rajshahi City was
36.05 kt/year. The economic growth rate and population
growth rate are attributed to the overall waste generation as
constant factors. Generated waste was the main feedstock at
the bio-digestor for biogas production. The biogas
generation potential was determined to be 174.28 million
liters and the H, yield from this biogas per year was
calculated at 25.64 kt. For having a lower energy density,
storage of H. fuel plays a significant role in it’s production
process. For the sake of this study, produced H; is assumed
to be stored in a gas tank or cylinder. Mathematical relation
for compressed H, is considered in the methodology for
validating the assumption. Then, electricity generation
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utilizing the H in fuel cell was evaluated at 1.123 GWh/year,
which can also resemble the value for 20 year-period for
long-term impact visualization. A summary of the findings
is shown in Table 1.
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Fig.1 (a) Hydrogen Production per year per waste(kt) for

different locations. (b) Hydrogen generation and waste
generation per year for different locations.

Table 1 Summary of the findings.
Parameters Value
MSW Generation 36.05 kt/year

Hydrogen Production 25.64 kt/year
Electricity 1.123 Gwh/year
Production
Reduction of Carbon 3.565 tons/year
Emission

Four different cities were considered for comparison of
the potential for the hydrogen economy. Rajshahi was
observed to have the lead in hydrogen yield potential per
kiloton of waste in a year (Figure 1(a)). Figure 1(b)
represents a comparative analysis of effective waste
conversion into Hy, where Rajshahi city showed the best
performance in terms of H, yield for comparatively lower
waste. This outcome shows the high potential of Rajshahi
City Corporation for practical application of the Hydrogen
economy.

This trend of very high efficiency in H, production
hasn’t been seen for other locations in the comparison.
Secondly, Takarado [25] showed less effective H;
production yet had higher waste than Rajshahi followed by
Osogbo [26] and tamale [25] at the lowest. On the other hand,

a very noticeable discrepancy or an opposite trend has been
seen for Tibet [27], where only 31.25 kt of H, was produced
per year from 371.87 kt of food waste.

Lower H; production or the opposite trend of H;
production is attributed to variations in some parameters
related to the process of H, production from food waste such
as waste collection rate, waste composition, economic
growth factor, population growth factor, and steam
reforming efficiency. These factors or parameters varied
from location to location and technicalities of the system.
Figure 1-b shows how variation in these parameters can
affect the H production rate. Afterward, sensitivity analysis
(Figure 2) was carried out to determine the sensitivity of H;
and electricity production to these parameters.

3. Sensitivity analysis

3.1 Food Waste Collection Rate

Food waste's high degradability makes it an excellent fuel
for anaerobic digestion. The amount of feedstock supplied into
the digester raises the factor of capacity, which raises the
amount of biogas generated. Thus, it is necessary to do a
sensitivity analysis on how the pace at which food is collected
affects the biogas output and, consequently, the generation of
hydrogen and energy. It is assumed that the food collection
rate would fluctuate between 50% and 90%. The impact of
varying food waste collection rates on the potential for
producing electricity and hydrogen gas is depicted in Figure 2.
The graphic makes it evident that there is a direct relationship
between food waste and hydrogen production, which in turn
affects the creation of energy. The annual generation of
hydrogen varied from 18.32 million kg (0.018 million tons) to
42.22 million kg (0.042 million tons). Likewise, the annual
energy output varied between 0.8 and 1.8 million kWh.
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Fig.2 The variance of food waste collecting rate concerning
energy and hydrogen generation potentials.

4. Conclusion

Being a densely populated country, every city in
Bangladesh holds great potential for utilizing food waste to
produce H,. The present investigation is focused on the
aspects of generating electricity from H; produced from
collected food waste in RCC, Bangladesh. Theoretical
evaluation of the entire process has been carried out, from
total waste collection to biogas production in the digester and
H; production to electricity generation, estimating the impact
of the H, economy for 20 years. Biogas collected from
the digester for a particular period was 174.28 million liters,
which was later utilized for H, fuel generation by steam
reforming process. The estimated H, generation potential for
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RCC was found to be 25.64 kt per year, which well along
resulted in 1.123 GWh of electricity. The outcome of this
study was validated by comparing it with other similar
studies. RCC’s potential for H, and electricity generation
outperformed the others considering that RCC was
comparatively smaller economy than all the other locations
in the comparison. This study offers some valuable insights
such as some factors that work in favor of an area when it
comes to converting the waste, particularly for H-based
power generation. Along with evaluating the potential of
the H, economy in RCC, this comprehensive analysis of the
entire system is assumed to help the researchers and
decision-makers to take verdicts regarding the application of
hydrogen fuel-based plants in different cities of Bangladesh
alongside Rajshahi.
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